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FOREWORD 

L. Tomatis 

International Agency for Research on Cancer, Lyon, France 

As a follow-up to the symposium held in 1983 in Espoo, the present conference, 
organized jointly by the Institute of Occupational Health (Finland) and the Agency, 
had as its primary goal discussion of the potential of and priorities for conducting 
integrated laboratory and epidemiological investigations. The wide interest aroused by 
the subject of the meeting is witnessed not only by the list of very distinguished 
participants, but also by the impressive list of sponsors, whom I should like to thank 
for their support: 

the Commission of the European Communities, Environment Research Programme; 
the Finnish Work Environment Fund; the National Cancer Institute, цSА; the 
National Center for Toxicological Research/Food and Drug Administration, USA; the 
Swedish Work Environment Fund; and Shell Research, UK. 

It is one of the most encouraging signs of the present period of cancer research that 
understanding of certain stages of the carcinogenic process is actually progressing side 
by side with the development of much more refined methods than have ever existed 
before for monitoring low doses of exposure at the individual level. The possibilities 
that now exist for detecting and quantifying the interactions of minute doses of 
carcinogens with critical celIuIar macromolecules provide means for new, more 
efficient epidemiology aimed at identifying carcinogenic hazards. 1t may also provide 
means for more accurate evaluation and quantification of cancer risks. 

There is little doubt that such possibilities represent a considerable step forward 
towards improving the prevention of human cancer. Hopefully, several of the most 
promising dosime trie methods that were discussed will receive priority for further 
validation and application. 

It is, however, important not to forget that the primary role of everyone concerned 
with public health is to protect people against harmful exposures and that in no case, 
therefore, can these advances in the development of dosimetric methods be used as an 
excuse for the deliberate or careless exposure of individuals to carcinogens, or for 
disregarding the long-term health risks that they may entail. 

It is a pleasure for us all to recognize publicly Professor Lars Ehrenberg on this 
occasion as a pioneer in the line of research that has permitted the developments 
discussed at this meeting. 

I should like to thank the Programme Committee for their work and the Institute of 
Occupational Health for sponsoring and supporting this meeting. 

—1— 



FOREWORD 

J. Rantanen 

Institute of Occupational Health, Helsinki, Finland 

In 1983, more than 200 scientists convened in this same conference centre to attend 
an international meeting on monitoring human exposure to carcinogenic and mutagenic 
agents. The proceedings were published in the IARC Scientific Publications series in 
the form of a useful compendium. The purpose of the present meeting was to review 
progress in and practical applications of research on DNA damage. 

The focus of the present symposium is more specific than that of the 1983 meeting. 
This reflects a new trend iп  cancer research in which the importance of DNA 
interactions of chemicals is recognized as the primary step in cancer formation. That 
finding was as fundamental as were later discoveries of the mechanisms of regulation of 
cellular growth, highlighted by the characterization of oncogenes and their products in 
cellular systems. How carcinogen-induced DNA damage activates oncogens is today a 
most fascinating field for research. The answer to this question will bridge the gap in 
our knowledge of how lesions in the DNA molecule trigger uncontrolled cellular 
growth. We also need to elucidate the relationships between DNA damage and 
structural changes of chromosomes, such as point mutations, sister chromatid 
exchanges and chromosomal aberrations, and other genetic endpoints measured in 
humans. The four years intervening between the two meetings have witnessed an 
extraordinary vigour in the rapidly developing field of research on chemical саr-
cinogeпesis, and we had here an interesting opportunity to make an inventory of the 
present status of our knowledge. 

Several industrialized countries have adopted preinarketing requirements for new 
chemicals. These safety requirements also include testing for genotoxic activity and 
sometimes for carcinogenicity. In the early 1980x, much effort was put into establishing 
testing protocols, and test systems were energetically worked out. More recently, the 
question has been raised as to how such test results, obtained mostly in lower 
organisms and laboratory animals, should be interpreted in relation to human risk 
assessment. We would probably gain little by horizontal expansion of test systems; we 
need vertical expansion in order to evaluate human risk. Therefore, measurement of 
DNA damage in humans is an essential topic of research, and I hope that this meeting 
has provided a much clearer understanding of the possibilities for using DNA damage 
as an indicator of human risk. 

Short-term testing and animal bioassays have been given an important role in 
premarketing safety screens and as warning signals for adverse effects in humans. The 
value of animal models is sometimes disputed, but there is a bulk of scientific evidence 
on their relevance in predictive testing. In addition, an enormous range of human 
biochemical reactions was first worked out in experimental animals. These substitutes, 
however, must not dilute our efforts ta obtain direct information on risk on the human 
organism. 

On this occasion, we have the special privilege of honouring Professor Lars 
Ehrenberg, a pioneer of research on DNA damage. Lars Ehrenberg the scientist has 
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FOREWORD 

gone through the same stages of choosing models for risk assessment as has the whole 
scientific community—his thinking has, however, gone ten years ahead of that of the 
rest of us. In the .1960s, he was developing short-term test systems, iп  which he 
compared the mutagenicity of chemicals and of radiation. In the 1970s, he started to 
measure adducts of carcinogens in humans, using protein adducts as surrogates for 
DNA damage. And, what is most exciting, he developed and tested methods for risk 
assessment based on measurements of adducts with human macromolecules. Many of 
us were surprised to hear how long ago Professor Ehrenberg generated these ideas. 
The organizers would thus like to dedicate this symposium to Professor Ehrenberg to 
honour his most remarkable contribution to research on DNA damage. 

We should also like to express our gratitude to our co-organizer, the International 
Agency for Research on Cancer, for smooth collaboration. We are also grateful to the 
Commission of the European Communities, the National Cancer Institute, USA, the 
Food and Drug Administration of the USA, Shе11 Research and the Work Environ-
ment Funds of Sweden and of Finland for the financial support that made this meeting 
economically possible. 

I hope that the exciting scientific results presented at this meeting will also benefit 
people outside the small island of Hanasaari, as well as stimulating those of us who 
attended the meeting. 



FOREWORD 

P. Bourdeau 

Environment and Non-nuclear Energy Research, Directorate-General for Science, 
Research and Development, Commission of the European Communities, Brussels, 

Belgium 

The European Communities have important regulatory responsibilities for environ-
mental protection. These include the protection of workers, of the general population 
and of the environment from risks due to environmental chemicals — both `new' 
chemicals and those аlrеаdу  present in the environment. The scientific basis for such 
regulations is, to a significant degree, provided by environmental research at the level 
of the Community. 

The emphasis of research in this area has been the development of methods and 
techniques that support the implementation of chemical notification systems, in 
particular the Directive concerning dangerous substances, and other related Com-
munity regulations. The work has focused on genetic effects (mutagenesis and 
carcinogenesis), and some 20 laboratories in the Member States have participated in 
coordinated research work. 

The European Communities are committed to preventive and anticipatory environ-
ment policies, and notification of chemicals is a good example of this. However, useful 
as it is, nоtшсatиon schemes have limitations in terms of predictive ability, applicability 
to existing chemicals and assessment of multiple exposures. A second line of defence is 
necessary — one that keeps a watchful eye on people actually exposed or at risk of 
exposure. Until recently, suitable methods were not readily available for this task, and 
much of the effort was directed toward estimations of external dose and recognition of 
clinical effects. However, during the last ten years or so, great progress has been made 
in developing highly sensitive, rapid methods for detecting and estimating internal 
dose, biologically effective dose and early, reversible effects of exposure to chemicals. 

In no other field have such advances been more exciting and important, or the need 
for and advantages of international collaboration been more clear, than in the area of 
genetic effects of environmental chemicals. 

The Commission of the European Communities is very pleased to continue its 
participation in collaborative work on detection methods for assessing exposure to and 
biological effects of genotoxic chemicals and to be associated with this particular 
international conference. As well as providing an excellent opportunity to review 
progress in the field and discuss research directions for the future, the conference is а  
fitting tribute to the major scientific achievements of Professor Lars Ehrenberg. 

—~ 



INTRODUCTION 

The organizers of this meeting would like to express their satisfaction with its 
outcome. Since 1983, when а  similar conference was held, a wealth of new data has 
been presented, many obtained directly from humans exposed to carcinogens; in 
addition, many of the participants have initiated collaborative studies with others. 

As much is expected of the developing field of metabolic and molecular epidemiol-
ogy. it was somewhat surprising that epidemiologists and clinicians were under-
represented at this meeting. Whatever the reasons were, it would seem that laboratory 
scientists and epidemiologists still have some difficulty in understanding each other's 
language. Therefore, special acknowledgement should be made of those workers in 
epidemiology and related fields who attended the conference, where many of the 
presentations were packed with technical terms. It could well be that these few will be 
the first to incorporate into their studies the new tools and methods that have been 
presented and which will be developed over the next few years. 

Clearly, using these powerful tools, not only individuals in the general population 
who are exposed to carcinogens but also individuals who are more vulnerable to 
carcinogenic insults, due to predisposition, could be identified, before clinical 
manifestation of malignancies. Indeed, exploitation of molecular markers for genetic 
predisposition to cancer, although not discussed to a great extent at this meeting, will 
be an obligatory adjunct in such studies! Additionally, chemotherapeutic treatment 
schedules with alky1ating anticancer drugs could be optimized for individual cancer 
patients. 	 . 

The request that IARC try to standardize some of the new methods will be given 
serious consideration. Indeed, quality assurance and a guarantee of interlaboratory 
reproducibility for many of the new methods will be essential. 

In this volume, special homage is paid to Lars Ehrenberg (see p. 23), who 
stimulated research in this area so much, despite the fact that his pioneering 
contributions, made more than two decades ago, were recognized only after some 
delay. As a humble gesture from the organizers, the proceedings of this meeting are 
dedicated to his life's work. 

The Editors 
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SUMMARY: METHODS 

G. N. Wogan 

Various aspects of methods for detecting DNA damaging agents were discussed in 
oral presentations as well as in posters presented at the meeting. The main points that 
emerged can be grouped for convenience into the following categories with respect to 
their subject matter: existing methodology, including methods that have been used in 
published reports as well as new applications; modifications of existing methods; new 
methods currently under development; and studies concerning the validation and 
characterization of existing methods. The following surnmаrizes the major findings that 
were presented and avenues of current investigation. 

Existing methods 
The results of previously published applications of existing methods for detecting 

exposure to DNA damaging agents were summarized in many presentations. The 
successful use of urinary mаrkérs of genotoxic exposures was reported, as in the 
detection of N-nitrosoproline as an indicator of exposure to N-nitroso compounds. The 
same approach has been used to detect allatoxin B1 and aflatoxin В1-7-guanine as 
markers of exposure to aflatoxin В1i 3-mеthyladeniпe produced as a result of exposure 
to methylating agents; and thymine glycol as an indicator of exposure to agents that 
cause oxidative damage to DNA. Detection of adducts formed between genotoxic 
agents and haemoglobin has been reported in studies of populations occupationally 
exposed to ethylene oxide, in which 3-hydroкyhistidinе  and 3-hydroxyvaline have been 
measured, and in smokers, whose haemoglobin has been found to contain levels of 
4-amiпobiphenyl and 3-hydгoxyvaliпe that are correlated with the frequency of 
cigarette smoking. 

Detection of DNA adducts of genotoxic agents in the cells and tissues of exposed 
individuals has also been accomplished through the use of existing analytical 
methodology. In several studies, exposure to the ubiquitous polycyclic aromatic 
hydrocarbon benzo[a]pyrene has been detected by the determination of derivatives 
covalently bound to DNA. Immunoassays and physicochemical methods have been 
used to detect adducts formed via the major intermediate in the activation pathway, 
the benzo[a]pyrene-7,8-diol-9,10-epoxide. This adduct has been identified in the DNA 
of peripheral leucocytes of workers in foundries, aluminium manufacturing plants, 
roofers, coke oven workers, and cigarette smokers, by synchronous scanning fluores-
cence as well as by immunoassays conducted in the enzyme-linked immunosorbent 
assay or ultrasensitive enzyme radioimmurioassay modes. The successful application of 
immunoassays to detect DNA adducts of cisplatinum in leucocytes of ovarian cancer 
patients receiving chemotherapy, and Об-methylguaniпe in the blood of populations at 
high risk for oesophageal cancer was also discussed. 

The method of 32Р-postlabelling for the detection of DNA adducts has also been 
used in analysing the DNA of cells and tissues of individuals exposed to environmental 
carcinogenic insults. The pоsthbеing technique has been used to detect adducts in 
placentas, peripheral leucocytes and oral mucosal cells of tobacco smokers as well as of 

—9— 
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coke oven and foundry workers. Increased total levels of adducts were in general 
reflective of elevated levels of exposure. 

The use of other "biomarkers of genotoxic exposure was discussed in the context of 
the measurement of urinary mutagens as markers for smoking and the ingestion of 
mutagens formed through the cooking of beef. Measurement of micronuclei in oral 
mucosal cells was compared with 32Р-postlabe11ing as an indicator of gervotoxic damage 
resulting from betel chewing and inverted smoking. The method in which sister 
chromatid exchange is measured was found to be of inadequate sensitivity and 
specificity for the detection of DNA damage resulting from passive smoking. 

New applications of existing methods: recent and ongoing studies 
Many studies recently completed or currently in progress, in which existing methods 

were being used to detect DNA damage in exposed populations, were discussed. 
Essentially, all the methods mentioned above are in current use, including physico-
chemical methods (e.g., synchronous scanning fluorescence spectrophotometry), as 
well as immunoassays and postlabelling. The enzyme-linked immunosorbent assay is 
being successfully applied to analyse the following: 4-aminobiphenyl adducts in DNA 
of urinary bladder cells and of haemoglobin; allatoxin B1 in urine, blood, tissues and 
breast milk; O6-ethylthymine in liver DNA; 7-mеthylguaniпe and 8-mеthoxypsoralen 
in cells and tissues; and thymine-thymine cyclobutane dimers induced in DNA of cells 
exposed to ultraviolet light. Radioimmunoassay is being applied in the analysis of 
hydroxyvaline in haemoglobin. 

The method of 32Р-postlabelling is being applied iп  studies of DNA adduct 
formation in colonic mucosal cells of persons at elevated risk for colorectal cancer, as 
well as in the detection of adducts with styrene oxide and with fluoranthene in 
populations occupationally exposed to these agents. 

Reports were also made concerning measurement of excretion of urinary markers 
related to specific exposure or risk situations. These include: N-nitrosoproline 
excretion in relation to stomach cancer risk; mercapturic acid excretion as a measure of 
exposure to toluene and n-xylene; thioethers derived from occupational exposure to 
ethylene oxide and acrylonitrile; and thioethers together with .metabolites such as 
l-hydroxybenzo[ajpyrene derived from coal-tar products. 

New methodological approaches 

Detection of DNA adducts 
Several new methodological approaches to the detection of DNA adducts are under 

development and were discussed in both oral and poster presentations. Among the 
methods based on physicochemical properties, several approaches to improving the 
sensitivity of detection are being investigated. These include the technique of 
fluorescence line-narrowing spectrophotometry for the detection and quantification of 
fluorescent adducts, such as those formed with polycyclic aromatic hydrocarbons. 
Derivatization with pentafluorobenzene followed by analysis by gas chromatography-
mass spectrometry was also discussed as a sensitive method for the detection and 
quantification of 04-methylthymine. The property of chemiluminescence forms the 
basis of a method being developed for quantification of levels of 8-hydroxyguanine in 
DNA hydrolysates separated by high-performance liquid chromatography and electro-
chemical detection. 

Additional applications of antibodies were discussed, such as the use of immobi-
lized antibodies for immunopuпfication of DNA adducts followed by analysis using 
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established procedures, such as the enzyme-linked immunosorbent assay and post-
labe11ing. Such a method is being developed for the detection of benzo[ajpyrcne-diol 
epoxide adducts. The possibility for further extension of immunological detection of 
DNA adducts was afforded by the observation that anti-DNA adduct antibodies are 
present in the serum of many individuals exposed to polycyclic aromatic hydrocarbons, 
and whose peripheral leucocytes also contain adducts with these compounds. The 
development of methods capable of detecting these autoimmune antibodies may 
therefore provide a sensitive means of quantifying past exposures to genotoxins. 

An extension of the conceptual approach of postlabélling was discussed in the 
context of the utilization of 3H-acetic anhydride for pоsthbeшng adducts such as 
7-modified guanines as an alternative to the existing З2P-1abe11iпg technique. 

Detection of haemoglobin adducts 
Several new methodological approaches to the detection of haemoglobin adducts 

were discussed. Increased applications of the techniques of mass spectrometric analysis 
were proposed as a means of identification as well as quantification of derivatives of 
genotoxic agents covaleutly bound to a haemoglobin and possibly to other blood 
proteins. Methods that maximally utilize such advances as fast-atom bombardment, 
selective-ion monitoring and tandem mass spectrometry would provide powerful tools 
for detecting adducts of a wide range of chemical types and molecular weights. It could 
therefore substantially expand the existing information base concerning the usefulness 
of haemoglobin adducts as indicators of genotoxic exposure. Proposals were also made 
to develop analytical methods for specific haemoglobin adducts for which detection 
methods do not currently exist. These include a method for detecting 4-(3-pyridyl)-4-
oxybutylation of globie (or of DNA) as an indicator of damage by tobacco-specific 
nitrosamines, and measurement of terminal valine modifications by gas 
chromatography-mass spectrometry as a means of detecting damage by alkylating 
agents of a wider range of molecular weights (C1 to Сn) than is currently possible. 

Biomarkers of genotoxic exposure 
Development of new biomarbers of genotoxic exposure was also proposed, using 

several lines of investigation. Detection and quantification of micronuclei in 
cytokinesis-blocked lymphocytes was described as a method deserving further develop-
ment on the basis of improved sensitivity in comparison to measurements of sister 
chromatid exchange or chromosomal aberrations for detecting chromosomal damage. 
Applications of molecular biological techniques for the detection of restriction 
fragment length polymorphisms and oncogene activation were put forward as areas of 
promise for further development in the detection of individuals at high risk or 
susceptibility. Immunocytochemical analysis of DNA adducts in situ in cellular DNA 
can be accomplished through histochemical methods such as peroxidase-antiperoxidase 
staining. This detection method combined with quantification by computer-assisted 
microdensitometry would make possible the characterization of DNA adduct levels in 
single cells, with the possibility of eventual semi-automation of analysis. 

Characterization/validation of existing and new methods 
Information presented at the meeting demonstrated the usefulness of existing 

methods for detecting various indicators of DNA damage in samples collected from 
human subjects exposed to genotoxic agents. Studies conducted to date have 
essentially consisted of feasibility trials, designed to determine the adequacy of the 
analytical methods for detecting the consequences of known or predictable exposures. 
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In order to provide statistically valid measures of DNA damage useful for assessing 
risk, much further validation of the methodology will be required. General methodolo-
gical criteria to be validated include: sensitivity, adequate to detect ambient exposures 
and to yield measurements that accurately reflect exposure levels; sреciflсhy, 
established by the use of authentic internal standards of known identity; accuracy, 
defined by recovery of authentic standards; repeatability /precision, established through 
collaborative studies designed to determine intra- and interlaboratoay variation in 
results of the application of a standardized methodology. The need for appropriately 
designed validation studies was emphasized by many participants, as was the 
importance of a coordinated effort to achieve these objectives with minimal delay. 

Several specific issues were discussed relating to evaluation of the validity of 
existing methods as well as methods currently under development. It was noted that 
there has been no systematic effort to determine the level of agreement among results 
obtained from independent methods of analysis of the same endpoint, such as analysis 
of a single sample of DNA for adducts by postlabelling, immunoassay and physico-
chemical methods. Such multiple analyses will be essential to determine the adequacy 
of each method to fulfil its intended purpose. The importance of complete charac-
terization of antibodies used as re.agants in the analytical methods was also em-
phasized, in particular with respect to their cross-reactivity and the dependence of 
antigen-antibody binding on levels of DNA adduction. The accuracy of observed 
measurements may be greatly influenced by such factors. Interpretation of the possible 
health significance of observed levels of indicators of DNA damage will ultimately 
depend upon determinations of interrelationships among different indices of exposure, 
e.g., DNA adduct levels versus haemoglobin adduct levels and versus biomarkers of 
damage. At present, information concerning these interrelationships is very limited, 
and studies designed to provide such data will be very valuable. Finally, an issue of 
central importance was \identified as the interpretation of observed levels of markers of 
DNA damage in human populations. This concerns the nature and significance of 
so-called `background' levels of adducts that have been observed in DNA of individuals 
not known to have been exposed to DNA damaging agents. The existence of 
background' levels of 3-hydixyhistidine, 3-теthyladеiпe and 8-hydiкуguoпiпe has 
been demonstrated by the use of methods capable of their detection, and unidentified 
DNA adducts have also been detected by postlabelling. It is currently unknown 
whether these observations are real or artefactual, and what their sources are, if they 
are real. Future studies must be designed to address these important issues. 



5UMMARY: ADDUCTS 

P.H.M. Lohman 

Introduction 
In the 1983 meeting held in the Hanasaari Centre, Finland, one of the general 

conclusions was that the беlд  of quantitative risk estimation is in its infancy .. . 
However, newer methods, especially at the molecular level, are being developed that 
may make possible a beginning of risk estimation, even on an individual basis' 
(Lohman et al., 1984а). 

Now, four years later, it cari be concluded that new molecular methods have been 
developed faster than was expected in 1983, and even the application of such methods 
for monitoring populations has in some instances become both technically and 
economically feasible (Garner, 1985; Farmer et al., 1987). However, as will be 
discussed later in this summary, the field of quantitative risk estimation has not yet 
escaped its childhood. In other words, it is like playing Russian roulette with our 
genes: we know to what extent and how genes can be damaged but we do not know 
which type of damage is critical. 

The reasons that the new molecular methods — and especially the measurement of 
so-called protein and DNA adducts — have become popular, are that (i) they meet the 
requirements of sufficient intrinsic sensitivity and specificity that make measurements 
possible in occupational and environmental settings, (ii) they are quantitative, (iii) 
most fulfil the practical requirements of being relatively cheap, fast and reproducible, 
and (iv) they can be applied to body fluids like blood aid urine or small samples of 
cells, such as those from buccal mucosa and skin. 

Although the study of the interaction of genotoxicants with cellular macromolecules 
is relatively new, the pyrimidine direr was recognized as the first radiation-induced 
DNA adduct in the early 1960s by the group of Berends in The Netherlands (Beukers 
& Berends, 1960), and DNA damage by chemical agents was demonstrated by the 
groups of Lawley in the UK (Brookes & Lawley, 1964) and of Ehrenberg in Sweden 
(see review by Ehrenberg, this volume). In other words, the improvements made in 
recent years have been technical, not conceptional. 

Sensitivity and specificity of new assay systems 
The technical improvements with regard to the sensitivity and specificity of the new 

assay systems are striking, because we are approaching the level of sensitivity that will 
allow us to measure low, but extensive, exposure of humans under environmental and 
occupational circumstances. On the basis of molecular dosimetric assays and mutation 
analysis in mammalian cells in culture, the upper range of subtoxic levels of a 
genotoxicant can be expected to differ between, e.g., 2000 adducts/cell for exposure to 
aromatic amines and 100 000 adducts/cell for exposure to ultraviolet light (Lohman et 
аl., 1985). These numbers can also be expressed as number of lesions per unmodified 
DNA base; exposure to aromatic amines would lead to 1 x 1tг  adducts/base, while in 
nonnal sunlight at least 1 x 10-4 adducts/base per day can be expected in the upper 
layer of the skin as a result of exposure to ultraviolet light. 

—13— 



14 	 LOHMAN 

In Table 1, the intrinsic sensitivity of the available assay systems for measuring 
quantitatively the interaction between genotoxic agents and cellular macromolecules is 
estimated. Intrinsic sensitivity is defined as the expected power of each test to detect 
the same, hypothetical chemical. Of course, the values are derived from incidental 
observations described during this conference. It is important to realize, however, that 
the limit of detection per assay may differ by orders of magnitude depending on the 
physicochemical nature of the chemical or adduct. 

The sensitivity of an assay is usually expressed as fmol adduct/ug DNA. This value 
does not, however, indicate directly whether reliable measurements can be performed 
in the human situation. Often, for most of the existing physicochemical methods, a 
sensitivity expressed as number of adducts/base cannot be reached, because a minimal 
amount of DNA must be available in order to make a measurement. 

It will be clear from Table 1 that the immunochemical assays and the postlabelling 
assay have an excellent record with regard to sensitivity and minimal practical 
problems for obtaining samples. The tandem mass spectrometry method is the only 
physicochemical method that meets the same criteria, but the expensive and sophisti-
cated equipment required still reduces its widespread practical application. Practical 
applications are still also limited for the spectacular, but sophisticated, immunochemi-
cal methods for the detection of DNA adducts at the single-cell level as described at 
this conference (Benthem et al.,Perera et al. and Baan et al.). This holds true especially 
for the recently introduced laser-scan immunofluorescence microscopy (Baan et al., 
1986). 

In order to measure occupational exposure to known or suspected genotoxic 
chemicals, most of the assays for detecting adducts are sufficiently sensitive. However, 
the tandem mass spectrometry described by Farmer et al. (this volume) and the 
3гP-postlabеllипg method developed by Randerath et al. (this volume) have an 
additional advantage that interaction of low levels of unknown genotoxic agents can be 
detected under both occupational and environmental circumstances. 

New developments in the detection of protein adducts, especially those involving 
haemoglobin as the target molecule (Neumann, 1984 and this volume; Osterman-
Golkar, this volume), have shown remarkable sensitivity and specificity for detecting 
exposure of humans to genotoxic agents. In a number of studies, a direct correlation 
can be made between levels of haemoglobin adducts and of DNA adducts in the same 
exposed individual. The levels of sensitivity reached with the protein adduct methods 
are similar to those found with the immunochemical methods for detecting DNA 
adducts. An additional practical advantage of the protein adduct method is that better 
`signal-to-noise' ratios are often obtained than with the DNA adduct assays, because 
large amounts of protein (especially haemoglobin) can be obtained from individuals. 

Methods for the detection of adducts or metabolites of genotoxic agents in urine 
have also reached high levels of sensitivity and specificity, including both plhysicochem-
ical and immunochemical methods (Ohshima & Bartsch, this volume; Shuker & 
Farmer, this volume; Vanderlaan et al., 1987). However, unless they can be clearly 
validated, such assays carry the same problems as other nonspecific urine assays, such 
as those for detecting mutagenic activity, as discussed extensively at the previous 
meeting on this topic (Lohman et al., 1984b; van Sittеrt, 1984). 

It is interesting to note that in some publications dealing with assays of human 
urine, high responses are assumed to indicate a high internal exposure. However, if a 
proper balance between intake of the genotoxic agent aid excretion of the compound 
or its metabolite in the urine is not reached, a high response in a urine assay might just 
as well indicate a very low internal exposure. 



SUMMARY: ADDUCTS 
	

15 

Table 1. Assays for the detection of interaction between genotoxic agents 
and cellular macromolecules 

DNA adducts 

Method° 	Estimated lower limit Amount needed Amouпt usually available 
of deteсtionь  for assay 	in human biopsies 

(ygDNA) 	(цgDNA) 
fmol/цg DNA Adducts/base 

Tissue 	 Blood 

UV/HPLC 	100000 	1 x 10-5 1000 	1 	 100 
AAS 	 100 	1 к  10-6 10 	 1 	 100 
FL/IPLC 	50 	 1 x 10-' 100 	 1 	 100 
sSFS 	 5 	 1 x 10-s 100 	 1 	 100 
MS/MS 	 0.5 	 1 x 10-9 10 	 1 	 100 

Immuлochemical 
competitive 	5 	 5 x 10-8 0.01-1 	1 	 100 
direct 	 1 	 1 x 10-8 0.01-1` 	1 	 100 
single cell 100 cells 

ES 	 1 x 10-6 100 cells 	or tissue 
FL 	 1 x 10-~ or tissue 	section 
FL/Laser 	 1 x 10 section 	 surgical/autopsy sample 

with ‚PLC 	1 	 1 x 10-6 100-1000 
3гP-Postlabешпg 	0.1 	 lx 10-9 0.010 	 0.1 	 100 

Protein аддисtsd 

Method 	Estirnaled lower limit Amount needed Amount available 
of detectioпь  for assay 	in human samples 

(mg protein) 	(mg blood protein) 
fmol/mg 	DNA adductse 
protein 

GC/IPLC 	10 	 1 x 10-7 50 	 15of 

Adducts/rnetаbЫilеs in urine 

Method 	Estimated lower limit Amount needed Amount available 
of detectionь'g for assay 	in human samples 
(fmol/m1 urine) (ml uriiie) 	(ml urine) 

Immunochemica1 	10 5-500 	1000 
HPLC 	 10 5-500 	1000 
GC-Ms 	 10 000 5-10 	 1000 

°Abbreviations: UV/IIPLC, ultraviolet light/high-performance liquid chromatography; ААS, atomic absorption 
spectrometry; FL/HPLC, unшu1ofluoresсепcе  miccoscopy/HPLC; SSFS, synchronous scanning fluorescence 
spectrophotometry; MS/M5, tandem mass spectrometry; E5, enzyme staining; GC/HPLC, gas chromato- 
graphy/HPLC 
"The estimated lower limit of detection is expected to reflect the intrinsic sensitivity of a test, i.e., the 
estimated sensitivity for measuring the same, hypothetical gantoxic agent in each of the individual assays. The 
values are given only for companson and may differ by several orders of magnitude depending on the 
physicothenàtal properties of the agent or adduct. 
'For these assays, the DNA must be isolated and purified; canent purification methods usually require at least 
1 sg DNA 

Estimations frот  Farmer et al. (1987) 
`Calculated as equivalent DNA adduct according to the method of Neumann (1964), 	using alkyfating 
compound as a model agent 
'Corresponds to 1-2 ml blood; in practice, much more can be obtained 
' 0ftеп  hampered by high background levels 
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Confounding factors 

In using the new molecular assays, a number of confounding factors must be 
addressed before the methods can be used as quantitative tools for measuring 
exposure. A major problem seems to be the organ and tissue specificity of the 
induction of DNA damage. Baan et al. (this volume) show, for instance, that the 
amount of benzo[a]pyrenc adducts in different cell types in the buccal mucosa of 
smokers varies significantly, and Wild et al. (1986; this volume) demonstrate that, in 
comparison to liver cells, blood lymphocytes contain extremely low levels of DNA 
adducts after exposure to aflatoxins in vivo. In addition, the ioterspecies and 
interindividual differences reported by Poirier et al. (this volume) and by Fichtinger-
5сhертап  et al. (this volume) in mammals exposed to the cytostatic agent cisplatin are 
of considerable magnitude. Organ, tissue and species differences may be due to 
variations in DNA repair processes in different cells. However, the experimentaI 
evidence presented here shows clearly that most of the variations occur before DNA 
repair takes place. 

Attention should also be paid to the chemical instability of certain DNA adducts, as 
described, for instance, by Montesano et al. (this volume) for 7-alkуlguaniпe. This and 
the repair of DNA adducts after induction make accurate measurement of exposure 
heavily dependent on the time at which a sample is taken. For accurate determinations 
of exposure, but not necessarily — as discussed later — for risk estimation, measure-
ments of stable, persistent adducts (with both protein and DNA) are therefore more 
reliable. 

Several authors (Groopman, Poirier et al., Fichtinger et al. and Randerath et al.) 
indicated that in using the new methods careful attention must be paid to interlabora-
tory variations. For instance, in immunochemical assays, the source of variation can be 
attributed to differences in the properties of the antibodies or the presentation of the 
antigens. It may also be appropriate to signal another source of nonieproducible 
results, which was not discussed extensively during the meeting, namely, the statistical 
analysis, or often the lack of statistical analysis, of the data obtained with the new, 
supersensitive methods. 

A confounding factor that was discussed only indirectly during the meeting is the 
possible occurrence of secondary lesions in DNA. Such `secondary lesions' may be 
caused by endogenous gervotoxic agents, such as reactive oxygen species, in the adducts 
themselves which may be formed as a result of the interaction of the genotoxic agent 
with drug-metabolizing enzyme systems. Oxygen species may induce such lesions. As 
indicated by Neumann (this volume), at least liver cells can cope with large amounts of 
such endogenous reactive products. However, the formation of endogenous, secondary 
lesions would not be related to the dose of the primary, exogenous genotoxic agent; 
and, therefore, the total amount of adduct formed by both exogenous and endogenous 
lesions would also not be dose-related. 

Another interfering factor I should like to mention is the often appreciable amount 
of background DNA adducts, the significance of which remains to be elucidated. Their 
existence is clearly demonstrated in studies of both protein and DNA alkyl adducts 
(Ehrenberg, this volume), and the ЭZP-postlabеlliпg method reveals the presence 
mainly of unknown DNA adducts (Raaderath et ai., this volume). 

Of course, the existence of confounding factors in measuring exposure to genotoxic 
agents is not unique to the new methods described but is also true for other tests. At 
the previous meeting, a concise table was prepared summarizing the `in's and `out's of 
the application of the available tests (Lohman et al., 1984a). 1t is remarkable that in 
the four years that have passed hardly any of the uncertainties indicated in the table 
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Table 2. Evaluation of the applicability of new molecular methods 
for measuring human exposure to genotoxic agentsa 

Method of biological monitoring 

Criterion 	 DNA adducts 	 Protein 
adducts 

Physical Immunochemical 32P-Post- 
methods methods 	labelling 

Appropriateness for measuring 
exposure 

qualitative (+) + + + 
recent (one week) internal dose ? + + + 
long-term body burden ? (+) (+) (+) 
dose at target site ? + + - 

Appropriateness for assessing 
health effects 

nonadverse (reversibte) ? (—) (—) (— ) 
adverse (--) (—) (— ) 

Interpretation of results 
on individual basis + + + + 
on group basis + + + + 

Precision of method 
technical reproducibility ? (+) (+) + 
stability of parameter over time (+) (+) + (±) 
interlaboratory reproducibility ? (+) (+) + 

Sensitivity 
for certain environmental exposures ? + + + 
for occupational exposures (+) + + + 
for acute exposures + + + + 

Chemical specilicity + + — + 
Absence of interference by ? (+) (+) (+) 
confounding factors 
Absence of background levels ? (—) (—) (— ) 
Simplicity of analysis — f t + 
Ease of sample storage + + + + 
Current applicability 

research level (+) + + + 

routine use (—) (+) (+) (±) 

°+, applicable/true; (+) probabiy appticable/iwobabiy true; — not аррflсаЫе/iоt tгие ; (—), not 
presently aррнсаЬе /not presently true; +, cannot be generalized; ?, unknown 

have been resolved. The only major change has been the production of new methods 
for measuring human exposure to genotoxic agents (Table 2). 

Risk estimation 
In spite of the fact that technological improvements have made sensitive measure-

ment of exposure of humans to genotoxic agents feasible, no new method has been 
developed for risk estimation (Wogan, this volume). With regard to tumour formation, 
the rad-equivalent approach of Ehrenberg's group (for reviews, see Ehrenberg, and 
Wright et al., this volume) still stands alone as a heroic attempt to relate target dose to 
adverse biological effects of low levels of exposure of humans to genotoxic agents. The 
results obtained so far with the new molecular assay systems have confirmed the 
validity of the rad-equivalent approach, at least for a limited set of alkylating agents, 
such as ethylene oxide. The general applicability of the approach must still be proven, 
especially for agents that form bulky or bifunctional lesions in DNA. 
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Fig. 1. Factors involved in tumour initiation 
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The concept of tumour initiation, promotion and progression was developed from 
experimental carcinogenesis studies. In this model, carcinogen-DNA adducts are 
considered to be of prime importance during early initiation of tumour formation, 
although in the later stages of tumour formation DNA lesions may also play a role in 
the conversion of benign into malignant cells (for review, see Harris, 1985). 

Tumour initiation is often considered to be a single tirst step in the process of 
tumour formation; however, as depicted in Figure 1, even initiation is a complex, 
multistep process. It would be more surprising than logical, on the basis of cunent 
scientific knowledge, if the electrophilic reactivity of chemicals and their metabolites, 
with the induction of primary chemical damage to DNA (including DNA adducts) led 
stoichiometrically to mutation and/or cancer. With regard to the initiation process, it 
should be investigated whether, other than for some monoalkylating agents, a direct 
quantitative relation exists between the induction of DNA damage and ultimate 
mutation in target cells (Fig. 1). The spectrum of lesions in DNA is often very 
complex, and lesions are not repaired equally. It has often been questioned whether 
persistent DNA lesions should be considered `key' events in the induction of 
mutations; however, this generalization is not justifiable scientifically. Persistent DNA 
lesions should be considered good markers for measuring exposure; whether they can 
also be considered `key' lesions for initiation is heavily dependent on the properties of 
the genotoxic agent in question. 

DNA repair has also been shown to depend on chromosomal structure. Con-
siderable evidence is accumulating that many agents induce mutations not randomly 
over the chromosome but at preferential spots (see, e.g., Thilly, 1985; Drobetsky et 
al., 1987; Vrieling et al., 1988). 

As concluded by Wright et al. (this volume), the determination of rad-equivalent 
values for genotoxic action appears to provide the only cunently practical operational 
approach to evaluating both heritable and cancer risks posed by genotoxic chemicals. 

Future needs 

The new molecular methods for measuring DNA damage in vivo after environmen-
tal or occupational exposure to geпotoхicants show vast interlaboratory variation. 
Calibration procedures, especially in the human situation, are needed. Therefore, it is 
recommended that an international collaboration be established to exchange cells from 
people exposed in vivo to known concentrations of genotoxicants. 
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Because human protein samples can be obtained in sufficient quantities and because 
most compounds bind at higher levels to protes than to DNA, determination of 
protein adducts seems preferable for measuring exposure to monofunctional alkylating 
agents. However, for risk estimation, measurement of DNA adduct formation in 
target-cell populations appears to be essential. 

The new methods for molecular dosimetry after in-vivo exposure to genotoxic 
agents have shown considerable interindividual variation in the induction of DNA 
damage and mutations (Baan et a1., Fichtinger-Schеpman et al., Puer et al., this 
volume). The nature of such variations (whether genetically predetermined or not) 
should be further investigated. 

The new molecular methods (especially the 32Р-роstlabеlling method) have dem-
onstrated the presence of considerable levels of persistent (mostly unknown) DNA 
lesions in various cells of the human body (Randerath et ai, this volume). The 
importance of the presence of such `background' lesions for risk estimation and for the 
analysis of a possible threshold in vivo for the adverse effects of genotoxic agents 
should be investigated further. 

In order to develop new approaches for risk estimation, the relation between 
(`key') DNA lesions and the induction of mutations in target cells in humans and 
experimental animals should be studied in detail. Current techniques allow quantitative 
detection of DNA lesions in vivo after low levels of exposure to genotoxicants. 
However, mutations occur at much lower levels than DNA adducts in cells of organs 
and tissues, and the measurement of mutations in vivo is still a challenge for the 
future. A breakthrough in the analysis of mutation induction in vivo at the molecular 
level is expected and should be stimulated (Thilly, 1985; Lohman et al., 1987; Vrieling 
et al., 1988; Harris, this volume). 

Approaches to risk estimation on the basis of measurements of DNA adducts are 
usually discussed in relation to tumour formation. However, the heritable effects of 
genotoxic agents should be considered an equally heavy burden on the human 
population. Therefore, it is recommended that attention be focused on studying the 
differences between DNA adduct formation and repair in vivo in somatic and germ 
cells. 

The role of the genomic instability caused by genotoxic agents in vivo should also 
be studied in view of current understanding of the mechanisms of ageing and evidence 
of its involvement in the promotion of age-associated diseases other than cancer 
(Committee on Chemical Toxicity and Aging, 1987). 
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SUMMARY: EPIDENIIOLOGICAL APPLICATIONS 

L.С. Hogstedt 

Although the title of this conference was `Detection methods for DNA damaging 
agents in man: applications in cancer epidemiology and prevention', relatively few 
papers have addressed `applications in cancer epidemiology and prevention' - and it is 
not surprising. The remarkable number of methods developed during the 1980s could 
not yet have been applied in many epidemiological studies or as the basis for 
preventive action. These methods must be tested for reproducibility and validity in the 
experimental setting before they can be applied in field research, and they must be 
economically and practically feasible. 

Epidemiology is usually defined as the `science of the occurrence of diseases', 
implying the study of determinants of health parameters in populations. The two major 
components of epiderniological analysis are the outcome, usually a disease, and the 
determinants of exposure, as reflected in the subdisciplines of epidemiology, such as 
radiation, occupational and smoking epidemiology, defined on the basis of the 
exposure, and cancer, cardiovascular and skin epidemiology, defined on the basis of 
the outcome (disease). 

It might be helpful to consider whether the approaches discussed at this conference 
are exposure- or disease-oriented. The term `molecular epidemiology' has come into 
fashion, but `molecules' are not easily classified as either exposures or disorders. Dr 
Frederica Perera recently reviewed 'molecular cancer epidemiology' (1987) and gave 
the following explanation of `molecular epidemiology': 

`... seeks to combine the precision of laboratory methods to quantify carcinogenic 
dose (exposure) or preclinical response in humans (outcome) with the relevance 
and rigor of analytic epidemiology'. 

It is easy to agree with the author that `just as infectious disease epidemiology was 
greatly advanced by methods to identify viruses and to elucidate the mechanisms 
involved, biological markers of dose and response spring from greater understanding of 
basic biologic processes and have significant potential in identifying and assessing 
carcinogenic risks to humans from exposures to man-made environmental chemicals'. 

Exposure assessment 
Epidemiological studies of cancer usually involve the use of occupational titles, 

questionnaires or industrial hygiene data for assessing exposure. The new techniques 
discussed during this conference provide intriguing possibilities for more refined, 
accurate, relevant exposure-time estimates. It would be an epidemiologist's dream to 
be able to use an estimate of the biologically effective dose in the target tissue or a 
(validated) surrogate for exposure assessment. However, a long time lag from the start 
of exposure to the diagnosed tumour will be a considerable problem, as will be the 
enormous amount of work and expense involved in monitoring a large number of 
people for relatively rare cancers. 

A cost-effective approach might be to store samples of blood, urine or tissues for 
decades and to analyse them only for the case entities of concern and for an 

—21- 
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appropriate number of controls. In a similar way, food and other environmental 
compounds could be stored. Such comprehensive, rational data banks would not be 
cheap, but their future value cannot be overestimated. Some samples have been stored 
already, and plans for more extensive banks are under discussion in several countries. 

In one of the very few epidemiological studies presented at this conference, Autrup 
aril Wakhisi correlated allatoxiri B1-guanine concentrations in urine with liver cancer 
incidence in a `geographical epidemiology study'. `Geographical epidemiology' corre-
lates the occurrence of a disease and the intensity of exposure in a geographical area, 
without individual data; it can involve, for instance, `mapping' of cancer incidence and 
food consumption iii a country or state. Warnings against drawing the wrong 
conclusions from such studies (the `ecological fallacy') can be found in the epidemiolo-
gical literature. In studies of diseases that develop a long time after the start of 
exposure, it is particularly difficult to draw any meaningful inference from such 
correlations. However, food consumption has probably been fairly stable in some 
countries, and the approach might be useful if this is substantiated. 

Some papers reported on relationships between external dose arid DNA adducts in 
field studies: for instance, Groopman on aflatoxin in the diet compared with total 
aflatoxin B1 excretion in urine; and Hemminki et al. on aromatic adducts in DNA of 
white blood cells and polycyclic aromatic hydrocarbon categories among foundry 
workers. However, large epidemiological studies remain to be performed. In this 
regard, two very interesting protocols were presented — one by Dr J. Ka]dor on cyto-
static drugs and second tumours and another by Dr F.X. Bosch and Dr N. Munoz on 
liver cancer among 3000 male carriers of hepatitis B surface antigen with measurement 
of hepatitis B virus markers, aflatoxin adducts to albumin and haemoglobin adducts to 
other chemicals. 

The preventive potential 
The preventive potential of validated markers of biologically effective dose and of 

preclinical response is impressive. They will facilitate epidemiological studies in that 
they are specific and more numerous than the clinical disease, thus allowing detection 
of relationships using fewer subjects. If decreasing exposure reduces the number of 
cancer cases, this action would also have direct preventive importance for the group 
under study, and not only for all other people that might have been exposed had the 
demonstrated risk not been observed — albeit that preventive actions are based on 
scientific results. Future conferences on these new markers of exposure and outcome 
will probably have more presentations on epidemiological applications, and more 
applied epidemiologists will be present. 

Reference 
Perera, F. (1987) Molecular cancer epidemiology: a new tool in cancer prevention. J. nail Cancer 

Inst., 78, 887-898 



DOSE MONITORING AND CANCER RISК  
L. Ehrenberg 

Department of Radiobiology, Stockholm Umversity, Stockholm, Sweden 

When I was honoured by the dedication of this conference, and when the 
organizers of the conference asked for a summary of the development of ideas aid 
procedures for dose monitoring in humans, my immediate reaction was that the honour 
should be distributed to all the collaborators who, through hard work and independent 
initiative, rendered this development possible. 

This introduction also appears to be the right place to express the humble 
recognition that a scientific achievement is practically never independent of contribu-
tions from other schools and institutions. In the present context, the achievements of 
Elizabeth and James Miller and of Peter Brookes and Phil Lawley thus played a 
fundamental role. The Millers demonstrated in the 1940s (1947), at the time we 
initiated our work on induced mutation in agricultural plants, that exposure to 
chemical carcinogens led to the formation in vivo of intermediates that form reaction 
products (`adducts') with cellular macromolecules; their work also led to the important 
recognition (1966) that most chemical carcinogens (as it turned out later, those with 
initiating capability) are, or are metabolized to, electrophilic reagents. 0f comparable 
importance was the basic work of Brookes and Lawley which led them, in 1964 
(Brookes & Lawley, 1964a,b), to suggest that DNA is the key target in chemical 
mutagenesis. Of great importance also was the work at the Chester Beatty Research 
Institute, London, which involved the introduction of reaction-kinetic thinking into this 
field of biology, partly with the aim of optimizing the properties of chemotherapeutic 
drugs (Ross, 1962). In this atmosphere, Loveless (1969) could show that the mutagenic 
and carcinogenic potency of alkylating agents was associated with reactivity towards 
certain centres such as O6-guaпiпe. 

Induced mutagenesis in agricultural plants 
On the initiative of the plant geneticist, Ake Gustafsson, studies on induced 

mutagenesis began in the Department of Organic Chemistry and Biochemistry of the 
University of Stockholm in 194& The material used was barley (Hordeum vulgare) and 
other agricultural crop species. As stated by the `father of Swedish genetics', Herman 
Nilsson-Ehle, these organisms offer the opportunity to carry out basic and applied 
scientific work in parallel, and the studies on mechanisms of mutagenesis were carried 
out in close collaboration with plant breeders, who selected agronomically interesting 
variants from the hereditary variation created. In some cases, this work led to new, 
economically valuable varieties. 

In the beginning, ionizing radiation of different qualities was the mutagenic agent 
studied. Various ootogenic stages, especially resting and germinating seeds, were 
exposed under different conditions, and the main endpoints observed were lethal 
action, growth inhibition (which could have genetic or epigenetic causes), sterility 
(often due to translocation) and mutation (forward mutation in the approximately 1000 
genes that control the chlorophyll apparatus; Gustafsson, 1940). 

—2~ 
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In order to render the studies of mechanisms meaningful, it was necessary to refer 
effects to dose; for this purpose, methods for dosimetry of, especially, fast and thermal 
neutrons were developed (Ehrenberg & Saeland, 1954). In collaboration with A. 
Ehrenberg, K.G. Zimmer and B. Spaгrman, it was possible to demonstrate that free 
radicals play a role in the biological effects of radiation (Zimmer et al., 1957; Sрaгrman 
et al., 1959). 

Plant breeders were interested in obtaining as high a mutation frequency and as 
broad a variation as possible and, of course, also to bring about mutations that induced 
specific, desirable changes. Although in a few instances certain mutations were induced 
preferentially by high-linear energy transfer (LET) radiation (neutrons) or by low-LET 
radiation (y-radiation, X-rays), evidently due to viable or lethal, multilocus deletions 
(which are preferentially induced by neutrons), respectively, it soon became clear that 
such goals were not achievable through variations in irradiation conditions. 

With inspiration from publications on the mutagenicity of certain reactive chemi-
cals, especially by Oehlkers (1943), Auerbach (1948) and Rapoport (1948), chemical 
mutagenesis was introduced into the work around 1955 (Ehrenberg et al., 1956), 
primarily with the purpose of investigating the potential value for mutation breeding of 
plants. Certain chemicals, like ethylenimine, indeed gave rise to a number of mutant 
phenotypes that had never been seen before (Ehrenberg et al., 1959). Although some 
chemical mutagens offered possibilities for directing mutagenesis towards point 
mutation, and others towards chromosomal aberrations (multilocus deletions; see Ong 
& de Serres, 1975) and permitted higher mutation frequencies to be obtained than was 
possible with ionizing radiation, the general impression was that the locus specificity 
was low (see Hagberg et al., 1958; Persson & Hagberg, 1969). Such specificity had 
instead to be achieved by the development of methods for fast screening of desirable 
hereditary deviations. Physical methods for this purpose were suggested and developed 
(Zupanёiё  et al., 1967; 7ohansson et al., 1969). 

It was soon realized that mutagenicity should be considered a general property of 
alkylating agents. As a first step in systematizing mutagenic potency, partly as a tool 
for optimizing plant breeding, the concepts of mutagenic еf~lс  епcy and mutagenic 
effectiveness were introduced, the former reflecting the ratio of frequencies of 
mutagenic versus lethal and other events that tend to eliminate mutations or reflecting 
limitations due to factors such as low solubility, and the latter expressing the frequency 
of mutations per unit dose (Ehrenberg, 1960). In the incipient nuclear age, charac-
terized by a fear of genetic hazards from ionizing radiation, the observation that certain 
chemicals, some of which were in use, are far more efficient mutagens than radiation 
indicated the necessity for considering the risks (of hereditary diseases or cancer) to 
humans from exposure to such agents. This concern was expressed in a lecture in 1958, 
and in the following year in a letter to the Swedish National Board of Health 
(Ehrenberg & Gustafsson, 1959). In view of this new aspect of the work with 
mutagens, the usefulness of higher plants for characterizing the patterns of action of 
mutagens was explored (for review, see Ehrenberg, 1971). 

Early efforts to monitor elfects in humans 
The lecture mentioned above led to a lot of sensational journalism. In consequence, 

leaders of an industry producing and using ethylene oxide asked for our assistance in 
estimating the extent to which their employees were subjected to health hazards due to 
exposure to this alkylating agent. At that time (1959), it was too early to score 
chromosomal aberrations in lectin-stimulated lymphocytes, since the conditions for 
reproducible cell cultivation and assay were still under development. We therefore 
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chose to study the effects on the numbers of peripheral lymphocytes of the kinds found 
earlier in radiological workers. In addition to one case of leukaemia, about one-half of 
35 workers in an ethylene окiде  department exhibited a lymphocytoses that could be 
considered a `radiomimetic' . effect (Ehrenberg & H1lstrбт, 1967). Following an 
accident in 1961 in which eight people had considerable acute exposure, increased 
frequencies of chromosomal aberrations were demonstrated (Ehrenberg & Hйllstrdm, 
1967; see also Ehrenberg et al., 1981). 

Struggle to increase the sensitivity of methods for detecting mutagens and 
carcinogens 

Indications that dose-response curves for the mutagenic action оf both radiation 
and chemicals could be extrapolated linearly to the origin, i.e., a no-effect threshold 
could not be defined, and the possibility that weak `genotoxic' agents (a concept 
suggested by H. Druckrey, see Ehrenberg et al., 1973) with a wide distribution could 
be dangerous to human populations, led to speculation about the sensitivity, or 
resolving power, of test systems needed to protect humans against health hazards. By 
characterizing the sensitivity of test systems with respect to dose of y-radiation that had 
a detectable mutageцic or carcinogenic effect, most test systems were found to be too 
insensitive by several orders of magnitude: the detection levels were of the order of 
100 rad, whereas doses in the mrad range are considered to be acceptable. Thus, a 
struggle to increase the sensitivity of test systems, including the problem of interpreta-
tion of negative tests (see Ehrenberg, 1977, 1984), became an important component of 
our work. 

Efforts to measure low (but possibly ипаcсерtaЫе) genetic risks in humans had in 
fact been initiated in about 1957, for a different although related reason: in a radio 
interview on genetic risks, a colleague and I had expressed the opinion that there were 
factors more dangerous than radiation. Forced by the mass media to disclose which 
these factors were led us to suggest, as ап  example, the rise in testicular temperature 
due to wearing trousers апд, especially, tight underwear (Ehrenberg et al., 1957). 
Early studies had indicated that the activation energy for spontaneous mutagenesis is 
high, aпд  we considered it possible that the extracorporal position of the testes during 
the mating seasons of some mammalian species could function as a protection against 
spontaneous mutation by lowering the gonadal temperature. 

As we felt a responsibility to demonstrate and measure this mutagenic action, we 
studied mutation in germ cells of human males and, simultaneously, of plants, in order 
to obtain a greater resolving power owing to the increased numbers of observed 
individuals. The work with human sperm, using radiolabеlled antibodies fоr surface 
antigens, and exploratory studies with erythrocytes were premature (especially дue to 
difficulties caused by nonspecific adsorption). The work with plant pollen (including 
that of barley) led, however, to a highly sensitive system which permitted detection of 
the mutagenic action of doses comparable to the annual background dose (100 inrad; 
see Ehrenberg & Eriksson, 1966). This system was highly sensitive to volatile chemical 
mutagens (Lindgren, 1971). 

Reaction kinetic parameters and mutagenicity 
In the mid-1960s, Siv Osterman entered the laboratory and undertook a reaction-

kinetic characterization of alkylating agents, with the purpose of elucidating the 
properties that determine mutagenic efficiency and effectiveness. One starting point 
was the linear free energy relationship of Swain and Scott (1953): 

log (k1/k10) = $ • n, 	 (1) 
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where k, and k120 are the second-order rate constants for reaction at riucleophilicity 
n, s is a substrate constant describing the selectivity of the alkylator, and n is the 
nucleophilic strength (on an arbitrary scale, iп  which, by definition, s = 1 for methyl 
bromide and n = 0 for 120; on this scale, oxygens have n in the range 0-4, nitrogens 
3.5-5 and sulphurs 5-7). 

These studies exhibited a proportionality between the rnutagenic effectiveness in 
plants and in bacteria of simple monofunctional alkylating agents and their reaction 
rates (k, 2) at n = ---2 (Turtбсzky & Ehrenberg, 1969; Osterman-Golkar et al., 1970), 
in agreement with accumulating evidence that alkylations at DNA base oxygens are 
premutagenic events (Loveless, 1969). In contrast, the effectiveness for immediate 
killing was found to be proportional to reaction rates at n = -5, compatible with the 
idea that killing is caused by inactivation of proteins (key enzymes) through alkylation 
of —SH and —NI2 groups. A relatively low s-value is therefore associated with high 
mutagenic efficiency; in fact, `supermutagenic' (Rapoport et al., 1966) nitrosamides 
have very low s-values (Veleшinskÿ et al., 1970). For compounds with low s, i.e., 
effective mutagens, `immediate' killing did not occur but there was a delayed killing 
due to genetic damage. 

Bifunctional agents were found to be one to two orders of magnitude more effective 
than monofunctional agents (Ehrenberg & Hussain, 1981) but less efficient due to 
delayed killing (Ehrenberg & Gustafsson, 1957). 

Dose monitoring and risk estimation 

The realization that the mutagenic effectiveness of monofunctional alkylatirig agents 
is proportional to the rate of reaction towards nucleophiles of a certain strength would 
have the following implications: 

(a) Any low-molecular weight alkylating agent (or metabolite) gives rise to genotoxic 
effects, provided it can penetrate the DNA space of target cells. This conclusion is 
valid to the extent that there is no no-effect threshold, and it can most probably be 
extended to other classes of electrophiles (Ehrenberg & Osterman-Golkar, 1980). 
(b) Since . demonstration of chemical reactivity is easier than demonstration of 
genotoxicity, it could be used primarily to judge whether negative results in biological 
tests, i.e., cases where the null hypothesis of nongenotoxicity was accepted, are false or 
true (see Ehrenberg, 1977/1984). Demonstration of chemical reactivity could thus be a 
sensitive means of detecting weak mutagens/carcinogens, which, if widespread in 
populations, might be causes of considerable genotoxic risks. 

The only environmental carcinogenic factor which at the onset of our work (and 
probably still now) was subjected to regulation on the basis of reasonably realistic risk 
estimation, is ionizing radiation, particularly y- and X-radiation. It appeared, 
therefore, logical to compare chemicals and radiation with respect to current 
environmental doses and genotoxic effectiveness. In studies of induced forward 
mutation in barley and Escherichia coli, it was then somewhat surprisingly found that, 
for a number ofmonofunctional alkylating agents, the `critical' degree of alkylation at 
n =2 that gave rise (in the linear low-dose region) to the same response as 1 rad was 
approximately 1 x 10-' in both species (after readjustment of the data for barley to 
37°C), and this relationship was also found to be approximately valid if other species, 
including mammalian systems. This indicated that the relationship 

1 rad н  [RY, 2г  =1 x 10-' 	 (2) [Y 2] 
might apply also to man (see Ehrenberg, 1979; Ehrenberg & Osterman-Golkar, 1980). 
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The (cumulative) degree of alkylation at n = 2, [RY,, 2]0, is equal to the product of 
the second-order rate constant, k, for the formation of R;Y, the dose (D) being 
defined as the time integral of concentration ([R,Х]) of the (ultimate) carcinogen (RI X) 
under consideration (Ehrenberg et al., 1974): 

D = I [R~X](t) di. 	 (3) 

Measurement of the dose would then allow an estimate of risks in terms of the risk 
from 1 rad y-radiation. 

When a one-compartment model applies (as is the case for several simple alkylating 
agents), a solution of (3) is 

0 

D= [R~X~ , 	 (4) 

where [RгX]° is the cumulative concentration and 	the first-order rate constant for 
disappearance, e.g., through detoxification. The mean life span (1/71,) of RгX 
molecules in the body is usually in the order of seconds or minutes, i.e., the 
concentrations of R;X during exposure rarely reach the detection levels of analytical 
methods. Doses can therefore preferably be measured through products of reaction 
(`adducts') with suitable monitors (Y1,01,): 

RьХ  + Y,,,01— RY 01 + X. 	 (5) 

Exploratory experiments with various tissue proteins showed that such dosimetry 
was feasible. Ideas of implanting permeable disks containing a nucleophilic gel 
(polyethylenimine) were abandoned when it was realized that the haemoglobin of the 
red cells constitutes a suitable natural monitor (long and mostly well-defined life span) 
which is available iп  large amounts in both animals and humans (Osterman-Golkar et 

al., 1976). Haemoglobin was preferred to DNA partly because the methods for adduct 
identification by mass spectrometric methods are easier. 1п  principle, measurement of 
adducts to the DNA of white blood cells is no more informative than measurement 
of haemoglobin adducts. In both cases, if the dose varies between organs, the 
target:blood dose ratio has to be determined iп  animal models, e.g., by measuring 
DNA adduct levels in target cells (see Ehrenberg & Osterman-Golkar, 1980; 
Segerbck, 1983). 

On the basis of estimates of target dose (Dtarg), cancer risk can be estimated from 
expressions of the type 

Risk = Pcan(D) = kr Q D~аrg, 	 (6) 

where Q is a quality factor for monofunctional alkylators containing the inverse of the 
factor 1 x 10- in (2), and k,, is the risk coefficient for cancer induced by low-LET 
radiation. For bifunctional alkylating agents, the values of Q are appreciably higher 
(for diepoxybutane by one to two orders of magnitude), probably due to intra- or 
interstrand cross-linking of 7-guanine nitrogens, which become premutagenic events 
(see Ehrenberg, 1979; Ehrenberg & Hussain, 1981). 

Throughout our work, it has been clear that precise measurement of the dose as 
defined in (3) is by no means an obligatory step in risk estimation; its main import lies 
in its conceptual role in the pharmacokinetic-reaction kinetic model of the in-vivo fate 
of carcinogens and mutagens (see Ehrenberg et al., 1983). When the ultimate 
carcinogen is a very short-lived electrophile, it may even be impracticable to determine 
rate constants for specific reactions with haemoglobin and DNA. It is, however, always 
possible to determine the ratios of reaction rates in vivo, and risks could then be 
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referred to the rad equivalent of the (cumulative) level of DNA adducts, this level 
being calculated from the observed level of the corresponding haemoglobin adducts 
(see Osterman-Golkar et al., 1976). Viewpoints on the determination of rad equiv-
alence are given by Kolnian et al. (this volume), and a critical appraisal of this 
approach is presented by Wright et al. (this volume). 

Throughout our work, ethylene oxide (and, later, its metabolic precursor, ethene) 
has been used as a model compound. This is due not only to the initial challenge, in 
1959, of a 5wеdish industry, but also because ethylene oxide is the single or clearly 
dominant genotoxic agent in certain work environments and thus offers a possibility—
otherwise relatively rare — for checking the reasonableness of estimated risks epide-
miologically. Osterman-Golkar (this volume) summarizes our work on in-vivo dosi-
metry of the compound in humans, and Hogstedt (this volume) presents epidemiologi-
cal observations of cancer risks. By and large, estimated risks were confirmed 
(Calleman et al., 1978; Ehrenberg & Hussain, 1981). 

Risk identification 
Macroepidemiological studies indicate that a large proportion of current cancer 

incidence is due to environmental factors, taken in the broad sense that includes life 
style and dietary habits (Higginson & Muir, 1979). The precise nature of these 
factors is, however, largely unknown, particularly with regard to the genotoxic factors 
(mutagens) that are supposed to act with promoting and cocarcinogenic conditions as 
initiators and to contribute to malignancy in later stages (`progression') of the 
development of a tumour. 

Sinсе  electrophiles react indiscriminately with cellular nucleophiles, at reaction 
rates determined by kinetic laws, any electrophile can react to some extent with 
'critical sites' of DNA. For this reason, any electrophile that can appear in cell nuclei 
(by permeating membranes or by intranuclear formation) should be considered a 
mutages or a cancer initiator (Ehrenberg & Osterman-Golkar, 1980). 

Against this background, it was clear that monitoring of in-vivo doses of 
electrophilically reactive compounds through their adducts with haemoglobin or other 
macromolecules could have implications far beyond the problem of risk estimation of 
a-priori defined chemicals or exposures. An unprejudiced screening of members of the 
general public for unknown adducts would disclose at least the most important 
mutagens and cancer initiators that occur and permit one to identify their chemical 
structure arid whether they were of exogenous or endogenous origin. Methods could 
further be suggested to measure the total load, and its variations, of mutagens and 
cancer initiators, leading to elucidation of the relative rile of mutation in current 
cancer incidence. 

Tdrngvist (this volume) illustrates — using ethylene oxide and ethene as a 
model — problems encountered in the identification of causative reactive chemicals and 
their origin on the basis of adducts observed in unexposed persons. 

Such monitoring requires (i) that the sensitivity of the analytical methods be 
sufficiently high to permit detection of the main contributors to risk; and (ii), as a basis 
for risk estimation, knowledge of the shape of dose-response curves at the very low 
doses and levels that occur. These two problems constitute the main components of 
current research. 

With respect to analytical sensitivity, we set as a goal in the development of a 
method to determine adducts to the N-terminals of haemoglobin that adducts be 
detectable at levels at which the corresponding risks are acceptably low (Tdrnqvist et 
al., 1986). A risk of cancer death due to radiation from man-made sources in the range 
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of 10-6-10-5 per year might be considered acceptable by members of the public 
(International Commission on Radiological Protection, 1977). Levels of adducts with 
ethylene oxide and with chemicals with similar s-values (see equation 1 above) 
associated with these risks (corresponding to 0.05-0.5% of the overall risk of cancer 
death) are iп  the range 1-10 pmol!g haemoglobin, and this detection level could be 
achieved (Tбrпgvist et,al., 1986). It should be stressed, however, that the setting of this 
goal was provisional. For more effective chemicals (e.g., polyfunctional alkylating and 
certain bulky agents) and for the components of mixed exposures, work continues to 
be directed toward still greater sensitivity, in conjunction with the development of 
methods for analysing other classes of electrophiles. 
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This interпationaI conference on methods for detecting DNA damage and their 
application in studies on cancer etiology and prevention concerns а  very timely and 
important subject. The process of risk assessment is being used increasingly by 
regulatory decision-making bodies in formulating policies intended to minimize health 
risks resulting from exposure to hazardous substances. The process of risk assessment 
requires the use of factual data to define the health effects of exposure of individuals or 
of populations to such substances. In one сипепt definition (National Academy of 
Sciences/National Research Council, 1983), the process of risk assessment includes 
three elements: hazard identification, dose-response assessment and risk characteriza-
tion. Exposure assessment and epidemiology data are key components of the 
dose-response assessment, the objective of which is to define dose-incidence relation-
ships for adverse health effects (such as cancer) in human populations. These 
components, together with animal bioassay data, appropriate extrapolations of 
information concerning dose-effects in animals and interspecies differences in response 
effectively determine the quantitative features of the risk estimation, and are therefore 
of critical importance. 

Epidemiological studies designed to evaluate the health significance of environmen-
tа  chemicals, including carcinogens, are seriously compromised by a lack of quantita-
tive data on individuals in exposed populations. Data on levels of compounds in 
environmental media often represent the only information available, and average 
population exposure is therefore the oniy quantitative parameter that can be 
calculated. Biological monitoring, i.e., measurements that can be made on cells, tissues 
or body fluids of exposed people, has the objective of defining `internal dose', or 
`biologically effective dose', on an individual basis. Information gained from such 
measurements can be utilized to detect potentially hazardous exposures before adverse 
health effects appear, and also to establish exposure limits that minimize the likelihood 
of significant health risks. Because measurements are made on individual bases, they 
provide for that person an indication not only of external exposure to a given 
substance, but also of the amount absorbed, metabolically transformed to inactive and 
activated derivatives, and the fraction bound to functionally important cellular sites. 
Thus, biological monitoring data are complementary to information derived from 
analysis of environmental media, inasmuch as they can be interpreted in the context of 
known mechanisms of action, and are therefore more directly relevant to assessment of 
health risks. Because the monitoring strategy can be designed to take into account 
exposure through multiple routes and to integrate the consequences of intermittent as 
well as continuous exposures, it can also provide evidence of total risk from multiple 
sources. 

Certain attributes are required of a method adequate to provide accurate, 
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quantitative measurements of exposure to environmental carcinogens and to fulfil the 
objective of providing early indication of long-term risk of cancer. Some of those 
indispensable to attainment of these objectives include the following: (1) the analytical 
methodology should be adequate to detect and quantify exposure to carcinogens and 
mutagens at ambient levels iii the environment; (2) the methods should be applicable 
to cells or body fluids that are readily accessible; (3) measured values should be related 
quantitatively to exposure levels over a wide range; and (4) the methods should 
integrate consequences of intermittent or continuous exposures to multiple agents. All 
of these attributes are applicable to accurate dosimetry of exposure alone. In order to 
be applicable to the assessment of health risk, the method should also make it possible 
to detect early biological effects predictive of long-term adverse health risks (e.g., 
cancer). All of the methods discussed in this volume are potentially applicable to 
detection of exposure; at present, none can be considered adequately validated to 
provide direct evidence of cancer risk. 5trategies for using exposure information in the 
prospective assessment of genetic risk represent important future applications of these 
methodological developments, the validation of which will require a great deal of 
additional research. 

Biological monitoring and its applications in the field that has come to be known as 
`molecular epidemiology' have been the subjects of several recent, comprehensive 
reviews. This volume, and therefore this discussion, deals specifically with detection 
methods. Broader perspectives cari be found in the reviews of Berlin et al. (1979, 
1984), Bridges (1980), Sorsa and Norppa (1986), Wogan and Gorelick (1985), Garner 
(1985), Perera (1987) and Farmer et al. (1987). 

Indicators of genotoxic exposures 
Currently available methods for detecting DNA damaging agents fall into two 

categories on the basis of the character of the experimental systems used and the 
endpoints detected: measurements of levels of genotoxic chemicals, their metabolites 
and derivatives in cells, tissues, body quids and excreta; and measurements of 
biological responses such as cytogenetic changes in exposed individuals. This discussion 
emphasizes recent developments in the former category, and only a brief summary of 
biological indicators of genotoxic exposure is included, consistent with the emphasis 
reflected in this volume. 

Biological indicators 
Cytogenetic changes in chromosomes are among the earliest manifestations of 

genetic injury in persons exposed to ionizing radiation. The linear interdependence of 
dose of ionizing radiation with the number of structural chromosomal aberrations in 
circulating lymphocytes has made it possible for the method to be used for biological 
dosimetry, even at low radiation levels (Evans et al., 1979). Cytogenetic monitoring 
based on the detection of chromosomal damage in somatic cells is finding increasing 
application, especially in the occupational setting (Vainio et al., 1983). 

Damage to chromosomes can take various forms: structural aberrations, sister 
chromatid exchanges (5СЕ) and numerical abnormalities (Bloom, 1981; Evans, 1983). 
The type of alteration produced depends on the lesions induced in the chromosomes 
and, therefore, on the nature of the genotoxic injury in question. Structural 
chromosomal aberrations result from the breakage and rearrangement of whole 
chromosomes and are most efficiently induced by those substances that directly break 
the backbone of DNA (e.g., ionizing radiation and radiomimetic chemicals) or 
significantly distort the DNA helix (such as intercalating agents). SCE result from the 
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breakage arid rejoining of DNA strands, without observable morphological distortion 
of chromosomal structure. They are efficiently induced by genotoxic agents that form 
covalent adducts with DNA or interfere with DNA synthesis or repair. Numerical 
alterations (aneuploidy) represent gains or losses of whole chromosomes or parts 
thereof. It is believed that aneuploidy arises following exposure of the cell to 
substances that interfere with the apparatus of cell division. Because the three types of 
cytogenetic endpoints respond to different cellular lesions, information about them is 
complementary, and all should be taken into account in assessing the possible 
genotoxicjty of environmental chemicals. 

The system used most frequently in monitoring exposure to clastogenic agents 
involves the study of mitogen-stimulated lymphocytes in short-term cultures of blood 
samples. Because of the long life span of lymphocytes, detection of aberrations in 
mitogen-stimulated cells offers some possibility for detecting both short-term and 
accumulated damage, although the kinetics of damage of this type are poorly 
understood. Structural aberrations can be classified as either unstable or stable, 
depending on whether they persist in dividing cell populations. Unstable aberrations 
(dicentrica, rings, deletions and other asymmetrical rearrangements) lead to cell death. 
StаЫe alterations consist of balanced translocations, inversions and other symmetrical 
rearrangements, and are transmitted to progeny at cell division. The biological 
relevance of these stable rearrangements in somatic cells is not well defined, but recent 
evidence suggests that certain of them, such as stable translocations, can persist and 
may confer a growth advantage in dividing cell populations. For example, translocation 
of an oncogene, the c-myc gene, to a site at which its transcription is placed under the 
control of regulatory elements of the immunoglobulin genes has been observed in 
patients with Burkitt's lymphoma, and the abnormal expression of these genes in such 
patients may be causally related to the rearrangement. An oncogene has also been 
mapped to the site of the rearrangement in chronic myelogenous leukaemia, and other 
rearrangements in malignancy may be related to the translocation of other oncogenes. 

Recent developments in cbrornatin staining methods have made possible the 
detection of intrachromosomal SСЕ. Although the molecular mechanisms underlying 
these changes have not been fully characterized, it is clear that measurements of SCE 
offer a sensitive indicator of DNA damaging agents. While the biological conse-
quences of SCE formation are poorly understood, formation of these lesions in a 
chromosome represents, at the very least, the breakage and rejoining of four DNA 
strands. It has been amply demonstrated that the frequency of SCE formation is 
dramatically increased when cells, animals or people are exposed to known carcinogens 
(Latt, 1981). 

The assay methods are quantitative and sensitive, and the occurrence of SCE has 
been linearly and positively correlated with specific locus mutations in vitro and with 
lung tumour induction in mice. Experiments in rats, mice and rabbits have demon-
strated that it is possible to measure an increase in SCE in peripheral blood 
lymphocytes for several days following exposure in vivo. Increased SСЕ  frequencies 
have been observed in the lymphocytes of cigarette smokers, workers exposed 
occupationally to ethylene oxide, individuals undergoing cancer chemotherapy and 
those exposed to certain drugs. As a result of these findings, SCE techniques are 
considered a valuable adjunct to measurement of chromosomal aberrations in 
cytogcnetic monitoring. The significance of cytogenetic endpoints in the assessment of 
genotoxic effects of ethylene oxide and their relevance to human cancer has been 
reviewed recently by Kolman et al. (1986). 

Recent advances in recombinant DNA procedures are being applied successfully to 
the identification of molecular defects in man that account fоr certain heritable 
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diseases, and also to somatic mutations associated with neoplasia. Recombinant DNA 
methods are highly sensitive and discriminating in the detection of DNA mutations and 
sequence alterations. As noted above, oncogenes cari be activated by point mutations 
or chromosomal rearrangements, as in the case of Burkitt's lymphoma. Recently, 
Т-cell leukaemias have been found to be associated with translocations that involve the 
c-myC gene and the x chain of the T-cell receptor. The precise site of joining for the 
translocation has been identified and sequenced. Each junction was initially identified 
by DNA hybridization analysis with c-rye and Т-cell receptor probes. If the 
translocation occurs reproducibly, through aberrant homologous recombination involv-
ing specific nucleotide sequences, precise and simple methods for detecting the 
translocation should be possible. This might in turn make possible the detection of 
early-stage effects of environmental chemicals capable of inducing leukaemias through 
this mechanism. Other leukaemias associated with chromosomal translocations include 
chronic royelogenous leukaemia and acute promyelocytic leukaemia, indicating the 
possibility of applying a similar approach to their early detection. Restriction fragment 
length polymorphism (RFLP) analysis is based on the combined use of restriction 
endonucleases which cleave DNA at specific recognition sites together with oligo-
nucleotide probes to identify changes in fragment length induced by point mutations or 
insertion or deletion alterations in DNA sequences. The use of RFLP analysis to 
identify changes in DNA sequence associated with environmental exposures and their 
possible relationships to cancer risk are discussed elsewhere in this volume. 

Biochemical markers 
The majority of chemical carcinogens and mutagens exert their effects only after 

metabolic conversion to chemically reactive forms, which bind covalently to cellular 
macromolecules, including nucleic acids and proteins, to form addition products 
(adducts). Certain low-molecular-weight chemicals important in cellular functions, such 
as water and glutathione, are also readily attacked. Iп  some cases, formation of these 
adducts may be catalysed by enzymes such as glutathione-S-transferase. The overall 
process whereby electrophiles react with nucleophiles forms a central theorem of 
carcinogenesis, and particular emphasis has been placed on DNA adducts, since these 
are thought to represent the initiating events leading ultimately to mutation or 
malignant transformation. It has been established empirically that the carcinogenic 
potency of a large number of chemicals is proportional to their ability to bind to 
DNA -- the so-caged covalent binding index — when reacted in vivo with DNA 
(Lutz, 1979). Covalent adducts formed in RNA and proteins have no putative 
mechanistic role in carcinogenesis but are expected to be related quantitatively to total 
exposure and activation and therefore to represent dosimeters for both exposure and 
activating capability. The proportionality of response between different target mole-
cules in different tissues and cells forms the basis of an approach to biological 
monitoring in which the goal is to determine the accumulated dose of the ultimate 
carcinogenic form of a chemical at the critical target which leads to the unwanted 
biological response. 

A practical approach to the problem of monitoring the critical target dose must be 
based on the complex relations among the stages of exposure, metabolic and 
physiological processing, and the ultimate biological effects of genotoxic chemicals. 
Any measure of exposure or target dose should reflect the capacity of the individual for 
absorption, metabolism and excretion of the particular carcinogen to give a more 
accurate and relevant index than simple measurement of the concentration of the 
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compound in air, water or food. Several types of chemical and biochemical methods 
have been developed for detecting DNA damage in human populations exposed to 
genotoxic substances: These include measurement of chemicals and their metabolites in 
blood and urine by chemical analysis and immunoassay, detection of mutagens in urine 
and measurement of covalent adducts of haemoglobin and DNA. Several analytical 
methods have been devised to detect covalent adducts, including gas chromatography-
mass spectrometry (GC-MS) for determining haemoglobin adducts and physicochemi-
cal, immunological and postlabelling for detection and quantification of DNA adducts. 
For the purposes of this discussion, it is necessary only to summarize briefly the 
analytical strategies, inasmuch as the reviews cited earlier provide detailed discussion 
of the various methods involved. 

The use of DNA adducts to determine the critical tissue dose may be approached in 
two ways. First, measurements can be made of the levels of DNA adducts derived from 
a chemical of interest in cells of an accessible tissue, such as white blood cells or biopsy 
or autopsy material. If the chemical nature and stability of the DNA adducts for the 
compound of interest have been fully characterized, qualitative as well as quantitative 
identification of adduct levels can, in principle, provide an indication of exposure 
history as well as individual ability to activate the carcinogen to DNA-binding forms. A 
second approach takes advantage of the fact that some adducts are known to be 
removed from cellular DNA (and also from RNA) and excreted in urine. Detection 
and measurement of their excretion rates can provide information on recent exposure 
of the subject, and possibly also indications of that individual's capability for DNA 
repair. Thus, studies of urinary excretion of adducts may provide data complementary 
to measurement of adduct levels in cellular DNA in the same individual. 

Although DNA adducts offer the most direct biological monitor for a carcinogen in 
which DNA is clearly the ultimate target, interpretation of data derived from DNA 
adduct measurements is in fact highly complex. It is well established that 
carcinogens — varying in structural complexity from simple alkylating agents to more 
complex molecules that require multiple steps of activation — react to form covalent 
bonds at a variety of nucleophilic sites on all four DNA bases as well as on the 
phosphate backbone of DNA. Thus, from a qualitative viewpoint, detection of all 
DNA adducts derived from even a single carcinogen is a very complex analytical 
problem. From a quantitative point of view, the problem is complicated even further 
by the fact that adducts are removed from DNA by chemical and enzymatic processes 
at different rates. The rates may vary for each type of adduct, from one tissue to 
another, or even for the same adduct in different types of cells in the same tissue. 
Singer and Grunberger (1983) gave a comprehensive review of the types of DNA 
adducts formed by different carcinogens and mutagens, as well as their repair 
characteristcs. 

In the past few years, analytical methods of several types have been devised fir the 
detection and quantitative analysis of carcinogen-DNA adducts at levels reflecting 
exposure to ambient levels of the agents. Most of the available information concerning 
DNA adducts in experimental systems has been obtained through the use of 
physicochemical or radiochemical detection. The usefulness of these methods of 
detection in human monitoring is limited by their relative insensitivity and inap-
plicability, respectively. In a few instances (e.g., benzo[ajpyrene and aflatoxins), 
ultrasensitive physicochemical methods based on the inherent property of fluorescence 
have been successfully applied to the detection of carcinogen-DNA adducts in human 
material. A postlabelling method, in which modified DNA bases are detected by 
32Р-labelling of mononucleotides produced by enzymatic hydrolysis of DNA, has been 
devised and shown to be effective in detecting adducts of a large number of carcinogens 
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of differing chemical structures (Randerath et al., 1985). Immunoassays have been 
developed with sensitivities that approach the levels required for the detection of 
modified DNA in exposed populations (Poirier, 1981; IARСIIPCS Working Group, 
1982). These methods are currently being evaluated in studies of workers and others 
known to be exposed to polycyclic aromatic hydrocarbons (PАН) and other environ-
mental carcinogens, and representative results are summarized in the following section. 

The chemical modification of proteins is a well-established phenomenon. Indeed, 
clinical application of a haemoglobin dosimeter has already been used successfully in 
monitoring excessive exposure of diabetics to blood glucose. Circulating glucose reacts 
via a carbonylamine condensation to form a Schiff'? base, predominantly with the 
N-terminal amino groups of the globin chains, to yield a glycosylated haemoglobin 
named haemoglobin А16. Levels of this modified haemoglobin are significantly elevated 
in diabetics, and its level in blood in a given patient reflects the degree of diabetic 
control. This approach has been regarded as more useful that measurement of glucose 
levels in blood or urine because it gives an integrated picture of exposure. The 
projected use of haemoglobin alkylation products formed as a result of exposure to 
environmental carcinogens is based on the same principles. 

The main nucleophilic centres in proteins are the sulphur atoms of cysteine and 
methionine, nitrogens of amino groups, guanido groups, ring systems and oxygen 
atoms. The chemical reactivity of the nucleophilic sites of protein is determined by 
several factors, such as polarizability, protonation state and рКa, among others. 
Experience has shown that the simple concept of electrophile reacting with nucleophile 
is not sufficient to predict the nature of the site participating in protein-carcinogen 
adduct formation. The type of adduct formed is frequently unpredictable and may 
depend on the affinity of the carcinogen for induced binding sites on the protein which 
steer the proximal reactive form of the carcinogen to a particular nucleophilic site on 
the protein. 

Ehrenberg and his colleagues conducted the pioneering work on the use of protein 
adducts as dosimeters and have made many contributions to the field, only the main 
points of which can be mentioned here. Ehrenberg and Osterman-Golkar (1980) 
reviewed the rationale aid technical requirements for the use of protein alkylation for 
detecting mutagenic agents. Important among the requirements is that exposure must 
result in the formation of stable covalent derivatives of amino acids for which assay 
methods of adequate sensitivity and specificity can be devised. Further, the target 
protein should be found in easily accessible fluids (e.g., blood) and should be present 
in concentrations adequate to provide sufficient material for analysis. Although any 
protein could, in principle, be used for monitoring alkylated derivatives, haemoglobin 
was suggested by Osterman-Golkar et al. (1976) as a suitable dose-monitoring protein, 
and the majority of the relevant literature concerns studies of haemoglobin alkylation. 
More recently, albumin has been recognized as a potentially useful dose monitor, since 
it is abundant and reactive, has a long half-life and is synthesized in the hepatocyte — a 
site where many carcinogens are metabolized to their most reactive forms. Also, since 
albumin is a component of the interstitial fluid which bathes all cells, it may capture 
carcinogen metabolites from any tissue. 

In an extensive series of studies, Ehrenberg and his colleagues characterized the 
essential attributes of haemoglobin as a dosimeter, which car' be summarized as 
follows. The stability of alkylated residues in haemoglobin modified by ethylene oxide 
or N-nitrosodimethylamine was established, and the half-life of alkylation levels 
produced by a single dose of either agent was found to be equivalent to the life span of 
erythrocytes in mice. The validity of the steady-state level of alkyl residues in 
haemoglobin as a measure of chronic, repeated exposure was subsequently established 
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in mice dosed repeatedly with methylmethane suiphoriate. Osterman-Golkar et al. 
(1983) reviewed studies of haemoglobin alkylation in people occupationally exposed to 
ethylene oxide. Blood samples were obtained from workers exposed to known levels of 
ethylene oxide (established by analysis of air samples), and haemoglobin was analysed 
for the presence of N-3-(2-hyдroкyеthуDhishdiпе  by mass spectrometry and by 
ion-exchange amino acid analysis. The authors concluded that the haemoglobin 
alkylation values accurately reflected exposure and were in good agreement with 
earlier data derived for ethylene oxide in mice. 

Pereira and Chang (1981) surveyed the ability of carcinogens and mutagens 
representing a broad spectrum of chemical classes to bind covalently to haemoglobin in 
rats. Animals were dosed with 14С-1abе11еd carcinogens and blood was collected 24 h 
later. Covalent binding was determined by analysis of purified haemoglobin for 14С  
bound to the protein. All the carcinogens studied were found to form covalent 
haemoglobin adducts in a dose-related manner, but the absolute binding level was not 
related to known carcinogenic potency. 

Iл  order for protein alkylation to be useful as a monitoring procedure, reliable 
dose-response relationships between exposure dose and production of alkylated amino 
acids must be established. This requirement has been satisfied for the exposures 
studied to date, all of the observations having been made in experimental animals 
dosed with various known carcinogens. Thus, GC-18 determination of the levels of 
S-methylcysteine in haemoglobin of rats following injection of methylmetharie sulpho-
nate showed that the level of alkylated amino acid was linearly related to dose. For 
ethylene oxide, a virtually linear relationship was observed between dose and 
production of N-3-(2-hydгoхуethy1)hisddine in haemoglobin, in experiments in which 
the alkylating agent was adп►iпisterеd by inhalation at doses of 0-100 ppm in air, 30 h 
per week for two years. Other agents for which dose-response relationships have been 
established include trans-4-thmсthylаmiпosblbene, chloroform, N-nitrosodirnethyl-
amine and 4-amiпobiphenyl, which are discussed in more detail below. 

On this basis, it can be concluded that the amount of alkylated haemoglobin is 
directly related to erythrocyte dose, and that erythrocyte dose and exposure dose are 
almost always linearly related to each other. Thus, many of the requirements for 
validating haemoglobin adducts as exposure dosimeters have been met. It is important 
to consider whether this parameter could also be used to estimate carcinogenic risk. 
The observation of haemoglobin alkylation per se can be taken as an indicator of 
genotoxic risk only when it has been shown that such alkylation correlates with 
reactions at the target DNA site, i.e., that the erythrocyte dose is directly related to 
the target dose. This relationship has been studied in only a few experimental systems, 
in which the amounts of DNA and haemoglobin binding products have been compared 
following dosing with carcinogens. Observed levels of alkylation of guanine in DNA of 
liver and testis induced by ethylene oxide deviated by no more than two-fold from the 
amount expected on the basis of haemoglobin alkylation. Thus, the degree of 
alkylation of DNA could be estimated approximately from the dose of this compound 
in erythrocytes. Similar relationships have been shown for trans-4-dimethyl-
aminostilbene and 2-acetylaminofluorеne. Thus, in at least some instances, it seems 
possible to predict DNA binding by measuring protein binding, and therefore the latter 
may in some cases be taken as an indication of genotoxic risk. 

Detection of DNA damaging agents in man 
The development of these methods has made possible their evaluation for detecting 

DNA damaging agents in man. Results of several such studies have been published, 
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Table 1. indicators of genotoxic exposure: urinary excretion of markers 

Compound 	Exposure 	Method of 
analysed 	 source 	analysis 	Principal dаdипgьь 	 Reference 

Nitrosamino Unknown IC-TEA High-risk area (44) 21.2 pg/day Lu et a1. (1986) 
acids Low-risk area (40) 5.6 pg/day 

N-Nitrosoprolinc Cigarette IC-TEA Smokers (13) 5.9 pg/day Ionisai et al. (1986) 
smoke Nonsmokers (13) 3.6 pg/day 

N-Nitrosoproline Unexposed GC-Ms Nonsmokers (24) 3.3 pg/day Garland et aL (1986) 
Aflatoxin В1, Diet IA-HPLC Exposed subjects 0.1-10 pg/day Groopman e' ai. (1985) 
s8аtoxiп  В1 7- (20) aliatoxin В, 
guanine equivalent 
Adatoxin В,-7- Diet HPLC-SSFS Low/high-risk 12% positive Autrup et al. (1987) 
guanine areas (983) 

3-Меthуlадеniпе  Unexposed GC-MS (S1M) Excretion ratc (9) 4.5-16.1 pg/day Shukеr et a1. (1987) 
Thymine glycol' Unexposed HPLC Excretion rate (9) 0.39 nmol/kg/day Cathcart et ц1. (1984) 
thymidine glycol 0.10 ninol/kg/day 

GC, gas chromatography; TEA, thermal energy analysis; MS, mass spectrometry; IA, infra-red analysis; HPLC, 
high-performance liquid chromatography; SSFS, synchronous scanning Ikoresecпce spectroрhôtоюеtгу ; 51M, single-ion 
monitoring 
° In parentheses, no. of subjects 

and it is useful to summarize the nature of the findings in the context of the objectives 
of the present volume. Tables 1-5 contain data extracted from published reports 
dealing with various aspects of biomonitoring of exposure of humans to genotoxic 
agents of а  variety of types and sources. Iп  preparing these tables, an attempt has been 
made to select data that are representative of the results obtained, with particular 
emphasis on those aspects of the study that are pertinent to method validation. 

Urinary excretion of markers 
Table 1 summarizes findings from a series of studies in which urinary excretion of 

markers of the interactions of carcinogens with proteins or nucleic acids were measured 
as indices of carcinogenic exposures. Lu et al. (1986) determined the daily excretion of 
nitrosamino acids in population groups residing in areas of high and low risk with 
respect to development of cancer of the oesophagus. This study was designed to gain 
evidence about the possible etiological role of N-nitroso compounds, some of which 
are effective oesophageal carcinogens in animals, as risk factors in populations at 
differing levels of risk. The substantially higher values for persons in the high-risk area 
indicate a higher level of exposure to these carcinogens during the study period. A 
similar approach was used by Hoffmann and Brurinemann (1983) to assay the potential 
of inhaled cigarette smoke for endogenous N-nitrosation of amines. The data revealed 
not only the existence of a substantial background of endogenous nitrosation in 
nonsmoking controls, but also a significant increase in smokers. Garland et al. (1986) 
conducted an extensive investigation of individual and interindividual differences in the 
excretion of N-nitrosoprotine in healthy volunteer subjects, all but two of whom were 
nonsmokers. As indicated in Table 1, the average value for these subjects is very close 
to that for the nonsmoking controls and for residents of the low-risk areas in the 
earlier studies. In each of these studies, intake of ascorbic acid was shown to lower the 
excretion rates, as expected. The general interlaboratory agreement with respect to the 
values reported indicates the potential value of this measurement in detecting exposure 
to nitrosating agents in the environment. 
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Assessment of human exposure to afiatoxins through measurement of urinary 
excretion of the major DNA adduct has been reported in two studies. Groopman et al. 
(1985) used the technique of immunoaffinity purification coupled with high-
performance liquid chromatography (HPLC) detection to identify the guanine adduct 
of aflatoxin B1 in the urine of persons residing in a commune in Guangxi Province, 
China, where the dietary content of the carcinogen was known to be high. The 
analytical method was adequately sensitive to detect [he presence of the adduct in 
persons exposed to high levels and also to quantify the excretion of aflatoxin M,, a 
metabolite, as well as of unmetabolized carcinogen. Aflatoxin exposure was also 
measured by urinary excretion of the guanine adduct in populations living in areas with 
different liver cancer incidence in Kenya (Autrup et al., 1987). The adduct, detected 
by HPLC used in combination with synchronous scanning fluorescence spectrophotom-
etry (ssFs) was found in 12% of a large series (983) of samples collected over a 
period of years in different areas of the country. Both analytical methods require 
sophisticated analytical instrumentation and are not yet suitable for routine 
monitoring. 

Two additional approaches based on analysis of urinary components are being 
developed as potential monitors for exposure to genotoxic exposures. Shukеr et al. 
(1987) have explored the measurement of 3-methylаdenine in urine as an indicator of 
exposure to methylating agents. As indicated in Table 1, they have developed a 
GC-MS method using single-ion monitoring that is capable of detecting the methylated 
base in nominally unexposed individuals. Further validation of the method will be 
required to determine its usefulness for monitoring exposure. Cathcart et al. (1984) 
have developed an HPLC assay for free thymine glycol and for thymidine glycol in 
urine, in order to provide a noninvasive assay for oxidative DNA damage, since these 
compounds are products of DNA damage caused by ionizing radiation and other 
oxidative mutagens. While they were able to determine excretion rates for both 
compounds in healthy individuals, the method in its present form is not applicable for 
routine application but will require further development. 

Haemoglobin adducts 
A summary of representative data on measurement of haemoglobin adducts derived 

from exposure to carcinogens is presented in Table 2. Most of the work done to date 
has concerned measurement of N-3-(2-hydгoxуеthyl)histidiпe and N-(2-hydroxyеthyl)-
valiпe as monitors of exposure to ethylene oxide. This methodology, in which the 
alkylated derivative was measured by GC-MS, was developed by Professor Ehrenberg 
and his colleagues and was used in a study of occupationally exposed workers 
(Calleman et aL, 1978). Average data shown in Table 2 for exposed subjects and 
unexposed controls indicate the sensitivity of the method for detecting exposure. Other 
findings in this study indicate the general agreement between data obtained in man and 
those predicted from earlier studies in mice and also demonstrate the superiority of the 
method for providing a cumulative measure of exposure as compared to point 
monitoring of air levels. The same method was subsequently applied by Van Sittert et 
al. (1985) in a study of workers in an ethylene oxide manufacturing plant, in which 
cytogenetic and immunological endpoints were measured simultaneously in the same 
individuals. These investigators reported a substantially higher background of N-3-(2-
hydroxyethyl)histidine in their control subjects and reported no significant difference 
between exposed and unexposed persons. Farmer et al. (1986) compared levels of this 
compound as determined by GC-Ms on protein hydrolysates in which the adduct was 
concentrated by ion-exchange chromatography, with levels of N-(2-hydтoхyethy1)va1inе  
determined by GC-M5 analysis of haemoglobin subjected to Edman degradation 
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before analysis. They found that the two methods of analysis gave consistent results, 
especially at high levels, and also that higher levels of background alkylation (of 
unknown origin) were obtained in measurements of N-З-(2-hydroxyethyl)histidinе  than 
with N-(2-hydroкyethyl)valiпе, suggesting that the latter assay would show greater 
sensitivity in monitoring exposure to ethylene oxide. This method was subsequently 
applied in a study of cigarette smokers and nonsmokers (Тёгnдvist et al., 19$6). The 
results demonstrated an elevation of N-(2-hydгoxyethyl)valine levels in smokers that 
was quantitatively compatible with measured levels of ethene in the smoke to which 
they were exposed. 

Bryant et al. (1987) have developed a method for the analysis of 4-aminobiphеnуl 
covalently bound as the sulphinic acid amide to the 93-р  cysteine of human 
haemoglobin. The method involves hydrolysis of the haemoglobin followed by GC-MS 
determination of the parent amine after derivatization. Application of the method to 
smokers and nonsmokers revealed consistently elevated levels in smokers and a 
detectable background of undetermined origin of the adduct in nonsmokers. Collec-
tively, these results indicate the applicability of analysis of haemoglobin adducts as 
monitors of exposure to carcinogens of different structural types arid modes of action. 

Detection of benzo fa]pyrene-7, 8-dio1-9,10-epoxide (BPDE) adducts in DNA by 
immunoassay and chemical analysis 
Several studies have been conducted that were designed to determine exposure to 

the ubiquitous РАН  benzo[а]рутепе  by the detection of derivatives covalently bound 
to DNA (Table 3). Immunoassays and physicochemical methods have been applied to 
detect derivatives formed through the major intermediate in the activation pathway, 
BPDE. Immunoassays have been applied in two modes, enzyme-Iinked immunosor-
bent assay (ELISА) and ultrasensitive enzyme radioimmunoassay (USERIA), both 
employing polyclonal antisera that recognize BPDE-DNA adducts, with various levels 
of cross-reactivity with structually related congeners. In an early pilot study in humans, 

Table 3. Detection of BPDE adducts in DNA by immunoassay or chemical 
aпalyslSa 

Type of assay Principal findings 	 Reference 

ELISA (PC) Lung DNA (tumorous/non- (5/27) 	0.14-0.18 fmol/µg DNA Perera et al. (1982) 
tumorous) 

ELISA (PC) WBC Roofers (7/28) 	2-120 fmоl/50 µg DNA 5hamsuddiп  et al. (1985) 
WBC Foundry workers (7/20) 
WBC Controls (smokers) (2/9) 	37-47 fmol/50 g DNA 

SSFS WBC Alumniium workers (1/30) 	Positive Vahakangas et al. (1985) 
WBC Controls (0/10) 

USERIA (PC) WBC Coke-oven workers (18/27) 0.4-34.3 fmol/µg DNA Hams et ¢1.. (1985) 
5SFS WBC Coke-oven workers (31/41) Positive 

(1141) Positive for serum Ab 
USERIA (PC) WBC Coke-oven workers (13/38) 0.1-13.7 fmo111tg DNA Haugen et al. (1986) 
S5F5 WBC Coke-oven workers (4/38) 	0.38-2.2 fmol/µg DNA 

(13/38) Positive for serum Ah 
ELISA (PC) WBC Foundry workers (22) 	1.2 fmo1/g DNA Perera et al. (1987) 

(heavy, medium, light 0.53 fmol/цg DNA 
exposure) 0.32 fmol/µg DNA 
Controls (10) 	0.06 fmo1—g DNA 

° PC, polyclonal; WBC, white blood cells 
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Perera et al. (1982) demonstrated that the ELISА  is sufficiently sensitive to detect 
adducts in DNA extracted from lung tumours as well as from nontumour tissue of lung 
cancer patients; but the small number of subjects studied precluded conclusions 
concerning exposure history. Shamsuddin et al. (1985) employed ELISA and USERIA 
to investigate the levels of BPDE-DNA adducts in the white blood cells of roofers and 
foundry workers, in view of their exposure to high levels of benzo[a]pyrerie. Adducts 
were detected in а  significant proportion of exposed individuals and also in two of nine 
control subjects, both of whom were cigarette smokers. The SSFS technique was 
applied in the analysis of DNA in white blood cells collected from workers in an 
aluminium plant for the presence of BPDE-DNA adducts (V ihаkangas et al., 1985). 
The limit of detection of this method as applied is about one adduct in 107 nucleotides. 
One sample of white blood cell DNA from the series of 30 exposed subjects showed 
the presence of a detectable level of BPDE. Harris et al. (1985) analysed the DNA of 
white blood cells from coke-oven workers by USERIА  and by SSFS to determine the 
frequency and levels of BPDE adducts as markers of exposure, since these workers are 
known to be exposed to high levels of benzo[alpyrene and are also at an elevated risk 
of lung cancer. Approximately two-thirds of the workers had detectable levels of 
BPDE-DNA adducts as determined by immunoassay, and an even larger proportion 
showed evidence of the presence of BPDE by the SSFS assay. Antibodies to the DNA 
adducts were also detected in the serum of 27% of the workers. Coke-oven workers 
were also the subjects of a study by Haugen et al. (1986), who sought to evaluate the 
genotoxic effects of their occupational exposure through a study of BPDE-DNA 
adducts, with simultaneous measurements of urinary excretion of РАН  metabolites and 
air monitoring. As in the earlier study, DNA adducts were measured by USERIA and 
SSFS, and the sera were examined for the presence of anti-DNA adduct antibodies. 
The results of the study were iп  close agreement with those obtained earlier by Harris 
et al. (1985) in all respects. Perera et al. (1987) have recently applied the ELISA in the 
study of РАН  adducts in the DNA of white blood cells collected from Finnish foundry 
workers classified as having high, medium or low exposure, as well as from unexposed 
control subjects. Mean levels of DNA adducts increased with exposure, and there was 
a highly significant difference between the control and pooled exposure group means. 

Immunoassay techniques have also been used to detect adducts of DNA damaging 
agents other than BPDE (Table 4). Radioimmunoassay of O6-methyldeoxуguaпinе  was 
performed by Wild et al. (1986) on human oesophage al and cardiac stomach mucosal 
DNA from tissue samples obtained during surgery in Linxian County, China, an area 
of high risk for both oesophageal and stomach cancer. Similar analyses were conducted 
on samples collected from hospitals in Europe. Using this methodology, 06 
methyldeoxyguanine was detected in about two-thirds of samples from the high-risk 
area, as compared to five out of 12 from the control area. Adduct levels were also 
higher in samples from people living in the high-risk areas. DNA adducts induced 
by the anticancer drug cisplatin were detected in the white blood cells of cancer 
patients treated with the drug through application of ELISА  methodology (Fichtinger-
Schepman et al., 1987). The immunoassay procedure involved four antisera capable of 
detecting different adducts, including: intrastrand cross-links on pGpG sequences 
(which proved to be the major adduct); intrastrand cross-links on pApG sequences; 
inter- or intrastrand cross-links on two guanines separated by one or more bases; and a 
monofunctional adduct bound to guanine. Results indicated that the susceptibility of 
white blood cells to adduct formation can show strong individually determined 
differences. Reed et al. (1987) also used ELISA methodology to study adducts derived 
from cisp1atin in white blood cells of ovarian cancer patients being treated with the 
drug. Values for median adduct levels were grouped by complete response, partial 
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response and no response, and statistical analysis of the data showed that higher level 
of adduct formation correlated with clinical responsiveness to the drug. 

Taken togethéг, these data show that adducts formed in DNA of accessible cells of 
people exposed . to DNA damaging agents of a variety of types can be detected, and 
in many instances quantified, by currently available immunological and chemical 
methods. Application of these methods in well-designed longitudinal studies in man 
will permit further evalutions of their validity and of their limitations in actual use. 

Detection of aromatic DNA adducts by 32Р  postlаЬelbng 
The postlabelling procedure developed by Randerath and his collaborators has 

been extensively applied to studies of DNA adduct formation in a variety of 
experimental systems, and the capacity of the method to detect adducts of a large 
number of carcinogens (about 50) has been reported. The procedure has recently been 
extended to studies in humans (Table 5). Everson et al. (1986) investigated the 
presence of DNA adducts in human term placentas by both ELISA and the 
гP-postlаbеlling assay. The immunoassay revealed a small but insignificant increase in 
BPDE adduct levels in placentas from smokers compared to nonsmokérs; however, the 
postlabelling assay detected a number of adduct types, the major one of which was 
strongly related to maternal smoking during pregnancy. subsequently, Randerath et al. 
(1986) compared adduct levels in bronchus and larynx from smokers with those 
produced in mouse skin treated with cigarette tar. The human tissues were found to 
contain detectable levels of adducts, one of which (designated adduct 1) was identical 
to a major and persistent adduct formed in mouse skin. Dunn and Stich (1986) used 
the postlabelling assay to investigate DNA adducts in exfoliated mucosal cells collected 
from the oral cavity of three groups at high risk for oral cancer. Five chromatographi-
cally distinct adducts were found in both the high-risk groups and nonsmoking controls. 
Individual adducts were detected in 30-90% of samples, and no adduct was found in 
high-risk groups that did not also appear in control groups. Thus, although the method 
was useful for detecting adducts derived from unknown sources, it did not differentiate 
between exposed and unexposed populations. Using the same approach, Chacko and 
Gupta (1987) analysed the DNA from oral mucosal cells of cigarette smokers and 
nonsmokers to determine whether smoking-related adducts could be identified. Two 
chromatographically distinct adducts of unknown identity were found in smokers but 
not in nonsmokers. In addition, the levels of these major and several minor adducts 
were substantially higher in smokers. Phillips et al. (1986) analysed DNA from normal 
human bone-marrow mononuclear and non-mononuclear cells for the presence of 
aromatic adducts. Ten out often individuals showed the presence of adducts that were 
not present in fetal bone marrow but were present at lower levels in the DNA of 
peripheral white blood cells. Their data suggest that the adducts result from 
environmental exposure to unidentified genotoxic agents. Phillips et al. (1987) also 
employed the postlabelling assay to analyse DNA from white blood cells of foundry 
workers for the presence of adducts that might reflect differing levels of exposure to 
henzo[a]pyrene. Adducts were found in ten often workers at levels detectable by the 
analytical method, but none of these had the chromatographic properties charac-
teristic of adducts derived from benzo[ajpyrene. Adducts were also identified in 
unexposed control subjects. The results indicated significant interindividual differences 
in DNA binding among people exposed to similar levels. Reddy et al. (1987) 
investigated white blood cell and placental DNA for the possible presence of adducts 
derived from exposure of pregnant women to residential wood combustion smoke. 
Detectable levels of unidentified adducts were found in all placentas of exposed and 
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unexposed women; none of the nine adducts found was present in DNA of white blood 
cells from any of the subjects. The results suggest that residential wood smoke does not 
elicit aromatic DNA adducts at detectable levels, but that placental DNA contains 
detectable levels of adducts of unknown identity and origin. Collectively, these results 
demonstrate the capacity of the postlabelling method to identify DNA damage arising 
from a variety of environmental exposures. However, additional experience with its 
applications in human studies will be required to establish fully the important analytical 
characteristics of the method. 

DNA adducts and haemoglobin adducts as measures of exposure and susceptibility 
The information summarized above provides valuable evidence concerning some 

features of currently available methods for detecting and quantifying covalent adducts 
to DNA and haemoglobin in human material. Most of the studies constitute feasibility 
trials designed to test the use of the methods for certain specific purposes. Taken 
together, the available data show that detection of exposure to DNA damaging agents 
of a variety of chemical types will be feasible using the methods currently in hand or 
being developed. Substantial additional technological validation will be required for 
routine application of any of the current methods, but it seems likely that many of 
them will eventually come into broader application in epidemiological surveys. In 
interpreting the data generated by their application, it is important to take into account 
all of the available information concerning the parameters being measured. Some of 
the important points in this context can be summarized as follows. 

Concerning the use of DNA adduct levels as measures of exposure and suscep-
tibility, virtually ail of the available evidence comes from experimental systems, 
especially experiments in which adduct formation in carcinogen-treated animals was 
studied in relation to tumour formation in response to the treatment. Most carcinogens 
have been shown to form complex spectra of DNA adducts, and qualitatively similar 
adduct profiles can be formed in sensitive and resistant species, strains and tissues. 
Adduct persistence may or may not be related to susceptibility and target tissue 
specificity. In target tissues, maximal total adduct levels usually reflect carcinogen 
potency and dose, and maximal total adduct levels are linearly related to dose over a 
wide range. Many factors have been identified that can affect the levels of DNA 
adducts in cells of treated animals at any given time. The exposure-sampling interval 
can markedly affect observed levels, as determined by the pharmaсokinetic properties 
of carcinogens of specific chemical types. An important component of this process is 
the capacity for metabolic activation, which can be affected by a variety of genetic and 
environmental factors (e.g., inducers and inhibitors). Exposure to protective agents 
such as antioxidants and other dietary ingredients can also exert marked effects. DNA 
repair capacity, as determined by genetic factors, kinetics (e.g., saturability) and 
modulating .factors, is also an important determinant of adduct stability. Collectively, 
these factors indicate the complexity of the problem of accurately interpreting DNA 
adduct levels as quantitative measures of exposure. 

The use of DNA adduct levels as indicators of long-term risk is complicated by 
additional factors. Generally, the target tissue at risk to a given genotoxic exposure is 
unknown, and reliance must be placed upon measurements of adduct levels in 
surrogate cells such as peripheral white blood cells. The validity of analysing DNA in 
surrogate cells for target cell DNA is difficult to assess. Extrapolation of DNA adduct 
levels as indicators of cancer risk necessarily entails simplifying assumptions, which 
cannot be evaluated on the basis of current information, about the multistage nature of 
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the cancer process. In addition, point measurements of DNA adduct levels may or may 
not provide evidence of multiple and variable exposures. 

As discussed earlier, protein adducts have rio putative mechanistic role in 
carcinogenesis and are primarily regarded as measures of exposure alone. Evidence 
from experimental animals and from humans supports the interpretation that protein 
adduct levels are exposure monitors. Measurement of haemoglobin adducts has certain 
obvious technical advantages, inasmuch as the protein can readily be obtained in 
abundant quantities. Sensitive and specific methods have been developed for two 
classes of carcinogens, and additional ones are in the process of development. 
Carcinogens of diverse chemical structures have been shown to bind haemoglobin in 
vivo. Adducts are stable over the erythrocyte life span, thereby giving an integrated 
measure of multiple exposures over a substantial time period. Levels of haemoglobin 
adducts have been shown to be linearly related to dose for at least seven carcinogens of 
different types. Importantly, haemoglobin adduct levels have been shown to be related, 
within a factor of two, to DNA adduct levels in target tissues for three agents, ethylene 
oxide, trais -4-dimеthујaminоѕtјlbепе  and 2-acetylamiпofluоrедe. Haemoglobin ad-
ducts therefore provide very useful complementary data to DNA adduct levels as 
dosimeters of carcinogen exposure. 

The information summarized above concerning the application of current methods 
for detecting and quantifying levels of DNA and haemoglobin adducts in human 
samples indicates that adequate levels of sensitivity have been attained for several 
classes of DNA damaging agents to make possible the detection of adducts resulting 
from ambient levels of exposure. Specificity for the detection of compounds of known 
structure is also a common feature of most of the methods, and some are suitable for 
detecting total DNA damage from multiple sources. With respect to practicability, 
certain of the methods, e.g., immunoassays, are applicable to large numbers of 
samples, whereas others, e.g., postlabelling and thymine glycol analysis, are technically 
more complex and time-consuming. Validation will be required to avoid systematic 
errors in measurement before the methods are applicable to large-scale epidemiological 
studies. Methodological attributes such as accuracy, reproducibility (intra- and 
iriterlaboratory) and applicability to stored samples must be determined by appropri-
ately designed collaborative studies among qualified laboratories. Additional factors 
such as variations in observed values due to age, sex and race, as well as effects of 
possible interfering factors (e.g., diet, smoking, alcohol) must be defined in properly 
designed human studies of liniited scope in order to validate the approach for 
epidemiological surveys. 
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DO AFLATOXIN-DNA ADDUCT MEASUREMENTS IN 
HUMANS PROVIDE ACCURATE DATA FOR 

CANCER RISK А55ЕS5MENT? 

J.D. Groopman 

Environmental Health Section, Boston University School of Public Health, Boston, 
MA, USA 

Primary hepatocellular carcinoma is one of the most lethal and most common 
cancers in Africa and Asia and is associated with exposure to aflatoxin (AF) В . To 
date, many human studies have relied upon presumptive intake data, rather than on 
quantitative analyses of AF-DNA adduct and metabolite content obtained by 
monitoring biological fluids from exposed people. Information obtained by monitor-
ing exposed individuals for specific DNA adducts and metabolites will define the 
pharmacokinetics of AFВ1, thereby facilitating risk assessment. In addition, using an 
animal model based on the di1 егеntial effects of ethoxyquin on the kinetics of 
AF-DNA addict and y-glutаmyl transpeptidase-positive foci formation, we have 
data to support the concept that measurement of the major, rapidly excised 
AFВ-7-guапiпе  (Gun) adduct in tissues and fluids is an appropriate dosimeter for 
estimating exposure status and risk in individuals consuming this mycotoxin. 

Liver cancer is one of the most lethal and common cancers in Africa and Asia and 
is associated with dietary exposure to AFB1. In areas of high AF exposure, daily 
ingestion has been found to vary from 200 to 17 500 ng per day, with corresponding 
liver cancer incidence rates extended from a minimum of 2.0 to a maximum of 50.0 
cases/100 000 population per year (Van Rensburg et al., 1985; Groopman et al., 1986; 
Peers et al., 1987). 1n order to develop individual monitoring procedures for exposed 
people, monoclonal antibodies specific for AF metabolites, especially the DNA 
adducts, have been produced for use in the preparative purification of AF from 
biological fluids. These methods, iд  conjunction with other analytical procedures, have 
resulted in the development of rapid protocols to measure quantitatively aflatoxins in 
urine obtained from people exposed to this carcinogen (Groopman et al., 1985, 1986, 
1987). Despite the development of these new technologies, we must continue to define 
animal model systems that can be used to help interpret human data. Preliminary 
evidence from a rat model based on the differential effects of antioxidants on the 
kinetics of AF-DNA adduct and tumour formation (Kensler et al., 1986) indicates that 
the direct linear extrapolation of total adduct content in target tissues to dose may be 
inappropriate for assigning risk to people. However, our findings do support the 
concept that measurement of the major, rapidly excised AFB-7-Gua adduct in tissues 
and fluids is an appropriate dosimeter for estimating exposure status and risk in 
individuals consuming this mycotoxin. 

The objective of this article is to review some of the relevant data on the 
development of monoclonal antibodies that recognize AF as they have been applied to 
the production of preparative affinity columns. These columns, in turn, have been 
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extremely useful for the rapid isolation of AF-DNA adducts from complex fluids, such 
as urine. The most important analytical advantage of this approach is the one-step 
removal of interfering materials from urine or other samples, thereby permitting the 
use of standard reversed-phase high-performance liquid chromatography (HPLC) 
analysis with ultraviolet monitorjng to resolve and quantify AF metabolites without the 
need for radiolabelled material. This method permits the rapid, easy analysis of human 
samples from environmentally exposed people. However, it has become clear that, 
while the measurement of adduct levels is an important indicator of exposure, the 
presence of adducts does not itself provide the requisite perspective for assigning risk 
to an exposed individual. Therefore, we have sought to validate the use of DNA 
adduct measurements for risk assessment by developing animal models in which the 
carcinogenic outcome may be predictably altered through the use of graded doses of 
chemoprotective agents, such as dietary antioxidants. In this manner, the kinetics of 
DNA adduct formation and removal may be examined relative to a predetermined 
carcinogenic endpoint. Taken together, these systems will be useful for evaluating the 
hypothesis that the measurement of carcinogen-DNA adducts in biological fluids 
provides accurate estimates of exposure and subsequent risk for neoplaeia. 

Monoclonal antibodies for aflatoxins and preparative aflinity chromatography 
We have produced various monoclonal antibodies that recognize AFS using antigens 

ranging from AF-modified DNA to AF-adducted proteins (Groopman et al., 1982, 
1984). We have combined procedures of analytical chemistry, such as HPLC, with a 
preparative monoclonal antibody-affinity chromatography column, both to purify the 
aflatoxin adducts and metabolites from urine from interfering compounds and to 
confirm their identities. 

The development of a reusable monoclonal antibody-affinity chromatographic 
column for rapid isolation of AF metabolites and their adducts from human urine and 
serum samples required the production of high-affinity monoclonal antibodies. One of 
the antibodies isolated had an affinity constant for AFВ1 of 1 x 1091/mol (Groopman et 
al., 1984). This antibody also had significant recognition and cross-reactivity for AFВ2, 
AFМ1 and the two major AF-DNA adducts, AFB1-formamidopyrimidiпe (FAPyr) and 
AFВ1-7-Gua. 

To test the validity of the affinity chromatography technique and the applicability of 
the column to biological samples, AFВ1 added to human urine, serum and milk was 
analysed. Freshly collected human urine was spiked with 3Н-AFВ1, and we were able 
to obtain quantitative binding of the 3H-AFВ1 to the column and subsequent 95% 
recovery in 50% dimethyl sulphoxide buffer. Furthermore, human serum or human 
milk spiked with 3H-AFB1 was applied directly to the antibody column without prior 
treatment, and quantitative binding and recovery into 50% dimethyl sulphoxide were 
observed in both instances. These data indicate that a rapid preparative tool could be 
devised to isolate AF from biological fluids. 

AFВ1 dietary antioxidant animal model 
Experimental AFВ1 hepatocarcinogenesis is amenable to modification by dietary 

manipulation. We (Kensler et al., 1986) have developed a more refined exposure 
protocol for assessing the mechanisms of chemoprotection by the antioxidant, 
ethoxyquin, to validate the possible use of adduct dosimetry in risk assessment. In our 
standard protocol, male Fischer 344 rats are placed on a purified diet of the AIN-76A 
formulation supplemented with 0.4% ethoxyquin. Beginning one week later, animals 
are dosed orally with 250 ug AFВ1/kg body weight on five days a week for two weeks. 
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Fig. 1. Effect of ethoxyquin on AF-DNA adduct formation and removal ш  rat liver 
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One week after cessation of AF dosing, rats are restored to the basal diet. With this 
protocol, ethoxyquin supplementation reduces by 95% the number and volume of 
presumptive preneoplastic hepatic lesions (y-glutamyl transpeptidase-positive foci) 
observed at four months when compared to rats maintained on the basal (unsuppler 
rented) diet throughout the experimental period. 

It is well established that a single dose of АFВ1 is not an еffiсiепt carcinogenic 
regimen in rats; however, а  dosing regimen of small repeated doses can induce a high 
incidence of hepatoce11ular carcinoma. Therefore, the effect of ethoxyquin on the 
kinetics of AF-DNA adduct formation and removal was examined in rats treated in the 
multiple-dosing protocol described for the y-glutamyl transpeptidase foci studies. The 
time course for the formation arid removal of total AF-DNA adducts in liver in rats 
receiving oral intubations of 250 tg АFВ1/kg on each of days 8-12 and 15-19 is shown 
in Figure 1. Maximal binding levels were achieved following the second dose, and 
binding following the next three doses remained at a plateau level of about 140 ртоl 
AF equivalents bound per mg DNA. Overall binding declined after cessation of the 
first dosing period; however, resumption of ÀFВ1 dosing produced only minor 
elevation of binding levels as the cycle of adduct formation and removal was renewed. 
This 50% diminution of AF-DNA binding during the second cycle presumably results 
from АFB1-induced alterations in cytochrome P450-mediated АFВ1 activation. Total 
DNA adduct levels dropped five-fold in the first week following cessation of dosing and 
continued to decline at a comparable rate over the next four months to a level of 
100 fool AF equivalents bound per mg DNA at 133 days. Inclusion of ethoxyquin in 
the diet, beginning one week prior to and extending to one week beyond dosing with 
АFВ1i produced a dissimilar pattern of effects and yielded substantially lower binding 
levels during the early period. At 2h after the first AFВ1 dose, approximately 18-fold 
less binding was observed in the etboxyquin-treated aninials. By day 2, the difference 
had declined to six-fold and was about 3.5-fold throughout the second dosing cycle. 
Remarkably, the difference in binding levels diminished during the period after dosing 
such that binding levels in control and ethoxyquin-treated rats were indistinguishable at 
days 106 and 133. 
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Liquid chromatographic analysis of hydrolysed DNA from the livers of these 
animals revealed no remarkable qualitative difference in the adduct profile induced by 
ethoxyquin treatment at any time; however, ethoxyquin treatment reduced the amount 
of the AFB-7-Guo adduct by more than 95%. The relative concentrations of the 
ring-opened formainidopyrimidirie adducts were also decreased to a comparable 
degree. When integrated across the four-month time frame of the experiment, 
ethoxyquin treatment reduced the accumulation of AFB-7-Guа, AFB-7-FAPyr (major) 
and AFB-7-FAPyr (minor) adducts by 77, 71 and 76%, respectively. However, the 
temporal patterns for the different adducts were quite distinct: the levels of the two 
formamidopyrimidine adducts remained constant over the two-week dosing period, at 
approximately 40 and 10 pmol bound/mg DNA for the major and minor derivatives, 
respectively. AFB-7-FAPуr (major) was the only adduct detectable after day 49, and 
ethoxyquin treatment had no effect on levels of this adduct at these late time points 
(days 106 and 133). By contrast, although it was the dominant species on the first day 
of dosing, levels of the AFB-7-Gua adduct decreased rapidly after day 1, such that 
levels during the second dosing cycle were only one-fifth to one-third those observed 
during the first cycle. No AFB-7-Guo adduct was detectable after day 21, indicating 
that this adduct is rapidly removed from DNA by chemical and/or enzymatic 
processes. 

When these data are considered in the context of the quantitative two- and 
three-dimensional analyses of y-glutamyl transpeptidase lesions in livers of rats treated 
with an identical antioxidant-atlatoxin exposure protocol, it is apparent that a strong 
relationship exists between the initial amount of DNA modification (AFB-7-Guo) in 
target tissue by AF and its pathological effect. However, Ievels of AF-DNA adducts 
(i.e., the formamidopyrirnidine derivatives) at Later times did not appear to be related 
to the greatly diminished neoplastic outcome in the ethoxyquin-treated animals. These 
experiments indicate that dramatic alterations in the formation of specific adducts can 
result in a change in the carcinogenic outcome, but also serve to underscore the 
difficulties associated with exposure dosimetry assigned by simplistic approaches of 
monitoring total adduct levels by the affinity chromatographic or other methods. 

Monoclonal antibody alhnity chromatography of rat urine 
Preliminary experiments (Groopman et al., 1985) demonstrated the efficacy of using 

the monoclonal antibody affinity technique as a preparative tool to isolate AF from 
exposed animals. The next concern addressed in these studies was whether the levels of 
DNA adduct excreted into the urine corresponded to the levels of initial DNA adduct 
formation within the liver. Six adult male Fischer 344 rats were each intubated orally 
with 0.25 mg 14С-AFВ1 per kg body weight. Three of the rats were maintained for one 
week prior to dosing on a diet containing 0.4% ethoxyquin, while the other three were 
maintained on an AIN-76A diet. After 24h, the rats were sacrificed and the DNA was 
isolated from the livers. The urine and faeces excreted by the rats over the 24-h period 
were also collected and analysed. The rats maintained on the ethoxyquin diet had a 
greater than 90% reduction in AFB-DNA adduct formation. The urine from each of 
the rats in the treated and control dietary groups contained about 20% of the 
administered dose, while the faeces accounted for about 60% of the administered 
1аС-AFВ1. Therefore, there was no apparent difference between ethoxyquin-treated 
and control rats in the total amount of AF excreted into urine and faeces. 

Excretion and DNA binding in this experiment are summarized in Table 1. 
Excretion of the major AF-DNA adduct into the urine of rats maintained on the 
ethoxyquin diet was reduced by 66% compared to the controls. This corresponds 
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Table 1. Effect of ethoxyquin on aflatoxin-DNA adduct for-
mation and metaboiite removal into urine and faeces after 
24 6: mean (range) 

Dietary 	% Dose in urine 	% Dose in faeces 	птоl AFB-DNA 
treatment 	 adducts if urine 

Control 	13.0 (9.5-15.3) 	43.0 (36.3-50.3) 	0.57 (0.41-0.74) 
Ethoxyquin 	13.7 (7.9-19.8) 	57.7 (56.3-59.0) 	0.19 (0.14-0.23) 

Each rat was iritubatcd with "С-AFB, at a total dose of 80.128 nmol. The initial levels of 
DNA adduct formation can be calculated from the dosing data jI1 a previous publication 
(Kensler et L, 1986). The mean (range) AFB-DNA adduct levels in the liver DNA of 
control and ethoxyqwn rats after 24h were 61.0 (52.8-70.5) and 6.2 (5.5-7.0) 
pmol/mg DNA, respectively. 

qualitatively with the reduction in DNA adduct levels in the livers of the treated 
animals; however, the reduction in DNA adduct excretion is not the same quantita-
tively, owing perhaps to the contribution of DNA adducts formed in other organs 
which are not as dramatically reduced by ethoxyquin as in the liver. Another 
factor in this difference may be the contribution of excised (or turned over) AF-RNA 
adducts. 

These data indicate that a general correlation does exist between levels of AF-DNA 
adducts excreted into urine and initial levels of binding to DNA in a target organ. 
While further and more extensive investigations must be performed to obtain more 
details about the kinetics of the excretion patterns in multiply or chronically dosed 
animals, our findings strongly suggest that measurement of AFB-7-Gua adducts in 
urine is a valid and quantitative indicator of recent exposure to AF. 

Analysis of human urine using the monoclonal antibody al hnity column 
People exposed to АFВ1 from dietary sources were identified for pilot studies by 

collaborators at the Institute of Health in Beijing, China (Groopman et al., 1985, 
1987). These urine samples were used to gain preliminary evidence of the applicability 
of the monoclonal antibody affinity column technique and of HPLC analysis proce-
dures for monitoring individuals for exposure to aflatoxins. For the initial study, 20 
individuals were selected and two 25-ml aliquots of urine were obtained from a 
morning voiding for each individual. The intake of АFВI from the diet, primarily corn, 
over the previous day (24h) was calculated: exposures ranged from 13.4-87.5 ug 
AFВ1. Competitive radioiinmunoassay of the samples eluted from the monoclonal 
antibody column demonstrated that the AF concentration in the collected unie was 
0.1-10 ng/ml, calculated from a linear extrapolation of the radioimmunoassay standard 
curves generated using AFВ1. 

Urine samples from four individuals who had been exposed to the highest level 
(87.5 tg) the previous day were prepared with the antibody affinity column and then 
measured by analytical HPLC. HPLC analysis demonstrated the presence of the major 
АFВ1-DNA adduct, AFВ1-7-Gua, at levels representing between 7-10 ng of the 
adduct. Thus, the monoclonal antibody columns, coupled with HPLC, can be used to 
quantify AF-DNA adducts in human urine samples obtained from environmentally 
exposed people. 

These initial findings stimulated a more extensive study the following year. Siпcе  
the relationship between dose and excretion of АFВ1 and its adducts had not yet been 
determined in chronically exposed people, the following protocol was developed. The 
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1g. 2. Scatterрlot of total male and female intake of AF compared with excretion 
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diets of 30 men and 12 women aged 25 to 64 years were monitored for one week and 
total AF intake determined for each day. Urine was obtained in two 12-h fractions on 
three consecutive days during the one-week period. These urine samples were obtained 
only after dietary AF levels had been measured for at least three consecutive days; 
therefore, the urine collections were initiated on the fourth day of the protocol. These 
samples have also been analysed by another analytical methodology (Zhu et al., 1987). 
The average male intake of AFB1 was 48.4 tg per day, for a total exposure over the 
seven-day period of 276.8, g. The average female daily intake was 92.4 ug/day. 
Immiinoassays were performed on aliquots of the 12-h urines following clean-up of the 
samples by С18 Sep-Pak and monoclonal antibody afflnity chromatography. 

Total AFB1 excretion for each 12-h sample period was calculated by multiplying 
the urine volume by the concentration of AFB1 determined in the aliquot of urine. 
Figure 2 depicts a scatterplot comparison of AF intake with AF metabolite excretion 
for men and women combined. The AF intake represents the total integrated ingestion 
by an individual on the day prior to urine collection and during the three days of urine 
collection. The excretion data are the composite of all AF metabolites excreted into 
the urine during the three days of urine sampling. Despite a 20-fold range of АFВ1 
intake, the amount of AF excreted generally varied over only a three-fold range, 
indicating that urinary excretion of AFB1 is a saturable process. 

Figures 3 and 4 depict box-and-whisker plot analyses of individual male intake and 
excretion. In Figure 3, it is seen that the day-to-day variability in intake is low, but on 
any given day usually one or two people fall outside the general population. However, 
in Figure 4, which shows the excretion characteristics for each of the 12-h urine 
collections, many more outlying individuals are seen. The importance of identifying 
these outliers is that they often skew standard regression analyses of data, since these 
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Fig. 3. Box-and-whisker plot analysis of male intake of AF 
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The box-and-whisker plot represents an anаЭysis of the data to provide the 10th and 90th percentiles (ends of 
the whiskers), the 251h and 75th percentiles (ends of the box) and a line for the 50th percentile (within the 
box). Any outlying points are depicted as individual squares. This type of data analysis reveals spread and 
outlier characteristics of the data which can be lost or suppressed if the data are calculated using standard 
mean and standard error analysis. 

Fig. 4. Box-and-whisker plot analysis of male 12 h excretion of AF 
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points do not represent members of the population, leading to a potentially 
inappropriate interpretation of data. 

We also performed HPLC analysis of the urine samples for AFM1i АFP1 and the 
major AFB-DNA adducts. Taken together, it appears that urine is a valid compart-
ment in which to sample people for exposure to AF, but more data must be collected 
for developing a risk model for people. 
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Urinary excretion of 8,9-dihydro-8-(7'-guаnу»-9-hуdrоxyа$atохin (AFB-Gua) was 
studied in areas of different liver cancer incidence in Kenya. Of 983 urine samples 
analysed for AFB-Gua by high-performance liquid chromatography, 12.6% gave 
positive results. The chemical identity of AFB-Gua was verified by synchronous 
scanning fluorescence spectrophotometry. А  moderate degree of correlation between 
prevalence of exposure to aflatoxin BX and liver cancer incidence could be estab-
lished in Bantu. People living in areas with high exposure to aflatoxin B, form 
antibodies that recognize an aflatoxin B1 epitope. 

Consumption of an aflatoxin-contaminated diet is considered to be an important 
factor iп  the etiology of liver cancer (Linsell & Peers, 1977). Exposure to aflatoxins has 
been established by food analysis (Peers & Linsell, 1973; Peers et al., 1976), by 
excretion of aflatoxins and their metabolites in urine (Campbell et al., 1970), and by 
excretion of aflatoxin B1 (AFB)-Gua (Autrup et al., 1985; Groopman et al., 1985). The 
latter product is formed by depurination of the major DNA adduct, which is formed 
when metabolically activated AFB interacts with DNA (Essigmann et al., 1977). In this 
report, we present the results of a cross-sectional study in Kenya to correlate excretion 
of AFB-Gua with liver cancer incidence. Determination of urinary carcinogen-DNA 
adducts offers a viable alternative for assessing exposure to environmental carcinogens. 

Materials and methods 
Biological samples 
Morning urine samples (minimum volume, 25 ml) were coliected at outpatient 

clinics of selected district hospitals using sterile, disposable containers. Patients with 
stomach and intestinal complaints were excluded from the study, since it could be 
expected that they had changed their regular eating habits. The donors represented the 
normal sex and age distribution of the Kenyan population; however, only people over 
the age of ten years were included. Blood samples (maximum, 7 m1) were collected 
from the urine donors in Vacutainer blood collection tubes containing EDTA, and the 
plasma was prepared by centrifugation. A total of 983 urine samples were collected 
over a four-year period (January 1981-7une 1984), while blood collection started in 
April 1983. No individual was sampled more than once. Urine samples were processed 
in С18 Sep-Pak cartridges and analysed for AFB-Gua as described previously (Autrup 
et al., 1985). 
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A sample was considered positive for AFB-Gua if it cochromatographed with 
authentic AFB-Gua in two different high-performance liquid chromatography systems 
and had the characteristic synchronous fluorescent spectrum (Autrup et al., 1983). 
About 85% of the samples positive in both systems were also positive by the third 
criterion, giving 15% false-positives if the chemical verification was excluded. The 
lower level of detectability for AFB-Gua by this assay is 0.3 ртоl/25 ml urine. This 
level of AFB-Gua corresponds to an initial formation of 0.3 adduct per 106 bases. 

Liver cancer incidence 

Records for more than 2000 patients attending the clinic for liver disease at 
Kenyatta National Hospital in Nairobi during the period 1978-1982 were analysed. A 
diagnosis of hepatoce11ular carcinoma (ICC) was confirmed on the basis of two 
criteria: (1) presence of а -protein and (2) histological examination of needle or surgical 
biopsies. The 1981 census (Kenyan Government report) was used to calculate the 
incidence rates of ICC in various districts. 

Formation of antibodies against AFB 

An enzyme-linked immunosorbent assay has been developed to detect AFB 
antibodies. A 96-well NUNC immunoplate (NUNC, Roskilde, Denmark) is coated 
with AFB-bovine serum albumin (BSA) (1 ug/m1; 25 mol AFB/mol BSA; 100 ц1/wе11; 
Sigma) dissolved in phosphate-buffered saline (PBS). Control wells are treated with 
BSA only (1 ug/m1; 100 цl/well). The plates are incubated at 37°С  overnight; coated 
plates are stored at —20°C. Human sera are diluted serially (1: 50-1:10 000) with PBS 
and added to the wells (100 ul; six wells for each dilution) and incubated overnight at 
4°C. The plates are washed eight times with PBS-Tween 20 (NUNC-Immuno SERA 
Washer model 596, Nippon Interred, Japan) prior to addition of the secondary 
antibody. Alkaline phosphatase-conjugated rabbit antihuman immunoglobulin G 
(Dakopatt, Copenhagen, Denmark) diluted 1: 500 in 1% ВSА  is used as the secondary 
antibody. The plates are incubated for 1.5 h at room temperature, washed and 
incubated with the substrate (4-nitrophenylphosphate; 1 mg/m1) at pH 9 for 1 h at 
room temperature. The optical density is read at 405 nm (EIA Reader, Model 307; 
Bioteck Instruments Inc.). 

Results and discussion 
A total of 122 samples (12.4%) were positive for AFB-Gua. A large variation in 

presence of AFB-Gua was seen between districts and between males and females 
(Autrup et al., 1987). The association between prevalence of AFB exposure and liver 
cancer incidence is shown in Table 1. The seasonal variation in AFB-Gua excretion 
corresponded to the seasonal variation in the amount of AFB in prepared food (Peers 
& Linsell, 1973). 

On a national basis, no correlation could be established between exposure to AFB 
and liver cancer incidence; however, if the analysis is limited to the Bantu people, a 
moderate association is found using a Spearman nonparametric rank correlation 
analysis (r = 0.75). The Kenyan population consists of many different ethnic groups, 
which may have different capacities to convert AFB into its active metabolite. By 
limiting the study to the Bantu people, the genetic difference in metabolizing AFI has 
been eliminated. 

Antibodies that recognize an affatoxin epitope were detected in the sera. The 
specific activity was defined as the greatest dilution of serum at which the optical 
density in the AFB-BSA-coated wells was still twice that in the BSA-coated wells 
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Table 1. Prevalence per 100 000 of exposure to 
4FB and liver cancer: all ethnic groups 

District AFB exposure Liver cancer incidence 

Males 	Females Males Females 

Machakos 0.118 	0.071 2.32 0.30 
Makueni 0.129 	0.073 2.69 0.56 
Meru/Embu 0.417 	— 1.71 — 
Muranga 0.123 	0.078 1.42 0.78 
Kerichio 0.197 	0.150 1.37 0.45 
Kiambu 0.214 	0.048 2.38 0.88 
s. Nyanza 0.314 	0.147 0.56 0.24 
Kitale 0.194 	0.221 1.06 0.48 
Busia — 	0.050 — 0.30 

Table 2. Antigenic 	activity 	against an AFB 
epitope — provincial level 

No. of cases 

Titre Central Province Western Province 

500-5000 8 3 
5000-10000 3 9 
=10000 5 9 

(Table 2). The highest activity was detected in sera from western Kenya, an area with a 
high prevalence of AFB exposure. An association between recent exposure to AFB, as 
measured by urinary AFB-Gua, and high specific activity of the antibody was 
established. 

This study gives additional support to the hypothesis that AFB plays a major role in 
the induction of human liver cancer. Hepatitis B infection may play a minor role in 
East Africa, since no correlation was established between the prevalence of infection, 
as measured by surface antigen, and liver cancer incidence (Autrup et al., 1987). 
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Four different approaches to the quantification of human exposure to aflatoxins 
(AF) are presented: (i) analysis of urinary AF metabolites and DNA adducts, 
(ii) assay of AF bound to blood proteins and to lymphocyte DNA, (iii) iii-
niunocytochemical localization of AF in indi'iduai cells, and (iv) detection of AF in 
human breast milk. The potential applications of these approaches for assessing the 
role of both AF and hepatitis B virus (HBV) in primary hepatoce11ular carcinoma 
(ICC) are presented. The advantages and limitations of the methods for use in 
large-scale epidenviological studies are discussed, with particular attention to 
sensitivity. 

Primary hepatoce11ular carcinoma (ICC) is the seventh most common cancer in the 
world and is particularly prevalent in south-east Asia, China and sub-Saharaп  Africa 
(Parkin et al., 1984). Following experimental observations in animals of the potent 
hepatocarcinogenicity of AF (Busby & Wogan, 1984), epidemiological studies have 
implicated these widespread food contaminants in the etiology of ICC, either 
independently or in combination with HBV (for reviews see Busby & Wogan, 1984; 
Harris & Sun, 1984; Munoz & Bosch, 1987). Data on exposure to AF in these studies 
are based exclusively upon analysis of food samples. This paper reports developments 
in methods for assessing exposure at an individual level by providing an integrated 
value of exposure resulting from intake, distribution, metabolic (in)activation and 
excretion of AF. A summary of the approaches used in our laboratory and others (see 
also Groopman, this volume) is given in Figure 1. To date, our work has involved pilot 
studies on small sample sizes in order to evaluate these experimental approaches for 
future, larger-scale biochemical epidemiological studies. The results obtained, together 
with a critique of the various approaches, are given below. 

AF in urine 
Urine samples have been analysed from four populations, in The Gambia, the 

Philippines, Singapore and Lyon, France. The staple food source, groundnuts, in The 
Gambia is known to be contaminated with AF, and exposure to AF has been 
associated with an increased risk of ICC in the Philippines (Bulatao-iayme et al., 
1982), with individual daily consumption of AFB1 estimated at a mean of 22µg for 
high-risk groups. Urine samples from the Philippines analysed in this study were 
obtained from outpatients in hospitals in Manila, Roxar and Cebu. The samples from 
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Fig. 1. Assessment of human exposure to aflatoxius at the individual level 
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Singapore, where there is some evidence of AF exposure, were collected from hospital 
staff in Singapore General Hospital, while the urines from France were from laboratory 
volunteers or hospital patients who were involved in an unrelated study. It should be 
emphasized that the main purpose of these initial analyses was to assess the value of 
this approach in terms of its sensitivity and specificity rather than to examine AF 
exposure as a risk factor for ICC in these populations. Immunoassay of urinary AF 
was performed following an immunoaftinity column extraction, as described previously 
(Wild et al., 1986а, 1987), except that for urine samples from The Gambia and some 
from France AF was eluted from the affinity column with 60% methanol in 
phosphate-buffered saline adjusted to pH 3.0 (Fig. 2). The data obtained are presented 
in Figure 3. 

The assay proved to be (1) sufficiently sensitive to detect urinary AF levels resulting 
from environmental exposure and (2) specific enough to allow differences in high (The 
Gambia and Philippines), moderate (Singapore) and low (Lyon, France) exposure 
groups to be detected. In addition, the fact that the affinity columns are reusable and 
the assays quite simple and rapid to perform, using only 5-ml samples, suggests that 
this approach is valid for examining exposure to AF. Most samples contained 
0.1-1.0 ng AFB1 equivalent per ml urine, which corresponds to an exposure of the 
order of 15-150 ng AFB1/kg body wt per day (assuming 15% dietary AF excreted in 
1500 ml urine daily for a 70-kg man). These figures agree well with estimates of 
exposure from data on dietary intake (see Van Rensburg et al., 1985). 1t is interesting 
to note, on the basis of figures from Ames et al. 1987), that exposure to the level of AF 
permitted in a western diet (up to 20 ppb) would be expected to result in 0.04 ng 
AF/m1 urine using the same assumptions as above. Thus, the urine assay is sufficiently 
sensitive to measure contamination levels in populations at low-level exposure and low 
risk of ICC. 

As discussed prвviouslу  (Wild et al., 1986а), the enzyme-linked immunosorbent 
assay (ELISA) can be used to quantify AF on the basis of a composite inhibition 
resulting from any AF metabolite present in the urine and bound by the antibody 
employed iп  the immunopurification. As the antibody has a different affinity for each 
metabolite, it remains important to establish how well the inhibition value in ELISA 
reflects dietary intake of AF at the individual level. In order to do this, comprehensive 
knowledge of antibody specificity is required. A particular problem is the water-soluble 
AF conjugates likely to be present in human urine. These compounds are as yet 
uncharacterized, and their reaction with antibodies being used to immunopurify AF 
from urine has not been reported. 

It is possible to chromatograph immunopurified material further, allowing iden-
tification and quantification of several metabolites in one sample (Groopman et al., 
1986). This may give a metabolic `fingerprint' for an individual, allowing some 
assessment of the effects of, for example, HBV status, parasite infestation or protein 
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Fig. 2. Analysis of human urine sample for aflatoxins 
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intake on AF metabolism. An alternative approach is to use a purification system and 
an antibody which give a high specificity for only one metabolite (Zhu et al., 1987). 
The latter group have shown a correlation between dietary intake of AFB1 and urinary 
АFМ1 (correlation coefficient, 0.66) in Chinese subjects. It should be stressed that in 
this case the metabolite is a detoxification product and may not necessarily reflect the 
reaction pathway for AF which leads to DNA modification in the target cells. 

Finally, an important consideration is that urine analysis may reflect only relatively 
recent exposure to AF (some days), and thus the suitability of these measurements for 
epidemiological studies may be somewhat limited. 

AF in peripheral blood 

In order to measure AF exposure over a longer period, we have used a rat model 
system to look for the formation and persistence of AF adducts in peripheral blood 
proteins and white blood cells. 

A constant relationship between AF bound to plasma albumin and liver DNA has 
been observed in Wistar rats following single (3.5-200 ug/kg) and multiple doses 
(3.5 ug/kg) of AFB1 (Wild et al., 1986b). The major AF-albumin adduct in rats has 
been demonstrated by 5abbiоni et al. (1987) to be an AF-lysine residue. We have 
extended our experiments to look for AF binding ta total white blood cells and plasma 
albumin in a strain of rat (Sprague Dawley (SD)) which is less sensitive to the 
hepatocarcinogenicity of AFВ1 than the Wistar (WI) strain used previously. Rats were 
given single oral doses of 3H-AFB1 (Moravek, Brea, CA, USA), and the levels of AF 
bound to plasma protein and liver DNA were quantified 24 h later, as reported (Wild et 
а1., 1986b); white blood cells were obtained by centrifugation after lysis of red blood 
cells. Levels of AF bound to plasma protein were similar in the two strains (4.9 and 
5.9 pg AF/mg plasma protein per unit dose (1 µg/kg) for SD and WI, respectively) 
over a dose range of 3.5-200 µg AFВ1 per kg body weight. In contrast, binding to 
DNA was three-fold lower in SD rats than in WI. Thus, while for each strain a 
constant ratio of plasma protein :DNA-bound AF was found, the mean ratios were 3.3 
(WI) and 1.1 (SD). 

In the same animals, no binding to white blood cell DNA could be detected, and 
DNA extracted from the spleens of these rats contained no detectable AF adduct (limit 
of sensitivity, 10 pg AF/mg DNA). In addition, upon immunocytochernical analysis 
(see below) of spleen tissue from rats exposed to 14 consecutive daily doses of 50 ug 
AFВ1i no AF-DNA adduct could be visualized (limit of sensitivity, 180 pg AF/mg 
DNA).These results are in agreement with our previous observations (Wild et al., 
19866) and imply that the use of lymphocyte DNA for assessing human exposure to AF 
is not very promising. Binding of AF to haemoglobin was also very low, in agreement 
with observations from other laboratories (c0.05% of administered dose; Tannenbaum 
& Skipper, 1984). In contrast, (i) the constant relationship between liver DNA and 
albumin-bound AF, (ii) the relatively high proportion of AF bound to albumin (1-3% 
of a single dose), (iii) its accumulation to a steady-state level upon chronic dosing and 
(iv) the stability of the circulating albumin adduct in rats (Skipper et al., 1985; Wild et 
a1., 1986b; Sabbioni et al., 1987) are promising indications of the use of this adduct as a 
biological dosimeter for human exposure to AF. Additional factors which suggest that 
development of assays to measure this adduct may be useful are that adduct formation 
probably occurs in the liver, the putative target organ in man, and albumin has a 
half-life of --20 days in man, thus allowing accumulation upon chronic exposure to 
levels 30-fold greater than after a single exposure (see Sabbioni et al., 1987). 
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AF in tissues 
Quantification of DNA adducts in the target organ for tumour induction would in 

theory be the most direct measure of the biologically effective dose of an environmen-
tal carcinogen. This has been achieved for some adducts (Perera et al., 1982; 
Umbenhauer et al., 1985) but necessitates invasive sampling and a relatively large 
amount of tissue, precluding measurements on small cell numbers such as those 
obtained by biopsy. An additional disadvantage when using isolated bulk DNA is the 
loss of information regarding the cellular heterogeneity of the distribution of adducts. 

Visualizing adducts in single cells is а  potential way of overcoming the above 
problems, and imunocytochemical methods have allowed the detection of DNA 
adducts in tissue sections from carcinogen-treated animals (Heyting et al., 1983), 
including those treated with AFB1 (Pestka et al., 1983; Shamsuddiп  et al., 1987). 

For diagnoses of ICC, a needle biopsy is sometimes performed, providing a 
potential source of human material for immunocytochemical analysis of AF adducts. 
We have applied the immunostaining technique developed by Heyting et al. (1983) to 
detect AF adducts in rat tissues after single or multiple doses of AFB1 and AFG1 (С.Р. 
Wild, L. Den Engelse and E. Scherer, in preparation). In brief, male SD rats 
(180-200 g) were treated with AF, aid, 24 h after treatment, tissues were removed and 
frozen on tissue blocks for immunocytochemistry. The antibody specific for AF was the 
polyclonal antiserum used in ELISA (see above). The only major modification of the 
technique of Heyting et al. (1983) was that the alkali treatment used to make the DNA 
accessible to the specific antibody was performed for 10 min with 0.05 N Nail in 40% 
ethanol. 

Positive nucléar staining, after single or multiple doses of AF, was observed in 
liver, kidney and lung tissue but not in oesophagus, forestomach, colon, spleen, 
pancreas or testis. At the lower doses of AFB1 (10, 30 and 80 tg/kg), the tritiated 
compound (5-6 fiCi per rat) was administered, allowing the absolute modification level 
to be determined in DNA extracted from liver. Using this comparison, we measured a 
lower limit of detection by immunocytochemistry of one adduct in 4 x 106 nucleotides, 
or about 2000 adducts per mammalian diploid genome. 

The advantage of this approach is illustrated in particular by observations on lung, 
where staining was found exclusively in the nuclei of cells lining the small bronchi. 
Adduct levels in these cells were easily detected by inimunostaining; in DNA isolated 
from whole lung, the levels would be diluted by at least two orders of magnitude. 
Consequently, adducts concentrated in what may be the target cell population of a 
particular tissue could be diluted to nondetectable levels during isolation of bulk DNA. 
This result would be particularly misleading in tissues such as lung, which have a great 
heterogeneity of cell type. 

AF in breast milk 
АFM1, a hydroxylated metabolite of AFB1, has been found in milk from a variety 

of species and is hepatocarcinogenic in rats and trout (for review, see Busby & Wogan, 
1984). In countries with a high rate of ICC, peak incidence is seen at a relatively early 
age, e.g., an age-specific rate for males (20-30 years old) of 43.5 per 100 000 in 
Inhambane Province, Mozambique (Van Rensburg et al., 1985), with a similar trend in 
other high-incidence countries, including Zimbabwe (Muioz & Bosch, 1987). It is 
possible that this incidence pattern is influenced by exposure to environmental 
carcinogens early in life. We have been investigating the occurrence of AFM1 in human 
breast milk using an ELISA after extraction of AF on С18 Sep-pak Cartridges (Waters 
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Assoc., MO, цSА). This procedure allows the quantification of 2 pg API1 per ml 
milk, using less than 10m] of sample (Wild et a1., 1987) and has been used to analyse 
milks collected from "rural areas of Zimbabwe, Thailand and The Gambia. AF was 
present in breast milk from mothers in Zimbabwe (6/54 samples positive) and Thailand 
(3/12 samples positive), confirming one previous report on breast milk from mothers in 
Sudan (Coulter et al., 1984). However, surprisingly, in preliminary analyses in The 
Gambia, where AF levels were high in the unie (see above), no positive sample was 
detected. This may be due to the fact that the samples were collected in January and 
February, when dietary contamination may be lower than in the rainy season. Further 
milk collection is under way in order to examine this hypothesis. The levels of AFM1 
found in Zimbabwe and Thailand (up to 50 pg AF/ml milk) correspond to exposure 
levels of around 10 ng AFMI per kg body weight for an infant, based on average milk 
consumption (Laupus, 1969). Assuming that 1% of ingested АFВ1 is excreted in milk, 
the mothers would have been exposed to 10-100 rig AFВ1/kg body weight. This level 
in adults has been associated with an elevated risk of developing ICC (see Van 
Rensburg et al., 1985), and it is of interest that in experimental studies young animals 
may be more sensitive to the carcinogenic action of AF than adults (Vesselinovitch et 
al., 1972). In addition, vertical transmission of HВV can occur soon after birth (Steven 
et al., 1975; Whittle et al., 1983); thus, the two environmental factors that have been 
most strongly linked both epidemiologically and experimentally with ICC are present 
at or soon after birth. Our method should facilitate studies examining the importance 
of the interaction between these two risk factors for ICC. 

Conclusions 
Considerable progress has been made in recent years towards developing assays to 

measure human exposure to AF. Table 1 presents a summary of the levels of AF 
expected in human tissues or body fluids on the basis of animal and human exposure 
data. It is clear that the assays in urine and milk using samples of 5-10 m1 are sensitive 
enough to determine the levels occurring after daly exposures to as little as 1 zg API1 

Table 1. Afiatoxhi adduct levels found in rats or estimated in 
humans in relation to assay sensitivity 

Dose AFВI Urine 
(tag/m1) 

Plasma 
albumin 
(pg/mg) 

Liver 
DNA 
(pg/mg) 

Milk 
(pg/m1) 

Wistar rat° 
3.5 цg/kg single 5.5 72 108 ND 
3.5 'g/kg for 24 days 8.6 258 250 ND 

Human 
10 ig single 1.О ' 0.5 8" 200e 
10 гg chronic 1.6 15.0` ° 18 — 

Assay sensitivity 0.1 — 180 2.0 

ND, not determined 
°Data derived from Wild et al. (19B6Ъ) 
Assumptions: 
15% AF intake excreted into 1500 ml urine per day, 70-kg man 

`1% АFВ1 intake bound to albumin, 40 mg albumin per mI blood, 70 m1 blood per kg 
body weight 
Comparison of adduct formation in human and rat liver based on dose/surface area; 

activation of АFВ1 to reactive epoxide in man is one-tenth the level in rats (Booth et 
al., 1981); comparable rate of adduct loss or removal ii the two species 
`1% excretion of АFВ1 as AF11 in 500 ml of milk per day, 50-kg woman 
'Ассumulation, —30 times over a single dose (see 5abbioпi et a1., 1987) 
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(14 ng AFB1/kg body weight). The low level of binding of AF to haemoglobin seems to 
discourage its use as a dosimeter for exposure to AF, despite the fact that the long 
half-life of red blood cells (120 days) means that the level of carcinogen-modified 
haemoglobin could reflect exposure over a period of months. No assay is yet available 
for the AF plasma albumin adduct, although a method for 4-amiпobiphеnyl-
haemoglobiп  adduct cari measure down to 10 fg adduct(g haemoglobin (Bryant et al., 
1987), suggesting that measurement of the levels estimated in Table 1 of 15 pg AF/mg 
protein should be feasible (taking into consideration that about 0.5 g albumin is 
available in a 10-ml blood sample). lmmunocytochemistry in its present form appears 
to be an order of magnitude too insensitive; however, in this case, the adducts may be 
concentrated in some cell types (see discussion above), making the levels in these cells 
much higher than the estimates in Table 1. 

The techniques for assessing exposure to AF have moved rapidly from the stage of 
methodological development to application in pilot biochemical epidemiological 
studies. Experience gained in the type of studies discussed above serves to refine the 
methods for future applications. The choice of assay depends naturally on the exact 
nature of the information being sought. For example, AF-plasma protein adducts may 
be particularly useful as an index of exposure over a period of months (t2 albumin in 
man, around 20 days), whereas urinary levels of AF are likely to represent exposure 
over one or two days prior to sampling. In many cases, complementary data may be 
obtained by using more than one technique, and one can envisage that the same assay 
may give not only a measure of exposure but also information concerning factors that 
contribute to individual susceptibility to ICC, e.g., the effect of chronic active 
hepatitis on AF metabolism using analysis of metabolites in the urine, or the 
interaction of HBV infection and AF exposure during the first months of life. These 
studies can now be complemented by experiments in animal models, e.g., duck, with 
the duck hepatitis virus, where the same methods can be used for analyses. Thus, 
advances in assay technology can provide opportunities to examine the mechanisms of 
AF carcinogenesis, in addition to measuring human exposure to these compounds. 
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Various methods for detecting DNA alkylation adducts are described briefly, 
with emphasis on immunoassays using antibodies against Oб-methуldеохуguaпоsiпe 
(0'-medGua), O'-methуlthymidiпe (04-mеТhу) and 7-methyldeoхуguanosiпe (7-
medGua). The application of these methods to epidemiological studies is discussed, 
and results obtained so far on the presence of DNA alkylation adducts in human 
tissues are presented. 

Epidemiological studies and, to a lesser extent, experimental carcinogenicity 
studies have resulted in the identification of various agents (factors) that are causally 
associated with human cancer ('ARC, 1987). These factors can account for only 
one-third of the cancer mortality in countries like the USA and the UK and much 
remains to be done in identification of causes of human cancer (Pero, 19$5). It should 
be noted that even for well-established exposures associated with cancer (e.g., tobacco, 
alcohol, schistosomal infection), the specific agent(s) directly responsible for tumour 
induction is not well defined. In addition, for some cancers an interaction between 
various risk factors is important, and the nature of the interaction is not at present 
understood. This lack of information represents a considerable limitation on the 
implementation of measures for primary prevention and on intervention studies aimed 
at reducing cancer morbidity and mortality. 

Epidemiology has provided useful and accurate descriptions of some of the risk 
factors associated with cancer; however, it is difficult to foresee the extent to which it 
could contribute more to the identification of still unknown causes of human cancer, 
particularly when the increased associated risk is small but nevertheless significant in 
terms of number of cancers. The integration of highly sensitive laboratory methods into 
future epidemiological studies promises to contribute much to this task. In particular, 
the assessment of individual exposures to carcinogen-induced adducts in cellular 
macromolecules could result in a significant improvement in the sensitivity and 
specificity of epidemiological studies. This point has been discussed recently by 5аrасci 
(1984). Such considerations are particularly pertinent to the role of nitrosamines in the 
induction of human cancer and, specifically, to the development of markers in human 
cells attributable to nitrosamine exposure, which is the topic of this contribution. The 
sensitivity and specificity of such measurements as indicators of past exposure to 
nitrosamines as well as their applicability to epidemiological studies are addressed 
briefly. 

It is well established that humans are exposed to nitrosamines from various sources 
and that nitrosamines are carcinogenic to experimental animals at dose levels that 
approach human exposures. Table 1 shows that large portions of the population are 

—75- 
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Table 1. Estimated exposures of 
humans to nitrosaminesa 

Source of exposure Daily intake 
(µg/person) 

Cigarette smoking 17 
Endogenous (dietary) 0.32-20 
Occupational 10-180 

°From National Research Council/National 
Academy of Sciences (19$1) 

exposed to these carcinogens at a level of tens of micrograms. In addition, in snuff 
users and in workers in occupations such as leather tanning, exposures could reach 
180-200 g/day per person (see Bartsch & Montesano, 1984). The evidence that 
nitrosamines are the cause of some human cancers is, however, limited or nonexistent: 
Table 2 indicates the strength of the evidence linking nitrosamine exposure to cancer at 
some sites. However, as already stated, evidence for a causal association is nonexist-
ent, with the possible exception of limited data on a link between oesophageal and 
stomach cancer in Linxian county, China, and cancer of the nasopharynx in southern 
China, and intake of food containing nitrosamines (Yang, 1980; Yu et al., 1986). 

Table 2. Evidence for mtrosamine (NNO) exposure in the etiology of some human 
cancers 

Cancer site(s) Sоте  identified 
or suggested 
risk factor(в) 

Evidence for 	Modified cellular 
NNO exposure 	macromolecules 

Oral cavity Tobacco products, Strong 
snuff, nana, khaini 

Oral cavity Betel quid with: 
tobacco Strong 
lime Moderate 

Lung, bladder, oral Tobacco smoke strong 
cavity, larynx, pharynx, 
oesophagus, pancreas, 
renal pelvis 
Oesophagus Tobacco-alcohol Strong 
(Normandy, France) 
Oesophagus, stomach Pickled vegetables, Moderate 	Oб-Methyldeoxyguапosine 
(Linxian, China) NOЗ  /NOS , fungi contam- 

inated cornbread aid 
NNO precursors 

Nasopharynx Cantonese salted Moderate 
fish 

Stomach Endogenous carcinogens Weak 
derived from NOЗ  /NO2 - 
riсh diet, salt, carbohydrate 

Urinary bladder Bilharzia, bacterial Weak 
infection 

Brain Prenatal exposure Weak 
to NNO or precursors 
(drugs, comestics, 
food items) 
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Markers, such as cellular macromolecular adducts, attributable to nitrosamine ex-
posure are available in one study only (Umbenhauer et al., 1985). 

Development of antibodies against DNA aikylation adducts 
Nitrosamines like N-nitrosodimethylamine (NDMA) and N-nitrosodiethylamine, 

following metabolic activation, alkylate both DNA and proteins. Some 12 sites of 
alkylation in DNA have been identified, the major methylation products being 
7-medGua (-70% of total alkylation), total phosphotriester (12%), Oб-medGua 
(---7%), 3-methуladeпinе  (3-mелde) (-8%) and 04-теТhу  (-0.1%) (see Siпger & 
Grunberger, 1983). Although there are variations at the cellular, tissue and species 
levels in the capacity to repair such DNA adducts, 7-medGua and the phosphotriesters 
are generally repaired with very low efficiency as compared to Oб-medGuа  and 
Oa-meThу; 3-mеАde is repaired rapidly and undergoes spontaneous depurination, and 
this modified base appears in the urine (see Lindahl, 1982). 

Various antibodies (polyclonal and monoclonal) are now available against many 
DNA adducts, and these have been used in sensitive immunoassays to detect the 
adducts at low levels in isolated DNA (see Müller & Rajewsky, 1981; Strickland & 
Boyle, 1984). Table 3 lists the methods developed and used in our laboratory to detect 
the presence of DNA methylation adducts in human tissues. The antibodies have very 
high affinity and specificity, and, following chromatographic purification of DNA 
adducts, the immunoassay sensitivity is such that they can be applied to the analysis of 
human tissues (see below). In comparison, the detection of methylation adducts of 
haemoglobin and of 3-mелde in urine appears, at present, to be much less sensitive, 
since relatively high background levels (of unknown origin) of these adducts are found 
in human blood and urine (see, e.g., Table 3). A similar problem exists for 7-meGua, 
which is found in human urine at a level of approximately 10 mg/24 h (Gombar et al., 
1983). 

In developing a rationale as to which DNA adducts to measure as markers of 
human exposure, it is important to note that the levels of such adducts depend not only 
on the initial degree of interaction between the methylating species and the various 
nucleophilic sites in DNA, but also on the degree of repair. For example, О6-medGua 
is formed at levels about 100 times higher than O4-meThy after a single dose of a 
methylating agent. However, the more rapid repair of the former adduct in rat liver 
can result in accumulation of 04-теТhу  after multiple exposures to levels similar to 
those of O6-mеdGua (Richardson et al., 1985). This observation and the fact that 
human exposure is likely to be chronic indicated the importance of developing 

Table 3. Detection of DNA and protein adducts attributable to nitrosamine 
exposure 

Adduct Metbod° Sensitivity Refетence 
(adduct/normal 
nucleoside) 

06-mеdGua Mab-RiA 0.4/10 deoxyguanosine Wild et al. (1983) 
7-medGua Pab-ELISA 3.2/10 deoxyguanosine Degan et al. (un- 

(imidazole ring open) published data) 
О°-mетhу  Pab-RIA 1.0/10~ thymine Wild et al. (1987) 
Methylcysteine- GC-Ms >100 nmol/g haemoglobin Bailey et a1. 

haemoglobin (>10 mg N-niuоsodimеthylamiпe/kg) (1981) 

°МаЬ, monoclonal antibody; RIA, гаdiоunmаnoassaу; Pab, polyclonal antibody; ELISA, enzyme-linked inirnunosorbent 
assay; IC-IS, gas chconiatograpliy-mass spectrometry 
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antibodies to this relatively minor DNA adduct. 7-medGua, unlike O6-medGua and 
O4-mеThy, does not appear to be directly mutagenic but is the major methylation 
adduct (see above) and persists in DNA longer than the O-alkylated nucleosides. We 
have thus also developed antibodies for use in a highly sensitive enzyme-linked 
immunosorbent assay to detect 7-medGua in human DNA (Table 3). Detection of 
7-medGua may be more informative about past exposure to methylating agents, 
although it is noteworthy that O6-medGuа  has been detected in brain DNA of rats and 
gerbils six months after a single exposure to N-methyl-N-nitrosourea (Kleihues & 
Bucheler, 1977; Kleihues et al., 1980). Thus, the detection of these DNA adducts in 
human tissues could reflect exposure to nitrosamines that occurred several months 
previously. In addition, determination of these adducts in a given tissue provides, at an 
individual level, an integrated value that is the result of a number of variables: 
endogenous and exogenous exposures to nitrosamines, metabolism, repair of DNA 
damage and other factors, for example, diet and genetic predisposition, that can affect 
these variables. 

DNA alkylation adducts in human tissues 
The availability of these antibodies permits the examination of human tissues for 

the presence of DNA alkylation adducts attributable to nitrosamine exposure, with the 
aim of determining whether there is a significant difference in levels among individuals 
at different risks of developing certain cancers. So far, such studies are few and suffer 
some limitations. In one study (Umbenhauer et al., 1985), O6-mеdGuа  was detected in 
oesophageal muscosal DNA from individuals in populations at high risk of oesophageal 
cancer and for which there is some evidence of exposure to nitrosamines. The 
prevalence of positive samples, as well as the level of O6-medGua, was lower among 
individual samples hi populations at lower risk of oesophageal cancer. These findings 
indicate that O6-medGua can be detected in human tissue DNA and support the 
applicability of such methods to epidemiological studies. The determinations were 
made, however, in surgical specimens of oesophageal tissues; this approach does not 
permit a random selection of samples to be analysed and also limits the number of 
individuals who can be assayed. In addition, the type of epidemiological study is 
restricted: for example, while retrospective analyses can be performed, prospective 
studies or intervention studies cannot easily be done using this type of material. 

The possibility of determining the presence of DNA alkylation adducts in DNA of 
peripheral blood cells could overcome some of these difficulties, and the antibodies 
against 7-medGua appear to be particularly promising in this respect. Table 4 shows 
that 7-mеdGuа  can be detected in blood lymphocytes of rats treated with 1 mg/kg 
NDMA and that the level of this DNA adduct is similar to that in liver. In 20 ml of 

Таые  4. DNA adducts ni rats treated with 
N-nitrosodiinethyiamine (1 mg/kg, orally) 
and measured б  h afterwards° 

Tissue 	 umо1 adduct/mol deoxyguanosineb 

O6-medGuа 	7-medGuа  

Liver 	 19 (82) 	253 (1087) 
Lymphocytes 	27 (6. Э) 	263 (6Q) 

"Degan et a1. (OnpublIshed data) 
Numbers in parentheses represent total ртоl detected 
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Table 5. Comparison of 46-medGua levels in human and animal tissues 

species Organ Alkylating 
agent 

Dose Level of midi- 
fication (fini!) 
O6-medGua/~гg 
DNA 

Reference 

Rat Liver NDMA 1 µg/kg 0.064 Pegg & Perry (1981) 
Hamster Liver NDMA 10 fig/kg 0.213 Stumpf et al. (1979) 
Human Liver NDMA -20 mg/kg 300.0 Herron & Shank (1980) 
Human Liver NDMA 1,ug/day 0.01$ Calculated from 
(FRG) Preussmann et al. (1979) 
Human Oesophagus, Unknown Unknown 0-0.161 Umbenhauer et al. (1985) 
(China) stomach 
Human Oesophagus, Unknown Unknown 0-0.044 Umbenhauer et al. (1985) 
(Europe) stomach, colon 

human blood (41< 107 lymphocytes, 200 ptg DNA), one can detect 1. prol 7-medGuа  
by enzyme-linked immunosorbent assay, that is, 5 fmоl adduct/µg DNA. Pegg arid Hui 
(1978) have shown that a single dose to rats of 1 g/kg NDMA results in 0.31 fmol 
7-mеdGua/цg DNA in liver. If the relationship between DNA alkylation in liver and 
lymphocytes is similar in humans, one could try to extrapolate these data. On the basis 
of a dose per surface area comparison and assuming a similar activation of NDMA in 
rat and human liver (Montesano & Magee, 1969), a level of 7-medGuа  ranging from 
0.5 to 5 fmo]/ug DNA may occur in human blood-cell DNA as a result of a single 
exposure to 10-100 иg NDMA. These levels of exposures are consistent with the data 
presented in Table 1. 

It is also consistent that the levels of Oб-medGua found in tissue sample DNA from 
Linxian county, China, and from Europe are of the same order of magnitude as that 
expected on the basis of enviromnental levels of nitrosamine exposure and of the 
results of experimental studies in rodents (see Table 5). It is evident, however, that 
these conclusions must be supported by more data on human tissues (see Saffhill et al., 
this volume), and it is important that more information become available on the 
background' levels of these DNA adducts in humans and on their variation within the 
same individual. It is necessary, for example, to establish the Ievels of adducts present 
in samples from populations at low risk for specific cancers before assessing the 
significance of increased adduct levels in high-risk populations. To facilitate the 
accumulation of this type of `background' data, a close interaction between research 
groups is called for, so that the most information can be obtained from human samples 
when these become available. Not only will this make best use of valuable samples, but 
it should also allow an effective interlaboratory validation of methods. 

Future considerations 
The actual DNA alkylation damage in target tissues and cells of individuals exposed 

to nitrosamines is the result of a number of factors that modulate arid interact with 
each other, such as tissue distribution, metabolism and DNA repair. This implies that 
the level of DNA adducts in a given tissue, e.g., oesophagus, could be quite different 
in individuals of two populations exposed to the same amount of nitrosamines. Thus, 
environmental measurements of nitrosamines or their precursors are not necessarily 
related to the level of risk for cancer in a population, as shown by epidemiological and 
experimental studies. 
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Fig. L Mechanism of carcinogenicity of consumption of alcohol in conjunction with 
other factors. NNO, N-nitrosamines 
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For instance, Tuyns et al. (1987) have clearly shown that tobacco smoke [containing 
a high level of nitrosamines (Hoffman & Hecht, 1985)] and alcohol are the main risk 
factors in the induction of oesophageal cancer in Normandy, France, and, in addition, 
that a diet low in fresh meat, citrus fruit and oils entails a nine-fold higher risk of 
oesophageal cancer than diets rich in these components. The important role of dietary 
components has been recognized in other populations at high risk of oesophageal 
cancer (see Day, 1984). These observations are consistent with the hypothesis that 
consumption of alcohol in conjunction with a diet that is restricted in certain 
components alter the metabolism in the liver and the distribution to extrahepatic 
tissues of nitrosamines derived from the diet, from tobacco smoke and from 
endogenous formation (Swann, 1982). This hypothesis is supported by some data from 
humans (see Swann, 1984) and by a considerable amount of data from experimental 
animals (see Bartsch & Montesano, 1984, and Fig. 1). 

Recent epidemiological studies in the UK have shown an inverse relationship 
between nitrate/nitrite (nitrosamine precursors) intake and risk of stomach cancer 
(Forman et al., 1985; Knight et al., 1987). However, as mentioned above, it would be 
important to determine whether such intake is related to a biologically effective dose 
(DNA adducts) in the target tissue. 

Another relevant situation for clarification is the role of nitrosamines in tobacco-
associated cancers in humans (see also Hecht et al., this volume). It now appears 
possible to determine alkylation adducts in DNA and other cellular macromolecules in 
smokers and nonsmokers. 

This paper addresses the value of DNA alkylation adducts as an index of exposure 
to nitrosamines for use in epidemiological studies, but it does not necessarily imply that 
the presence of such adducts will result in the appearance of cancer many years later. 
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Tumour development is the result of a number of stages, which are affected by various 
factors, including genetic predisposition, and it is important that for each type of 
cancer there be markers of the impact of additional factors. For example, preliminary 
studies in Lyon (Hollstein et al., 1986) revealed the presence of a restriction fragment 
length polymorphism at c-mis in two of 12 oesophageal cancer patients examined, and 
studies arc in progress to ascertain if this association is spurious or indicates a 
predisposition to oesophageal cancer. 

Acknowledgements 
This study was partially supported by US National Cancer Institute Grant No. 1 U01 

ЕSО4281-01. 

References 
Bailey, E., Connors, T.A., Farmer, Р.B., Gorf, S.M. & Rickard, J. (1981) Methylation of 

cysteine in hemoglobin following exposure to rnethylating agents. Cancer Res., 41, 
2514-2517 

Bartsch, H. & Montesano R. (1984) Relevance of nitrosamines to human cancer. 
Carcinogenesis, 5, 1381-1393 

Day, N.E. (1984) The geographic pathology of cancer of the oesophagus. Br. med. Bull., 40, 
329-334 

Forman, D., A1-Dabbagh, S. & Dol', R. (1985) Nitrates, nitrites and gastric cancer in Great 
Britain. Nature, 313, 620-625 

Gombar, C.T., Zubroff, J., Stralhаn, G.D. & Magee, P.N (1983) Measurement of 7-
methylguanine as an estimate of the amount of dimethylnitrosamine formed following 
administration of aminopyrine and nitrite to rats. Cancer Res., 43, 5077-5080 

Herron, D.C. & Shапk, R.C. (1980) Methylated purines in human liver DNA after probable 
dimethylnitrosarnine poisoning. Cancer Res., 40, 3116-3117 

Iofhnann, D. & Hecht, S. (1985) Nicotine-derived N-nitrosamines and tobacco-related cancer; 
current status and future directions. Cancer Res., 45, 935-944 

Holstein, M., Montesano, R. & Yamasaki, H. (1986) Presence of an EcoRI RFLP of the c-mis 
locus in normal and tumor tissue of esophageal cancer patients. Nucleic Acids Res., 14, 8695 

IARC (1987) 'ARC Monographs on the Evaluation of Carcinogenic Risks of Chemicals to 
Humans, Suppl. 7, Overall Evaluations of Carcinogenicity: An Updating of Selected'ARC 
Monographs from Volumes 1 to 42, Lyon 

K еihues, P. & Bucheler, J. (1977) Long-term persistence of Oб-methylguanine in rat brain 
DNA. Nature, 269, 625--626 

Kleihues, P., Bamborschke, S. & Doerjer, G. (1980) Persistence of alkylated DNA bases in the 
Mongolian gerbil (Menues unguiculatus) following a single dose of methylnitrosourea. 
Carcinogenesis, 1, 111-113 

Knight, T.M., Forman, D., A1-Dabbagh, S.A. & Doll, R. (1987) Estimation of dietary intake of 
nitrate and nitrite in Great Britain. Food chem. Toxico!., 25, 277-285 

Lindahl, T. (1982) DNA repair enzymes. Ann. Rev. Biochem., 51, 61-87 
Montesano, R. & Magee, P.N. (1970) Metabolism of dimethylnitrosamine by human lives slices 

in vitro. Nature, 228, 173-174 
Müller, R. & Rajewsky, M.F. (1981) Antibodies specific for DNA components, structurally 

modified by chemical carcinogens. J. Cancer Res. clin. mcii., 102, 99-113 
National Research Council/National Academy of Scieпces (1981) The Health Effects of Nitrate, 

Nitrite, and N-Nitroso Compounds, Washington DC, National Academy Press 
Pegg, A.E. & lui, G. (1978) Formation and subsequent removal of O6-methylguanine from 

deoxyribonucleic acid in rat liver and kidney after small doses of dimethylnitrosamine. 
Biochem. J., 173, 739-748 

Pegg, A.E. & Perry, W. (1981) Alkylation of nucleic acids and metabolism of small doses of 
dimethyhuitrosamine iп  the rat, Cancer Res., 41, 3128-3132 

Peto, R. (1985) The preventibility of cancer. In: Vessey, М.P. & Gray, M., eds, Cancer Risks 
and Prevention, Oxford, Oxford University Press, pp. 1-14 



82 	 MОNTESANО  EТ  AL. 

Preussmann, R., Spiegelhalder, B., Eisenbrand, G. & Janzowiski, C., (1979), N-Nitroso 
compounds tnfoods. Iu: Miller, Е.C., Мillег, J.A., lirino, I., Sugimuгa, T. & Тakауаmа, 
S., eds, Naturally" Occurring Carcinogens, Mutagens and Modulators of Carcinogenesis, 
Tokyo, Japanese Sсieпtific Societies Press, pp. 185-194 

Richardson, F.C., Dryoff, M.C., Boucheron, J.A. & Swenberg, J.A. (1985) Differential repair 
of O°-alkуlthymidiпe following exposure to methylating and ethylating hepatocarcinogens. 
Carcinogenesis, 6, 625-629 

Saracci, R. (1984) Assessing exposure of individuals in the ideпtifгcаtioп  of disease determinants. 
In: Berlin, A., Draper, M., Hemminki, K. & Vaiпio, H., eds, Monitoring Human Exposure 
to Carcinogenic and Mutagenic Agents ('ARC Sсiепtiflс  Publications No. 59, IPCS Joist 
Symposia No. 7), Lyon, International Agency for Research on Cancer, pp. 135-142 

Singer, B. & Grunberger, D. eds (1983) Molecular Biology of Mutagens and Carcinogens, New 
York, Plenum Press 

Strickland, P.T. & Воуlе, J.M. (1984) Immunoassay of carcinogen-modified DNA. Prig. 
Nucleic Acids Res. moL BioL, 31, 1-58 

Stumpf, R., Margison, G.P., Montesano, R. & Pegg, A.E. (1979) Formation and loss of 
alkylated purines from DNA of hamster liver after administration of dimethylnitrosamirie. 
Cancer Res., 39, 50-54 

Swain, P.F. (1982) Metabolism of nitrosamines: observations on the effect of alcohol on 
nitrosamine metabolism and on human cancer. In: Magee, P.N., cd., Nitrosamines and 
Human Cancer (Banbury Report 12), Cold 5рring Harbor, NY, CSH Press, pp. 53-68 

Swann, P.F. (1984) Effect of ethanol on nitrosamine metabolism and distribution. Implications for 
the role of nitrosamines in humai cancer and for the influence of alcohol consumption on 
cancer incidence. In: O'Neill, LK., von Borstel, R.C., Miller, C.T., Long, J. & Bartsch, H., 
eds, N-Nitroso Compounds: Occurrence, Biological Effects and Relevance to Human Cancer 
('ARC Scieпtiflс  Publications No. 57), Lyon, International Agency for Research on Cancer, 
pp. 501-512 

Tuyns, А.J., Riboli, E., Doornbof, G. & Pequignot, G. (1987) Diet and esophageal cancer in 
Calvados (France). Nutr. Cancer, 9, 81-92 

Umbenhauer, D., Wild, C.P., Montesano, R., Saffhill, R., Boyle, J.M., Huh, N. Kirstein, U., 
Thomale, J., Rajewsky, M.F. & Lu, S.H. (1985) OЬ-Methуldеохуguaпosiпе  in oesophageal 
DNA among individuals at high risk of oesophageal cancer. Int. J. Cancer, 36, 661-665 

Wild, C.P. Smart, G., Saffhill, R. & Bоуlе, J.M. (1983) Radioimmunoassay of ОЬ-
methyldeoxyguanosine in DNA of cells alkylated in vitro and in vivo. Carcinogenesis, 4, 
1605-1609 

Wild, C.P., Lu, S.H. & Montesano, R. (1987) Radioimmunoassay used to detect DNA alkylation 
adducts in tissues from populations at high risk for oesophageal and stomach cancer. In: 
Bartsch, H., O'Neill, 1.К. & Schulte-Hermann, R., eds, The Relevance of N-Nйгоso 
Compounds to Human Cancer: Exposures and Mechanisms ('ARC Scientific Publications 
No. 84), Lуoп nteгnаtioпal Agency for Research on Cancer, pp. 534-537 

Yang, С.S. (1980) Research on esophageal cancer in China: a review. Cancer Res., 40, 
2633-2644 

Yu, M.C., Ho, J.H.C., Lai, S.H. & Henderson, B.Е. (1986) Cantonese-style salted fish as a 
cause of nasopharyngeal carcinoma: report of a case-control study in Hong Kong. Cancer 
Res., 46, 956-961 



URINARY N-NITROSAMINO ACIDS AS AN INDEX 
OF EXPOSURE TO N-NITROSO COMPOUNDS 

H. Ohshima & H. Bartsch 

International Agency for Research on Cancer, Lyon, France 

On the basis of results from animal experiments and studies in human subjects, the 
amount of nitrosoproline (NPRO) excreted in 24-hr urine following ingestion of pre-
cursors (prohne, nitrate) has been measured as an index of endogenous nitrosation. 
Several protocols of the NPRO test have been applied to human subjects, in order 
to study the kinetics and dietary modifiers of endogeuous nitrosation, and in clinical 
and epidemiological studies. These studies have demonstrated that endogenous 
nitrosation in humans is highly complex and is influenced by factors such as gastric 
pH and amounts of precursors, catalysts and inhibitors. Thus, individual monitoring 
for nitrosation potential, rather than analyses of precursors in saliva, urine and 
gastric juice, is necessary in order to establish a causal relationship between 
endogenous nitrosation and human cancer. Results obtained after application of the 
NPRO test to subjects at high risk for cancers of the stomach, oesophagus, oral 
cavity and urinary bladder are sununatized. 

Humans are exposed to a wide range of nitrogen-containing compounds which can 
react with nitrosating agents to form N-nitroso compounds (NOC), a versatile class of 
carcinogen (National Research Council, 1981; Shephard et al., 1987). In addition, 
nitrosation of certain polyaromatic hydrocarbons and phenolic compounds results in 
the formation of C-nitroso or C-nitro compounds, some of which have been reported 
to be mutagenic aid carcinogenic (IARC, 1984). Humans are also exposed to various 
types of nitrosating agents, such as nitrous acid and nitrogen oxides, in the diet, 
tobacco smoke, air and water. Nitrite, nitrate and nitrosating agents can be synthesized 
endogenously in reactions mediated by bacteria and activated macrophages (Stuehr & 
Marletta, 1985; Calmels et al., 1987; Miwa et al., 1987). Iп  this way, endogenous 
formation of NOC can occur in various ways at various sites in the body, including 
nitrosation in the oral cavity, stomach and intestine, reaction of nitrogen oxides in the 
lung, and reactions mediated by bacteria and macrophages in infected or inflamed 
organs. 

Exposure to endogenously formed NOC has been associated with increased risks of 
cancer of the stomach, oesophagus and bladder, but convincing epidemiological 
evidence is still lacking. One of the reasons has been the dearth of reliable methods to 
estimate the extent of in-vivo formation of NOC. We have developed a simple and 
sensitive method for the quantitative estimation of endogenous nitrosation in humans 
(Ohshima & Bartsch, 1981; Bartsch et al., 1983). This method can be used to measure 
urinary N-nitrosamino acids (NAA) as indices of exposure to NOC. In the following, 
we briefly summarize the method and results obtained from its application to clinical 
and epidemiological studies. 

—83-- 
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Urinary NAA as indices of human exposure to NOC 
Human urine contains several NAA, NPRO, N-nitrosothiazolidine 4-carboxylic 

acid (NTCA) and N-nitroso 2-methylthiazolidine 4-carboxylic acid (NMTCA) being 
the major ones (Ohshima et al., 1983; Tsuda et al., 1983; Ohshima et al., 1984а; Tsuda 
et al., 1984). Some new NAA have recently been identified, including N-nitroso-
methylaminopropioпic acid and N-uitrosoazctidine carboxylic acid (Nair et al., 
1986). In view of the carcinogenicity of most members of this class, detection of new 
NOC in human urine may reveal hitherto unknown sources of human exposure; 
particularly as many NOC are metabolized in vivo and subsequently excreted as NAA 
in the urine. All of the NAA mentioned above are currently analysed as indicators of 
human exposure to exogenous and endogenously formed NOC, although their origin, 
except for NPRO, is mostly unknown. 

Procedure for the NPRO test 
Several forms of the method have been applied in clinical and epidemiological 

studies. L-Prohne is utilized as a probe for nitrosatable amines, and NPRO excreted in 
the urine is determined as a marker for endogenous nitrosation. The rationale for 
applying this test in human studies is based on the following: (i) NPRO has been 
reported to be neither carcinogenic nor mutagenic (IARC, 1978; Mirvish et al., 1980); 
(ii) after gavage of rats with 1 C-NPRO, 14С02 production and DNA alkylation were 
negligible (Chu & Magee, 1981), but urinary excretion of NPRO (as the unchanged 
compound) was rapid and almost complete (Dailey et al., 1975; Chu & Magee, 1981; 
Ohshima et al., 1982а); (iii) in humans, preformed NPRO ingested in food extracts was 
also eliminated rapidly and almost quantitatively in the urine within 24 h after ingestion 
(Ohshima et al., 1982b). The difference between the amount of NPRO excreted in the 
24-hr urine and that ingested in foods can therefore be used as an indicator of daily 
endogenous nitrosation (Ohshima & Bartsch, 1981). Thus, application of the NPRO 
test does not entail risk to the health of study subjects, and it was cleared by the IARC 
ethical committee. 

Method A: Loading test with nitrate and pruine 
Human subjects are given either vegetable juice rich in nitrate (e.g., 200 ml 

beetroot juice containing 260 mg nitrate) or sodium 14N- or 15N-nitrate and. 30 min 
later, L-proline (500 mg). In order to minimize the confounding effect of modifiers of 
nitrosation and dietary (preformed) NPRO, subjects fast for a further 2 h and avoid 
consuming cured meats or smoked fish during the 24-h urine collection. Whenever 
possible, information is collected from each subject on demographic data, smoking, 
drinking and dietary habits and clinical findings. Dietary records are also obtained on 
the day of urine collection. 

Method B: Loading with praline alone or with praline and ascorbic acid 
Three 24-h urine samples are collected from each subject according to the following 

protocols: (i) undosed, (ii) after intake of 100 mg proline three times a day after each 
meal, and (iii) after intake of 100 mg proline and 100 mg vitamin C three times a day. 
Alternatively, 12-h overnight urine samples are collected after intake of a single dose 
of proline with or without vitamin C after dinner. During a day of urine collection, 
diets are not strictly controlled, but detailed records are obtained from each subject. 
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Sample collection and analysis of NAA 
Samples of 24-h urine are collected in plastic bottles containing sodium hydroxide 

or ammonium sulphamate in dilute sulphuric acid to avoid artefactual formation of 
NPRO during collection and storage of the sample. Samples of 12-h urine collected 
without preservatives are divided into two aliquots: either sodium hydroxide or 
ammonium sulphamate is added and used for analyses of nitrite, nitrate aiid NAA; the 
other is stored without alkali or acid to be used for analyses of creatinine and other 
compounds, if necessary. 

Urine samples are spiked with N-nitrosopipecolic acid as internal standard and 
analysed for NPRO and other NAA after conversion to their methyl esters by 
diazomethane in a gas chromatograph with a thermal energy analyser, a nitrosamine-
specific detector. Other derivatizing agents, such as boron trifluoride-methanol (Ladd 
et al., 1984; Leaf et al., 1987) and pentafluorobenzyl bromide (Garland et al., 1986), 
have been used; however, the sulphur-containing NAA, NTCA and N TCA, are 
acid-labile and decompose during derivatization with boron trifluoride or hydrochloric 
acid in methanol (Ohshima et al., 1984a). A mass spectrometer equipped with a gas 
chromatograph has also been used to quantify 14N- and 15N-NPRO (Wagner et al., 
1985; Garland et aL, 1986); this, however, requires purification of NPRO by 
high-performance liquid chromatography or thin-layer chromatography prior to 
analysis. 

Application of Method A to experimental and clinical studies on endogenous 
nitrosation in human subjects 
Table 1 summarizes experimental studies on endogenous nitrosation in humans. 

Method A was originally designed for study of kinetics . and factors affecting 
endogenous nitrosation in humans (Ohshima & Bartsch, 1981). Proline can be given 
with or without a dietary nitrosation modifier (Stich et al., 1983, 1984a); 15N-nitrate has 
also been used to study incorporation of 15N0 into proline (Wagner et al., 1985). 
Further, nitrosation of pruine has been investigated in human volunteers consuming a 
standard diet consisting of a high-nitrate salad meal with and without foods rich in 
vitamin C (Knight & Forman, 1987). 

As shown in Table 2, Method A has also been used in clinical studies to test the 
hypothesis that subjects with precancerous conditions of the stomach have an elevated 
potential for endogenous nitrosation (Bartsch et al., 1984; Crespi et al., 1987; Hall et 
аl., 1987а,Ь). Consistent with the nitrosamine hypothesis (Correa et al., 1975), 
intragastric levels of bacteria and nitrite were positively related to intragastric pH; but, 
contrary to the hypothesis, no increased level of NPRO and other NAA was detected 
in subjects with more advanced lesions, compared to those with a normal stomach. 
This discrepancy is the subject of further studies; in particular, the adequacy of proline 
and other amino acids as substrates for bacteria-mediated nitrosation is being 
investigated. 

Application of Method B to epidemiological field studies 
Method B was designed to test whether the capacity of an individual to nitrosate 

proline is different for those living in high- and in low-risk areas for particular cancers. 
The findings are as follows. (i) Background levels of NAA in the urine of undosed 
subjects (no loading with nitrate or prohne) may be a marker for exposure to these 
compounds either as dietary components or by endogenous synthesis. However, it 
should be noted that there is considerable person-to-person and day-to-day variation in 
background urinary levels (Ohshima et al., 1984а; Garland et al., 1986). It has also 
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Table 1. Human studies on endogenous nitrosation using urinary NAA as an 
indicator 

Observations References 

NPRO formation in а  volunteer; effect of doses of nitrate and Ohshima & Bartsch (1981, 1982); 
proue, inhibition by vitamins C and E; rapid and complete Ohshima et al. (1982а,Ь) 
excretion of preformed NPАО  ingested in food extracts; NPRO 
formation from pickled vegetables plus pruine 

NPRO formation by NaNО3 plus pruine in six subjects on a Wagner et al. (1982, 1985) 
controlled diet; incorporation of 15N-nitrate into NPRO and its 
inhibition by vitamins C and E 

Inter- and intraindividual differences in background NPRO in 24 Garland et al. (1986) 
subjects; effect of vitamin C 

Relation between vitamin C dose and NPRO excretion Leaf et al. (1987) 
Inhibition of NPRO formation by betel-nut extract, caffeine, Stich et al. (1983, 1984a,b) 

ferulic acid, tea and coffee in two subjects; ingestion of nitrite- 
preserved meats and NPRO excretion 

NPRO formation after high-nitrate meal plus proline and its Knight & Forman (1987) 
inhibition by vitamin C from dietary source 

Increased NPRO excretion by 12 volunteers with high doses Ellen & Schuller'(1984) 
(1.8-8.1 g) of nitrate 

Percutaneous excretion of NPRO in humans Bogovski & Rooma (1984) 
increased NPRO formation in cigarette smokers Ioffmann & Brunnemann (1983); 

Ladd et al. (1984); Bartsch et al. 
(1984) 

Nitrosation in the oral cavity of betel-quid chewers Nair et al. (1986, 1987) 
Identification of NTCA and NITCA in human urine Ohshima et al. (1983); Tsuda et al. 

(1983) 

Levels of NPRO, NTCA, NIvITCA and NSAR in 15 subjects; Ohshima et al. (1984b) 
day-to-day variation in one subject; effect of vitamin C 

Increased NTCA and NMTCA formation after cigarette smoking; Tsuda et al. (1986, 1987) 
dietary effect and sex difference on their levels 

Effect of nitrate, cysteine and nitrate + cysteine on NPRO, Tricker & Preussmann (1987) 
NTCA, NITCA and NHPRO levels 

Effect of interval between doses of nitrate and proline; limitations Tannenbaum (1987) 
and current perspective of NAA as indices of exposure to NOC 

been shown that diet is a significant contributor to background NPRO (Stich et al., 
1984b). (ii) On the basis of previous observations that endogenous nitrosation of 
pruine can be blocked to a large extent by ingested ascorbic acid, the difference in 
NPRO levels in urine collected after intake of prolигю  and after pruine and ascorbic 
acid intake may be used as an indicator of endogenous nitrosation. 

Method B is currently being used in several field studies, as shown in Table 2. 
Kamiyama et al. (1987) observed endogenous nitrosation of ingested proline in the 
subjects living in a high-risk area for stomach cancer in northern Japan but not in those 
living in a low-risk area. This endogenous nitrosation was effectively inhibited by 
intake of ascorbic acid. Lu et al. (1986, 1987) compared the nitrosation potential in 
populations at different risks for oesophageal cancer in China and showed that the 
amounts of NPRO and other NAA excreted in the urine of eight different populations 
were positively correlated with the mortality rates for oesophageal cancer. SimiIaгly, 
Chen et al. (1987) collected samples of 12-h overnight urine from 1035 subjects, 
representing approximately 40 male adults in each of 26 counties with a wide range of 
mortality rates for oesophageal, gastric and liver cancers in China. Two urine 
specimens — one after a loading dose of proline and ascorbic acid and the other after а  
dose of proline — were collected from each subject, and 5% of the volume of each 
sample was pooled, to give one sample for each commune; these were analysed for 
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Table 2. Clinical and epidemiological studies using urinary NAA as indices of 
exposure to NOC 

Observations References 

Clinical studies 
Studies on intragastric nitrosation and precancerous lesions of the Bartsch et at. (1984) 

stomach: no increase in NPRO in subjects with chronic 
atrophic gastritis or after cimetidine dose 

No increase in NPRO formation in subjects with pernicious Hall et ad. (1987а,Ь) 
anaemia and gastrectomy 

No increase in NPRO formation iп  subjects with high bacteria Crespi et aL (1987) 
count and high gastric pH 

Increased background NPRO, NTCA and NMTCA in cirrhosis Habib et аL 

patients 

Epidemialogicar studies 
Field study in high- and low-risk areas for oesophageal cancer in Lu et al. (1986, 1987) 

China; higher levels of NAA in a high-risk population; en- 
dogenous nitrosation of proline and its inhibition by vitamin C; 
NAA levels correlated positively with mortality rate from 
oesophageal cancer in eight areas of China 

Field study in 26 counties in China: moderate correlation between Chef et a1. (1987) 
oesophageal cancer mortality rates and NPRO formation after 
intake of proline 

Field study in high- and low-risk areas for stomach cancer in Kamiyama et a2. (1987) 
Japan: increased nitrosation potential in a high-risk populalion 
and protective factors in the diet of a low-risk population 

High urinary excretion of NPRO and nitrate in subjects with liver Srianujata et al. (1987) 
fluke, a high-risk factor for cholangiocarcinoma 

°IARC (1985b) 

nitrate, NPRO and other NAA. There was a moderate tendency for oesophageal 
cancer mortality rates to be associated positively with nitrosation potential and 
negatively with background ascorbate levels in plasma. Recently, Umbenhauer et aL 
(1985) reported that the levels of O6-methyldeoxyguaпosine determined by radium-
munoassay are elevated in the DNA of specimens of oesophageal and stomach mucosa 
removed surgically from cancer patients in Linxian, China, a high-risk area for 
oesophageal cancer. Such DNA lesions may arise from exposure to NOC. These 
observations further support the notion that NOC are an important factor in the 
etiology of oesophageal cancer in certain areas of China. 

Application of the method to study endogenous nitrosation in the oral cavity of 
betel-quid chewers 

Chewing of betel quid with tobacco is causally associated with human cancer 
(IARC, 1985а), and tobacco-specific nitrosamines are suspected to play a major role in 
the etiology of oral cancer (Hoffmann & Hecht, 1985). In order to evaluate 
endogenous nitrosation in the oral cavity of chewers of betel quid with tobacco, saliva 
samples collected from such subjects given a quid supplemented with pruine were 
analysed for NPRO and other NOC. It was demonstrated that NPRO is formed during 
chewing, implying that other NOC may also be formed endogenously in the oral cavity. 

Conclusion 
The following conclusions can be drawn. (i) It has been demonstrated unequivo-

cafly that endogenous nitrosation of prokne occurs in the human body after ingestion 
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of amounts of precursors (nitrate, amine) that are considered to be the normal dietary 
intake. Intake of nitrate above a dose of 260 mg/day per person led to a sharp increase 
in the amount of NPRO formed in vivo. (ii) Some sulphur-containing NAA (NTCA 
and NMTCA) are formed in the human body, possibly through a two-step synthesis 
from cysteine and aldehydes, followed by nitrosation; the urinary levels of these NAA 
increase significantly upon administration of nitrate (Ellen & Schuller, 1984; Wagner 
et al., 1985) or of nitrate and cysteine (Tricker & Preussmann, 1987). (iii) Nitrosation 
inhibitors, like vitamins C and E arid polyphenolic compounds, significantly reduce the 
amounts of NPRO and other NAA formed in healthy human subjects (Ohshima & 
Bartsch, 1981; Stich. et a1., 1983; Ohshima et al., 1984b; Stich et al., 1984а; Wagner 
et al., 1985; Leaf et al., 1987). (iv) Excretion of NPRO and other NAA is increased in 
cigarette-smoking subjects, perhaps due to the high level of thiocyanate (a catalyst of 
nitrosation) in the saliva of smokers and to higher exposure to aldehydes and 
nitrosating agents like nitrogen oxides present in cigarette smoke (Hoffmann & 
Brunnemann, 1983; Ladd et al., 1984; Tsuda et al., 1986). (v) The method can 
satisfactorily be applied to human subjects in clinical and field studies. When formation 
of endogenous NOC was assessed in subjects living in high- and low-incidence areas for 
stomach cancer and for oesophageal cancer in northern Japan and in China, generally 
higher exposures to endogenous NOC were found in high-risk populations. (vi) The 
process of endogenous nitrosation in humans is highly complex and is influenced by 
many factors, such as the pH of stomach contents and the occurrence of bacteria, 
catalysts and inhibitors. Therefore, determination only of nitrate and nitrite in saliva, 
urine or gastric juice is insufficient to assess the in-vivo nitrosation process in humans. 

The method has, however, certain limitations, and further studies are needed: 
(i) the adequacy of proline and other amino compounds as substrates for nitrosation 
mediated by bacteria and macrophages, and for nitrosation by nitrogen oxides in the 
lung, must be investigated; (ii) more reliable markers for exposure to nitrosating 
agents, e.g., nitrosated or deaminated protein and DNA bases, should be developed 
and validated; (iii) relevant, biologically active NOC formed in vivo in man must be 
identified and methods to monitor exposure to them be developed. 
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URINARY EXCRETION OF 3-METHYLADENINE IN 
HUMANS АS A MARKER OF NUCLEIC 

ACID METHYLATION 
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Unit, MRC Laboratories, Carshalton, Surrey, UK 

Antisera to 3-mеЁhyIadеnипе  (3-meAde) were obtained using a novel analogue of 
3-meAde which was bound covalent1y to methylated bovine serum albumin and used 
as an antigen. 3-mелde keyhole limpet haemocyanin (3-mеAde-KLH) was detected 
at high dilutions of the antisera (1 in 104), and 3-mеАdе  itself inhibited the 
recognition. In an enzyme-linked unmunosorbent assay (ELISА), at room tempera-
ture, 3-mеAde was detected at 1 pmo1/well; however, in a non-equilibrium assay at 
4°C, a considerable enhancement of sensitivity was obtained, and 3-meAde was 
detected at 70 fmol/well. Due to the presence of other purines, the direct deter-
mination of urinary 3-mеАde was not possible, and a high-performance liquid 
chromatography (HPLC) clean-up step, followed by ELISA, has been developed. 
Human urine samples have been analysed by this method and the results compared 
to those obtained by a gas chromatography-mass spectrometric (GC-Ms) method. 

3-meAde is one of the major DNA adducts produced by methy1ating agents 
(Law1ey, 1976). Iп  experimental animals, it is excised intact from DNA and excreted 
unchanged in urine (Shukеr et al., 197a). Unlike other methylated purines (e.g., 
7-methylguaniae), 3-meАde has not been reported to occur naturally in either DNA or 
RNA, indicating that the determination of urinary levels of 3-mеАde could be a useful 
marker of exposure to methylatinig agents. 

It has been shown that 3-meAde can be quantified in human urine by a GC-MS 
method and that it is normally present at low levels (5-15 ug/24 h; 5huker et al., 
1987b). 

Iп  order to develop a method suitable for the determination of 3-шеАde in large 
numbers of samples, it was considered that immunological methods would be desirable 
and that an antiserum to 3-mелde would be required. This paper describes preliminary 
studies on the immunochemical detection of 3-mеАde and its applications to human 
samples. 	 . 

Preparation of antisera to 3-теАде  
A novel analogue of 3-mеАde, N6-carboxymethyl-3-methyladenine (CM-3-mеАde; 

Fig. 1; D. Shuker, manuscript in preparation), was used to prepare an antigen for 
immunization. The synthesis of 3-meAde-methy1ated bovine serum albumin is sum-
marized in Figure 2. 

Two rabbits were immunized with 3-юеАdе-methylated bovine serum albumin 
(0.5 mg in phosphate-buffered saline (РВ5)-Freund's complete adjuvant (0.5 ml)) by 
subcutaneous injection in the hindquarters. Booster injections of the same amount of 
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Fig. 1. Structures of 3-теАде  and its analogue, CM-3-mеАdе  
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Fig. 2. Synthesis of 3-шеАде-protein conjugates using CM-3-теАде. Protein was 
either methylated bovine serum albumin (for ircmunogen) or KLH (for coating 
antigen). 
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antigen in Freund's incomplete adjuvant were given four and eight weeks after the 
initial immunization. Two weeks after the second booster dose, both rabbits were bled 
from the lateral ear vein (local anaesthesia) and serum was prepared. Sera were 
assayed for anti-3-теАде  activity by ELIЅА  using a checkerboard procedure: 96-well 
microtitre plates were coated with 3-теАде-KLH (1 ng to 10 ig per well), and sera 
were diluted with PBS from 1 in 10 to 1 in 106. Binding of rabbit immunoglobulia G 
was detected using horseradish peroxidase-linked goat anti-rabbit immunoglobu1in with 
3,3',5,5'-tetramethy1benzidine as a substrate. Both rabbits produced active antisera of 
approximately equal titre. 

ELISА  for 3-теАде  
The checkerboard procedure established conditions for optimal colour development 

(with a limiting dilution of antiserum) of 10 ng coating antigen per well and a working 
serum dilution of 1 in 104. Unmodified KLH did not show appreciable binding. 
3-теАdе  itself was detected using a competitive ELISА  procedure and gave a 
characteristic inhibition curve (Fig. 3). Preliminary studies on the cross-reactivity of 
related purines (Table 1) show that the antiserum is quite selective for 3-mеАdе  and 
CM-3-mеАде. The parent purine, adenine, is recognized well, but, for example, 
3-methylXanthine is detectable only at high concentrations. 

It has been found that considerable enhancement of sensitivity can be obtained if 
the first steps of the ELISА  are carried out at 4°C. This is due to nonequi1ibrium 
phenomena, in which the rapid association of antibody and hapten occurs at only a 
slightly reduced rate at 4°C, whereas the disassociation is significantly inhibited 
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Fig. 3. Inhibition curve for 3-шеАде  using antiserum А  (1 in 104 dilution) and 
3-теАде-KLH (10 ng/weli), with 90-пцл  antibody-antigen incubation 
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(Zettner & Duly, 1974). Thus, usable standard curves were obtained at concentrations 
essentially undetectable at room temperature (Fig. 4). These assay conditions were 
used in the determination of З-теАде  in human urine. 

3-теАdе  in human urine samples 
The direct determination of 3-теАде  in urine samples by ELISА  was not 

possible due to the cross-reactivity of normal urinary metabolites present at relatively 
high concentrations (1 rng/l; e.g., adenine). Thus, HPLC fractionation was chosей  as 
a preliminary clean-up step. Small aliquots of filtered urine (c100 ц1) could be injected 
onto the HPLC without affecting the chromatographic properties of 3-теАде. 
Collection of the 3-meAde fraction was optimized using 3-[3H]rneAde, and good 
recoveries were obtained. 

We initially attempted to validate the ELISА  using samples that had been analysed 
previously by GC-MS. Ten human urine samples were analysed in the following way: 
filtered human urine (100 цl) was injected onto a HPLC column (Bcckmann 
u1trasphere — ODS (5 m) 4.6 mm x 150 mm plus a guard column (4.6 x 45 mm) of 

Table 1. Cross-reactivity of purines with 3-теАде  antiserum А  

Punie Concentration i r 
50% inhibition 
(pmol/well) 

Concentration for 
20% inhibition 
(pmol/well) 

CM-3-теАде  20 1.6 
3-теАде  100 1.6 
Адепiпе  2500 130 
Triacanthine 10 000 650 
Caffeine 100000. 4000 
Э-Cаrboxуmethyladenиnе  >100 000 30 000 
3-Mеthу1хаnthroe з  100 000 40 000 
Theophylline > 100 000 40 000 



INDEX OF EXPOSURE TO N-NITROSO COMPOUNDS 	 95 

Fig. 4. Standard ELISA curve for 3-mеАde determination at 4°C with a 30-min 
antibody-antigen incubation, and at about 22°C with a 90-min antibody-antigen 
incubation 
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the the same material) and fractionated using a gradient of 0.1% aqueous hepta-
fluorobutyric acid and methanol. With the particular gradient used, a fraction eluting 
between 14.5 min aid 16.25 пцn was collected into 1.5-rn! Eppendorf tubes and 
reduced to dryness in a Speed-Vac concentrater. For ELISA, the samples were 
reconstituted iii PBS (250 µ1). Blank samples, with HPLC solvent only, did not give а  
response. 

Using a GC-Ms procedure (Shuker et al., 1987b), the level of 3-щеАde in the ten 
samples in this preliminary study ranged between 3.14 and 20.30 ng/m1. The 
HPLC-ELISA method gave results that were consistently much higher (five to ten fold) 
than those obtained with GC-MS. Results obtained after dilution of the samples (1:2 
and 1:10) indicated that the response was due to a specific substrate for the antiserum, 
since the slope of the dilution curve was the same as that of the standard curve. 
Fractionation of the `3-mеАde' HPLC peak followed by ELISA showed that the 
interfering compound eluted at almost the same retention time as 3-tueAde. A large 
number of likely urinary purines were screened for interference; the only one detected 
so far, which has almost the same HPLC retention time and some cross-reactivity, is 
theophylline. As theophylline is a metabolite of caffeine and is also present in tea, its 
presence iii urine is not surprising, since the subjects consumed a diet of their own 
choice. 

Conclusions 
3-mелde can be detected at low levels by ELISA using a rabbit antiserum. Initial 

attempts to use the assay to determine 3-mелde levels in human samples by 
HPLC-ELIsA have been unsuccessful, due to an interfering compound — probably 
theophylline — which has sinvlar chromatographic properties. At present, no suitable 
separation of 3-meAde from this interference in human urine samples has been found. 
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These preliminary results illustrate that, despite the ease and speed of immunologi-
cal assays, some caution must be exercised in their application, particularly in the case 
of a complex body fluid like urine. 
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N-Nitrosoproline (NPRO) excretion was measured in a group of hospital in-patients 
who were identified as either bearing gastric lesions or having apparently healthy 
stomachs. NPRO was assayed in background 24-h urine samples and then in urines 
collected after loading doses of nitrate and prolixe. The presence of gastric lesions 
was associated with altered gastric juice pH and nitrite concentration, but not with 
NPRO excretion. The significance of NPRO excretion as a marker of endogenous 
nitrosation is dependent on the interpretation of this result. 

This study was designed to address the question of whether individuals with chronic 
gastric disease, who are at a higher risk of developing gastric cancer, synthesize more 
NPRO in vivo than individuals without such disease. NPRO synthesis has been used as 
an indicator of nitrosatinfi ability and is potentially a powerful marker of N-nitrosa 
compound formation (Ohshima & Bartsch, 1981; Bartsch et al., 1983; Ohshvin et al., 
1985). It is, therefore, hoped that this test could be used as a surrogate measure for 
exposure to an important class of DNA damaging agents and could be adapted to 
epidemiological studies. The interrelationships between NPRO synthesis and gastric 
juice pH, nitrate and nitrite concentration, and mutagenicity have also been 
considered. 

A total of 81 patients, aged between 32 and 69 years, were recruited from the 
Central Hospital in Siena, Italy. Some were attending the gastroenterology department 
with gastric symptoms, while others had been admitted to other departments with a 
wide range of nongastric illnesses. All subjects underwent a gastric endoscopic 
examination, at which biopsy samples were obtained. The results of the endoscopies 
and histological examination of the biopsies were all reviewed by one pathologist 
(C.V.), and, on the basis of this review, subjects were categorized into one of a 
number of groups (see Table 1) which represent different degrees of gastric disease. 
Also included were a few subjects diagnosed with gastric carcinoma. 

The subjects consumed similar diets during the test period and for the two days prior 
ta endoscopy. These diets excluded foods known to contain preformed NPRO, and the 
intake of foods with high levels of nitrate, nitrite or ascorbic acid was restricted. 
Subjects fasted for 12 h prior to endoscopy; at endoscopy, gastric juice samples were 

5 To whom correspondence should be sent 
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Table 1. Proportion of subjects in di0еrent gastric pH groups and mean 
pH by diagnostic category 

Diagnosisa No. of Gastric pH 
subjects 

C3.0 	3.1-6.0 	6.0 Mean 95% confIdence 
(% in each group) interval 

Control 30 50 	27 	23 4.0 3.1-4.9 
5G 8 50 	25 	25 4.1 2.4-5.9 
CAG 33 27 	15 	58 5.5 4,7-6.4 
GC 10 10 	20 	70 6.2 4.7-7.7 

Comparison of pH (control versus CAG), p = 0.011 (t-test) 
°Сoдtrol, nothing of pathological sigпificance; 5G, superficial gastritis; CAG, chronic atrophic gastritis; 
GC, gastric carcinoma 

aspirated, measured for pH, and kept under appropriate storage conditions for nitrate 
and nitrite analysis and mctagenicity testing (Bartholomew, 1984; Venitt et al., 1984). 
Two consecutive 24-h urine collections were made, commencing on the morning of 
endoscopy: the first was to assess background excretion of NPRO, and the second 
followed consumption of beetroot juice, containing approximately 300 mg nitrate, and 
30 min later a 500-mg dose of L-prolinc dissolved in drinking-water. After the urine 
volume had been recorded, aliquots were stored for subsequent analysis of NPRO 
using standard procedures (Ohshima & Bartsch, 1981). 

Five subjects did not consume all the beetroot juice, and a further 29 provided 
urine collections of less than 23.5 or more than 24.5 h on either study day. Data for 
these subjects were excluded from the appropriate sections of the current analysis. One 
subject was excluded as he had taken daily tablets of ascorbic acid; no other drug or 
medication had any effect on the parameters under investigation. 

Table 1 shows the proportion of subjects within each diagnosis group with low 
(.3.0), moderate (3.1-6.0) and high (>6.0) gastric juice pH values, together with the 
mean pH for each group, indicating the expected relationship between increased pH 
and disease severity. 

Table 2 shows the mean gastric jцice nitrate and nitrite and urinary nitrate levels 
together with NPRO excretion for the different diagnostic groups and for the different 
gastric pH categories. There was a significant relationship between decreased level of 
gastric juice nitrate and increased severity of gastric symptoms and increased gastric 
pH. The relationship with gastric juice nitrite was similar but in the inverse direction, 
i.e., increased nitrite was associated with increased severity and pH, but this was 
statistically significant only in the case of pH. 

Table 2 also shows a lack of relationship between gastric disease or pH and NPRO 
excretion, either for background levels of NPRO or for levels after loading doses of 
nitrate and prolixe or for the difference between test and background. All disease and 
pH groups showed approximately an order of magnitude difference between the test 
and background levels of NPRO, the differences all being highly significant. In 
comparison with other groups, both the normally acidic and normal pathology groups 
had an apparently increased synthesis of NPRO after the loading doses, but in neither 
case was this increase statistically significant. When a correction was carried out for 
background NPRO, by looking at the difference between test and background, the 
effect was no longer of even borderline significance. The results show clearly that 
neither hypochlorhydric individuals nor those with atrophic gastritis produce more 
NPRO than subjects with normal gastric conditions. It is also noteworthy that not one 
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Table 2. Mean gastric juice nitrate and nitrite concentrations and 
urinary NPRO excretion by diagnostic category and by pH group 
(geometric means with 95% confidence intervals in parentheses) 

Diagnosis° Gastric juice Urinary NPRO (цg/24 h) 

No. Nitrate Nitrite No. Background Test Diûereпceь  
(F~g /т1) (ng/m1) 

Control 28 11.9 14.0 18 0.5 4.1 0.8 
(9.0-15.7) (2.5-77.0) (0.1-2.7) (2.4-7.1) (0.1-4.6) 

8G 8 8.9 13.2 6 0.1 0.6 0.3 
(6.2-12.$) (0.2-1071.5) (0A-9.6) (0.0-57.0) (0.0-23.4) 

CAG 30 5.7 65.8 18 0.3 2.5 1.1 
(4.3-5.7) (0.1-294.4) (0.1-2.2) (0.6-10.1) (0.2-6.5) 

GC 10 6.3 62.2 5 0.4 2.9 1.3 
(3.8-10.4) (2.5-1563.1) (0.0-119.9) (0.5-15.2) (0.4-3.9) 

p value` c0.001 0.17 0.69 0.49 0.78 

Gastric 
juice рH 

3.0 27 11.3 93 17 0.7 5.0 1.4 
(8.5-15.1) (1.6-54.6) (0.1-4.2) (2.8-8.8) (0.3-6.1) 

3.1-6.0 16 7.7 15.3 11 0.2 1.5 0.4 
(5.2-11.5) (1.3-176.2) (0.0-3.3) (0.2-14.7) (0.0-6.7) 

>6.0 33 6.0 119.0 19 0.2 1.9 0.8 
(4.6-7.7) (30.8-461.3) (0.0-1.3) (0.5-6.9) (0.2-4.2) 

p valued 0.001 0.04 063 0.13 0.57 

All 76 7.9 31.2 47 0.3 2.6 0.8 
(6.6-9.4) (11.6-84.1) (0.1-1.0) (1.3-5.2) (0.3-2.3) 

°5ее  footnote to Table 1 
ЬDifference between background excretion and test (following loading doses) excretion calculated for 
each individual and then as nseaii 
Comparison of contrit group with CAG (t-test) 

°SigdЬсaпсe of regression, pH on variable 

of the samples of gastric juice was identified as being mutagenic in a bacterial test 
system (Venitt et al., 1984). 

There was no significant effect of smoking on gastric pH, gastric juice nitrite 
concentration, or background NPRO excretion. However gastric juice nitrate was 
significantly increased in current nonsmokers (mean, 9.0 цg/m1 versus 6.1 in smokers; 
p = 0.040), while current smokers showed a moderate significant increase iп  
NPRO excretion under the test conditions (mean, 5.7 tg/24 h versus 1.6 in non-
smokers; p = 0.03). Adjusting the test NPRO for background excretion reduced the 
size of the effect and made it of borderline significance (mean, 1.9 цg/24 h versus 0.5; 
p = 0.18). These results therefore support the suggestion (Ladd et aL, 1984) that the 
higher intakes of thiocyanate received by smokers in comparison with nonsmokers 
catalyse NPRO formation. 

In general, this study is in agreement with others which show that a decrease in 
stomach acidity is associated with a nse in gastric juice nitrite concentration (e.g., 
Ruddell et al., 1976; Gledhill et al., 1985). This effect is due almost certainly to 
colonization of the stomach by bacteria, some species of which are nitrate reducers 
(Reed et al., 1981; Kyrtopoulos et al., 1985; Crespi et al., 1987). However, whereas 
some studies have reported an increase in the concentration of N-nitroso compounds in 
gastric juice under conditions of hypochlorliydria (Correa et al., 1975; NcMag et al., 
1980; Reed et al., 1981; Sdrlag et al., 1982; Pignatelli et al., 1987), the results of this 
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study are consistent with those of the two others in which NPRO excretion in urine was 
examined (Hall et al., 1986; Crespi et al., 1987): it does not increase in patients with 
precursor lesions for gastric cancer. 

Normally, formation of N-nitroso compounds (including NPRO) proceeds ор-
timally at an acid pH, as occurs in the normal stomach. The formation of these 
compounds in hypochlorhydric gastric juice is thought to be a result of an alternative 
pathway of bacterial catalysis (Sander, 1968; Ruddell et al., 1976; Bartsch et al., 1985). 
The kinetics and mechanism of the bacterially mediated reaction differ significantly 
from those of the acid-catalysed reaction (Leach et al., 1987). At present, it is not 
possible to be certain that proline is a suitably representative nitrosataЫe substrate for 
the bacterial reaction. If NPRO synthesis is indicative of nitrosation potential only in 
relation to acid-catalysed N-nitrosation, then its use as a test system would be most 
appropriate in assessing the level of nitrosation in healthy populations with normal 
stomachs (Lu et al., 1986; Kamiyama et al., 1987). 

Another problem with this particular configuration of the NPRO test is that the 
intragastric nitrite concentration in these subjects is deliberately and considerably 
elevated as a consequence of the large oral dose of nitrate (equivalent to three times 
the average per-caput daily intake). This artefactual increase in intragastric nitrite is 
likely to be sufficiently large to mask the approximately ten-fold difference ordinarily 
observed between normal and achlorhydric individuals. It is conceivable that the test 
would be made more meaningful by exclusion of the nitrate loading dosё, so that 
nitrosation potential was dependent inter alia upon normal endogenous levels of nitrite. 
This latter form of the test is that now utilized in studies of healthy populations. 

Further work is needed to clarify both the role of bacterial catalysis and the 
importance of the nitrate dose in NPRO formation, in order to explain the 
inconsistency of the results in gastritis patients between studies in which N-nitroso 
compounds have been measured in gastric juice and those investigating urinary NPRO 
excretion. 
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lmmunocytochemical visualization of O6-mеthуlguaпosine (meGua) and 7-mеGua 
shows that DNA methylation by N-nitrosomethy1benzylamine(NMBzA) occurs not 
only in the target organs for tumour induction by this nitrosamine, the oesophagus 
and (occasionally) the tongue, but also ш  other tissues (liver, lung, trachea, tracheal 
glands and nasal cavity) for which no tumour induction by NIBzA has been 
reported. Thus, the organotropic caidnogenic action of NMBzA cannot be ex-
clusively ascribed to di1егеnces in levels of DNA methylation. Additional deter-
minants of the cancer risk in extra-oesophageal tissues could be the small size of the 
NIBzA-activating target cell population and a low proliferative activity. 

It has been suggested that N-nitrosamines may contribute to the high incidence of 
oesophageal cancer in northern China (Unrbenhauer et a1., 1985). Experimental 
studies have indicated that many N-nitrosamines are tissue-specific carcinogens. An 
example is the methylating agent NMBzA, which induces sgvvamous-cell carcinomas in 
the upper gastrointestinal tract of rats, from the pharyngeal region including the basal 
tongue down to the basal oesophagus and occasionally the forestomach (Stinsogy et al., 
1978). Methylation of DNA by NMBzA has been reported in oesophagus, to a lesser 
extent in lung, liver and forestomach, and at very low levels in kidney (Hodgson et al., 
1980; Kleihugys et al., 1981; Kouros et al., 1983). We have used an imnunoperoxidase 
staining technique (Heyting et al., 1983; Scherer et al., this volume) to establish the 
cellular heterogeneity of NMBzA-induced methylation in a variety of rat tissues. The 
results are discussed in the light of the hypothesis that organotropism of NMBzA in 
rats may be related to differences in DNA methylation (compare Hodgson et al., 1980; 
Kleihues et al., 1981; Kouros et al., 1983). 

In the first experiment, male Sрrague-Dawlеy rats (180-200 g) received a single 
intraperitoneal injection of NMBzA in 0.141 NaC1 (0.5, 1.0 or 2.5 mg/kg body 
weight) and were killed by exsanguination б  or 72 h later. Oesophagus and liver were 
dissected, mounted onto blocks for cryostat sectioning and stored at —80°C. In all 
experiments, tissues from vehicle-treated rats were placed onto the same block as 
tissues from two NMBzA-treated rats, so that immunostaining of treated and control 
tissues was on the same slide. In the second experiment, only one dose-time 
combination (2.5 mg/kg NMBzA; killed after 6h) was used, but a larger variety of 
tissues was collected. 

1 Present address: Iдterдational Agency for Research on Cancer, Lyon, France 
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Fig. 1. Immunocytochemical DAB staining of Oб-meGua (A,B,C,D) and 7-meGua 
(E, F) ш  oesophageal epithelium 6h after treatment with various doses of NMBzA; 
A, 0; B, 0.5; C, 1.0; D, 2.5; E, 0; and F, 2.5 mg/kg 

First antibodies were diluted 1:6000. L, lumen 

Cryostat sections from all tissues were stained immunocytochemically (Scherer et 
al., this volume) for Oб-meGua and 7-mеGua in DNA, using rabbit antisera raised 
against an Oб-шethylguanosinе-bovine serum albumin conjugate and an imidazole 
ring-opened 7-methyiguaпosine-haemocyапiп  conjugate, respectively. The properties 
of the anti-O6-шеGua antibody have been reported previously (Wild et aL, 1483). The 
anti-7-meGua antibody has its highest affinity for imidazole-ring opened 7-meGua but 
recognizes to a lesser extent the ring-closed form of this adduct (Degan et al., 
unpublished data). 

Six hours after administration of each of the NMBzA doses, 06 and 7-meGua-
specific staining was observed in the oesophagus (Fig. 1). Staining intensity was dose 
dependent and restricted to the nuclei of mucosal epithelial cells (Fig. 1). After 72 h, 
both adducts were still visible, but the average staining intensity had declined, and the 
stained cells were found closer to the lumen of the oesophagus (Fig. 2). 7-mеОпа  
staining intensity was still dose dependent after 72 h, while in contrast OЬ-meGua could 
be detected only after the highest dose of NMBzA, indicating active repair of the latter 
adduct by the oesophageal epithelium. In the liver, no O6-шeGua could be detected at 
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Fig. 2. Immunocytociiemkal staining of O6-шеGua (A) and 7-шеGua (B) in 
oesophageal epithelium 72 h after treatment with 2.5 mg/kg (A) or OS mg/kg (B) 
NIBzA 

A ~` L B 

•. 	. Т. 

L 

‚5!_ 

First antibodies were diluted 1:6000. L, lumen 

either 6 оr 72 h, whereas slight 7-шеGuа-specific staining was seen б  h after the highest 
dose of NMBzA. 

Epithelial cells of the bronchioli, trachea, tracheal glands, nasal cavity and tongue 
all contained detectable levels of both O6-шеGuа  and 7-mеGua at 6 h (Fig. 3). In 
contrast, adduct-specific staining was lacking in skin, prostate, testis, small intestine, 
pancreas, kidney, spleen and forestomach. If we compare our results with published 
data on methylation (Kleihues et al., 1981; Kouros et al., 1983), we can estimate the 
sensitivity of the immunocytochemical staining method as 1-2 цmol Oб-meGua and 
about 25 uтоl 7-meGuа  per mol DNA-phosphate. 

Strikingly, O6-МеОuâ and 7-МеGuа  were demonstrated not only in target tissues 
(oesophagus and tongue), but also in tissues (bronchioli, trachea, tracheal glands and 
nasal cavity) for which tumour induction has not been reported. Apparently, the 
carcinogenic organotropism of NMBzA canot be explained by differences in its 
methylation pattern. Explanations for the low cancer risk in extra-oesophageal tissues 
might be either the small size of cell populations capable of NMBzA activation, or a 
Iow proliferative activity. Efficient repair of relevant DNA adducts is a rather unlikely 
explanation, since the promutagenic base Oб-meGua accumulates particularly in 
non-target tissues after repeated applications of NiBzA (Van Benthem et al., 
manuscript in preparation). A rather trivial explanation may be that microscopic 
tumours or precancerous lesions in non-target tissues have not been reported in 
previous studies owing to a slower progression of these lesions as compared to those in 
the oesophagus. Another factor of possible importance may be the intrinsic sensitivity 
of a cell type to neoplastic transformation, which is probably related to the possibility 
of activating specific proto-oncogenes, and to the number of steps (Scherer, 1987) 
required before a mop1astic endpoint is reached in a tissue. 

DNA adducts due to NMBzA treatment were demonstrated exclusively in epithelial 
cells. Apparently, these cells contain the enzymes necessary for the activation of 
NIBzA. It is striking that predominantly the nuclei of those epithelial cells which are 
derived from the foregut of the endoderm showed DNA adducts. Staining in epithelial 
cells derived from other parts of the endoderm was either absent (intestine, kidney and 
pancreas) or weak (liver). It should be noted, however, that other groups have found 
alkylation at Iaw levels in forestomach, kidney and spleen (Hodgson et al., 1980; 
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Fig. 3. Immunocytochemical staring of Об-шeGuа  (6h after 2.5 mg/kg NMВzА) iп  
epithelial cells of trachea and tracheal glands (A), oesophagus (B), bn: nchioli (C), 
nasal turbinate (D), maxillary turbinate (E) and serous glands (D, E) iп  the nasal 
cavity 

Kouros et al., 1983). Such levels may have been below the present limit of detection in 
our assay. 

In the bronchioli, several epithelial cell types can be distinguished (Jeffery & Reid, 
1975). Our experiments show that the DNA in at least some bronchiolar cells becomes 
strongly methylated, indicating their ability to activate NIViBzA. 1n this respect, it is of 
interest that Boyd (1977) and Belinsky et at. (1987) have reported that Clara ce's, a 
bronchiolar epithelial cell type, can enzymatically activate the tobacco-derived nitroso 
compound 4-(N-nitrоsоmethylamino)-1-(3-pyridyl)-1-butanone (NNK). 

The advantages of visualizing adducts in single cells are illustrated by the present 
experiments. For example, methylation levels of isolated, bulk DNA reported in the 
literature are always several times higher for oesophagus than for lung (Hodgson et aL, 
1980; Kouros et al., 1983). The present experiments show that the low level of lung 
DNA methylation is not due to a general paucity of metabolic activation of NIBzA in 
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all lung cells, but results from a striking concentration of the relevant enzymes in only 
one (or a few) cell type(s). 

Studies of human tissues, including oesophagus, to detect alkylation adducts have 
involved analysis of isolated DNA (Umbenhtluer et al., 1985). Although this appears to 
be a promising approach to detecting human exposure to environmental alkylating 
agents, it should be noted that levels of adducts too low to be detected in bulk DNA 
may be concentrated in individual cell types, and thus may be detectable by 
immunocytocheniistry. In addition, information regarding the cellular heterogeneity of 
alkylation will be lost in analysis of isolated DNA. Such information from im-
rnunocytochemical assays could give insight into the target cell population for initiation 
of carcinogenesis by alkylating agents in man. 
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RECOVERABLE, SEMIPERMEABLE, MICROENCAPSULATED 
DNA SURROGATES FOR MONITORING 
THE COLORECTAL CAVITY; IN-SITU 

EFFECTS OF FIBRE АND MEAT IN HUMAN 
DIETS ON BENZO[a]PYRENE AND POSSIBLE 

ENDOGENOUS CROSS-LINKING AGENTS 

I.K. О'Nеi11,1 A.C. Povеy,1 S. Bingham,Z I. Brouet,1 J.-C. Béréziat1 & A. Еl1u11 

International Agency for Research on Cancer, Lyon, France; and 2Dunn Cliпicai 
Nutrition Centre, Cambridge, UK 

5emipеrmeaЫe magnetic microcapsules containing pоlyеthуIеiеimin (PEI) as a 
DNA surrogate are shown to trap 14С-bепzо[а]pyreпe and hitherto unknown, 
endogenous, putative cross-linking agent(a) within the gut of male Fischer rats. 
Trapping is substantially modulated by compiete, cooked human diets fed isосalоri-
сa11у  and varied three-fold in either beef, fat or bran fibre nonstareh polysaccharide 
within the normal human intake levels. Preliminary results indicate that the cross-
linking agent(s) are derived from microflora. Using metabolized benzo[a]pyrene as 
a model DNA damaging agent within the gut, beef and decreased bran fibre were 
found to increase its availability, paralleling risk alterations found in nutritional 
epidemiology. These novel microcapsules are capable of intercepting a range of 
substances relevant to DNA damage. 

Both epidemiological and laboratory studies suggest that dietary intake and 
intraluminal DNA damaging agents are major risk factors for gastrointestinal (GI) 
cancers. We are developing magnetic, recoverable, semipermeable, electrophile-
trapping microcapsules (Poney et al., 1986) for GI transit in humans. These 
microcapsules contain dilute aqueous PEI as a DNA surrogate which cannot escape, 
although carcinogens can enter; they are 10-50 µ in diameter and are administered 
(Poney et al., 1987а) in several millions to present a high surface area dispersed 
through a large volume of the gut. The microcapsules contain PEI both in free solution 
in the core and covalently bound within the membrane. Reactive substances of <1000 
molecular weight enter the microcapsules (Poney et al., 1987b) and react with both 
states of PEI throughout the gut (Poney et al., 1987с,д; O'Neill et al., 1987). As part of 
this study, we are evaluating their use with human diets in rodents and investigating the 
effects of both unknown and administered DNA-damaging agents. We present here 
results obtained using these novel microcapsules to explore effects of human diets and 
of apparently endogenous cross-linking substances as DNA damaging agents. 

Preparation of human diets and magnetic microcapsules 
Siк  nutritionally adequate, low- and high-fat diets (fat providing 15% or 45% of 

total energy) designed for isocaloric feeding (LK. O'Neill, A.C. Poney, S.A. Bingham, 
L Brouet, J.-C. Béréziat, submitted for publication) were prepared from large batches 

—107— 
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Table 1. Weight percentage of macro-components in dietsa 

Component Low-fat, High-fat, Low-fat, High-fat, Low-fat, Low-fat, Rat chow 
low-NSPь  low-NSP, low-NSP, low-NSP, high-NSP, high-NSP, 
high-beef high-beef low-beef low-beef high-beef low-beef 

Protein` 15.5 (8.4) 19.0 (10.3) 16.6 (2.7) 19.9 (9.4) 15.6 (8.0) 15.9 (2.6) 24 (11) 

Fat' 7.1 25.7 7.1 25.5 5.7 6.7 5 

sugars 41 12.7 40 11.6 39 40 60.5 
Starch 30 40 30 40 27 27 

NSP 2.6 3.2 2.5 2.8 6.4 6.6 4.5' 

"For low-fat human diets, protein, fat, sugars and starch supplied 16, 15, 40 and 29%, respectively, of total energy; 
for high-fat diets, the values were 15, 45, 10 and 30%. Fed isocalorically, diets provide the same weights of nutrients 
and the same intakes of fat, nonstarch polysaccharide and beef 
NSP, Nonstarch polysaccharide 

`Animal protein given in parentheses; for rat chow, protein was from fish meal 
dAverage polyuп5аturated г sаturated ratio, 0.46; range, 0.36-0.59 
'Crude fibre (Weende method) 

of cooked foods widely consumed in the UK (Table 1). Beef, fat and bran-fibre 
nonstarch polysaccharide were independently varied three-fold; starch, total protein 
and calcium were kept constant throughout by the use of powdered potato, gluten and 
calcium carbonate. 

Microcapsules (Poveу  et al., 1986) with cross-linked polyhexamethylenetereph-
thalamide membranes and containing PEI and magnetite were prepared by interfacial 
polymerization; they had a geometric mean diameter of 23 jim (range, 14-32 цm) with 
a PEI core: membrane ratio of 1. A batch of microcapsules was treated with [14С] 
methyl iodide in ethanol to produce microcapsules (0.1 uCi/million) with 14С-labelled 
PEI in core and membrane; 29% of total radioactivity was found to be attached to the 
membrane following treatment with simulated gastric juice and then ultrasonicatiorc to 
release core. 

Protocol for in-vivo benzo[a]pyrene trapping 

Male Fischer rats (six weeks old) were fed isocalorically on the prepared low-fat 
diets; others were fed on standard rat chow as comparison. Administration of 
intragastric doses of microcapsules aid of 14С-benzo[а]ругепе  was started on either day 
15 (period I; group I) or day 22 (period II; group I), and microcapsules were given by 
gavage (3.9 million/dose) at 0, 24 and 48 h and 14С-benzo[а]pуrene (7 jiCi/rat) at 2 h. 
Microcapsu1es were extracted magnetically from faeces collected at 24, 48 and 72 h and 
pooled; residual faecal solid and aqueous extract, and collected urine, were measured 
for radioactivity. Microcapsules were extracted successively (Poney et al., 1987d) and 
extracts analysed by high-performance liquid chromatography for benzo[ajpyrene 
metabolites. 

Protocol for endogenous cross-linking agents 
Male Fischer rats (six weeks old), three per subgroup, were fed isocaloricaMy on 

either a low-fat diet or two high-fat diets for four weeks, with benzo[a]pyrene 
treatment and PEI microcapsules given in the fourth week. After two weeks, another 
group on the low-fat diet received an antibiotic cocktail in drinking-water; lack of 
faecal enzyme activity ((3-glucuгоnidase and /3-galactosidase) confirmed them to be 
germ-free. The radiolabelled microcapsulcs (0.33 ц.Ci/rat) were given by gavage during 
the fifth week after benzo[a]pyrene excretion had finished, then faeces were collected 
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Table 2. Diet-dependent excretion of 14С-bеnzо[а]pyгene1 

Diet % Administered benzo[а}pyrene excreted Faecal metabolite distribution 
(water: solids) 

Faeces Urine Overall 	103 x normаlizedь  

I II I 	II II 	I 	II 

Human diet, low-fat 
Low-N5P`, high-beef 78.8 t 2.7 71.3 t 5.0 4.0 f 0.3 	5.5 ± 1.0 5.2 t 1.0 	14.0 t 1.5 12.3 f 2.0 

Low-NSP, low-beef 77.2±6.8 71.9±5.5 3.1±0.2 5.6±0.8 5.2±0.2 	12.8±2.2 7.2±0.5 

High-NsP, high-beef 74.4 t 0.8 79.5 t 3.7 3.9 ± 0.7 5.1 t 0.6 5.0 t 1.2 	13.7 t 2.7 17.3 f 4.0 

High-N3P, low-beef 82.2±1.1 80.3+2.8 Э.7 f 1.1 	5.2±0.3 3.2±0.4 	12.8±1.7 12.8±2.7 

Rat chow 78.5±10.7 87.6 f 10.84 3.4±0.1 	4.4 ±0.4 0.8±0.3 	11.0±3.7 11.5±3.3 

Trend association N5 NSP N3 	N5P NSP 	NS Beef/NSP 

(sigлiбcance) (p е  0.001) (p е  0.05) (p C 0.001) (p '0.0l) 

°фее  Table 1 for diets. Results expressed as mean f SD (u = 3); data for excretion in periods i (third week) and Il 
(fourth week) by groups I and I1, respectively; Ns, лu statistically significant trend. Animals show incomplete adaptation 
to diets in period I. 
ЬNormalizеd for weight of faeces (g) and volume of water (ml) used for mierocapsule extraction 
`NSP, nonstarch polysaccharide 
dА  third rat excreted l9% of the benzo[elpyrene dose. 

for three days and microcapsules extracted magnetically; microcapsule aliquots were 
measured for radioactivity or sorticated prior to counting of membrane radioactivity. 

Weight gain was similar for animals fed on the six human diets or on rat chow over 
the five-week experimental period; no obvious ill effect of the diets was apparent. 

Benzo[a]pyrene metabolism 
Animals excreted 70-99% of administered 14Gbenzo[а]pyrene within 70 h via the 

faeces and urine (Table 2). In period II, animals fed on high-fibre diets excreted more 
radioactivity via the faeces and less in the urine than those fed low-fibre diets; these 
and the following trends were statistically significantly related to nonstarch polysac-
charide content. 

The level of 14С-benzo[а]рyrеnе  metabolites bound to microcapsules was 1-5% 
that excreted in the faeces; thus, the microcapsules sampled but did not interfere with 
the distribution of the metabolites (Table 3). High-noristarch polysaccharide and no or 
low-beef diets increased the overall binding of luminal 14С-beпzо[а]pyrene metabolites 
to faecal solids, as indicated by the ratio of soluble to bound radioactivity, and 
decreased the specific metabolite binding per million recovered microcapsules (Table 
3). Microcapsules bound 15-78 times more benzo[a]pyrene metabolites than did faecal 
solids on a weight basis; this was dependent on beef content and independent of the 
nonstarch polysaccharide content of the diet (Table 3). 

Extraction of microcapsules with ammoniacal methanol and high-performance 
liquid chromatography analysis revealed an influence of diet on the metabolites bound 
to microcapsules -in particular, that dietary beef may increase the formation of 
benzo[a]pyrene dioпes and in particular the 1 6-dioпe (Table 3). Taking microcapsule 
activity as an indicator of available metabolites within the intestine (trend related to 
beef: nonstarch polysaccharide ratio in the same way as the faecal water : solid ratio) , 
and dividing by faecal bulk suggests a 40-fold variation in availability to gut mucosa 
(Table 3). 
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Table 4. Effects of diets and germ-free conditions on cross-
linking of methyl-14C-labelled microcapsules passed through 
Fischer rats and uMrasoncated iп  1 M hydrochloric acid° 

Human diet 	 M/ embrane/totalь  Daily faecal weight 
l%) 	 (g) 

High-NSP, low-beef, low-fat 80.6 t 12.0 3.5 f 0.5 
High-NSP, low-beef, low-fat 55.9 f 15.0 4.5 f 2.1 

(germ-free) 
Low-NSP, high-beef, high-fat 73.7 f 8.2 2.8 t 0.5 
Low-NSP, low-beef, high-fat 64.7 ± 8.7 2.2 t 0.2 
Before gut transit 29 — 

°Average of three rats in each group 
h Radioactivity of membrane and its covalently-attached PEI in relation to total recovered 
microcapsules 

Endogenous cross-linking agents 

Transit through the gut greatly diminished release of core PEI (Table 4). Germ-free 
animals showed substantially less cross-linking than normal animals consuming the 
same diet, suggesting the involvement of microflora. The extent of cross-linking is 
related to faecal bulk, and possibly to beef content (Table 4), suggesting that the 
high-nonstarch polysaccharide, low-fat, low-beef diet may protect against colorectal 
carcinogenesis by diminishing the amount of reactive cross-linking molecules reaching 
the gut mucosa. 

Discussion 
We demonstrated previously that microcapsules can collect administered car-

cinogens and their metabolites or precursors during transit through the gut. The 
present results reveal effects within the intestinal cavity that (i) can be attributed to 
food components known to modulate colorectal cancer risk and (ii) are consistent with 
faecapcntaene cross-linking characteristics (Plumrner et a1., 1986) and that microflora 
are the source of these agents. A recent case-control study of colorectal cancer in 
Melbourne, Australia (Kune et al., 1987) showed a 3.2-fold risk difference between 
humans consuming high-beef/low-fibre and low-beef/high-fibre diets. The microcap-
sule trapping range, normalized for faecal bulk (Table 3), suggests that UK diets can 
alter exposure of mucosa to reactive benzo[a]pyrene metabolites to a similar extent 
and that there might be a very much smaller exposure with high-residue diets. 
Benzo[a]pyrene was used as a model xenobiotic because of the high proportion of 
faecal excretion of this compound and its DNA damaging action on both rat and 
human colonic tissues (Autrup et al., 1980). Although we still do not know which DNA 
damaging agents are responsible for human colorectal carcinogenesis, the present 
results show there is no justification for continuing to use unrepresentative, non-human 
diets in investigating xenobiotic metabolism in experimental animals. 

Microcapsules appear to offer the first opportunity for sampling in situ 
noninvasively, aid we found previously that they are neither damaged nor blocked 
(Poney et al., 1987с) during gut transit. The present results on cross-linking accord with 
our earlier data (Poney et al., 1987a), although diet-dependent precipitation of the 
PEI, resistant to acid treatment, cannot be completely excluded but seems unlikely. 
Two experiments (unpublished) reveal no adverse effect of microcapsules in animals 
that could preclude their use in humans. The microcapsules are presently being 
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developed to permit interception and characterization of unknown DNA damaging 
agents within the gut. 

These results show that diet has a considerable effect on DNA damaging agents 
arising from biological availability; this factor may represent as large a variation as 
exogenous exposures. 
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A MODEL SYSTEM FOR STUDYING COVALENT 
BINDING OF FOOD CARCINOGENS McIQк, 

McIQ AND IQ TO DNA AND PROTEIN 

H. Wallin & J. Alexander 

Department of Toxicology, National Institute of Public Health, Oslo, Norway 

We have studied the covalent binding of carcinogenic aminoinvidazoazaarene com-
pounds to macromolecules in a microsomal model system. The 14С-1aЬe11ed сот-
pouпds were incubated with rat-liver microвomes, and binding to macromolecules 
was measured after their precipitation on glass filters, which were washed several 
times in organic solvents. The amount of radioactivity was determined by liquid 
scintillation counting. Covalent binding was dependent on the addition of NADPH, 
with an optimal concentration of about 1 mM. The binding appeared to follow 
saturation kinetics when carcinogen concentrations were lower than 200 µМ, with 
K,. values of less than 20 11М. At 50 µМФ  2-amino-3,4-dimеthyliюidazо[4,5 л-
дuiпоlinе  (MeIQ) and 2-amino-3-тethylimidazо[4,5 f]quiпоlinе  (IQ) bound more 
eiiectively than 2-amino-3,8-dimethylimidazo[4,5 f]quinоxaline (MeIQx). When 
DNA was included in the incubations, binding to this macromolecule was ten-fold 
less per milligram than binding to proteins. In comparison with microsomes from 
untreated animals, those from rats treated with O-naphthoflavone caused up to 
nine-fold more binding of McIQx, six-fold more of IQ and three times as much of 
McIQ. Induction by Aroclor 1254 caused up to 17-fold more binding, whereas 
induction by phenobarbital caused up to three-fold more binding. The elTects of the 
inducers were greatest for McIQx and IQ, while smaller elTects were seen for 
McIQ. The results are most consistent with cytochrome P450-dependent metabolic 
activation of the carcinogens to hydroxylaniine metabolites, for which an 
isoenzyme(s) inducible by polyaromtic and polychlorinated hydrocarbons is most 
effective. To our knowledge, this is the first report that McIQx is metabolized to 
reactive species capable of covalent binding to macromolecules. 

Over a dozen heterocyclic amines isolated from cooked food may cause cancer in 
humans (Felton et al., 1986; Sugimura et al., 1986). We are developing methods for 
measuring macromolecular adducts to these carcinogens in human tissues, but, since 
little is known about their chemical structures, we developed an in-vitro model system 
in which to study the covalent binding of IQ, МеЮ  and McIQx to proteins and DNA. 

In the model system, 1 mg rat liver microsomal protein/m1 was incubated with 
50 цМ  14С-1аьеllед  substrates synthesized according to Adolfson and lisson (1983): 
IQ, 6.971 Ci/то1; McIQx, 2.51 Ci/mol; McIQ, 1.19 Ci/mol), 1 mM NADPH, 
5 mM MgС12i 50 mM Tris-HCl, pH 7.4 at 37°C. After 10 mm, 50-ц1 samples were 
transferred to 2.5-cm Whatman GF/C glass filters, which were then immersed in 95% 
ethanol. The filters were washed several times with organic solvents and counted for 
radioactivity, as described previously (Wallin et al., 1981). 

Covalent binding increased when microsomes from rats treated with well known 

113- 



114 	 WALLIN & ALEXANDER 

Table 1. Covalent binding of McIQx, IQ and McIQ to 
liver microsomal proteins: eûect of enzyme induction and 
substrate concentration 

Source of Substrate Covalent binding 
microsomes concentration (imioi/mg) 

(цM) 
McIQx IQ Mcii 

Control 50 0.14±0.33 032±0.08 0А2 f 0.05 
~3-Naphthoftavoпe 4 059±0.02 0.82±0.04 0.79±0.04 
Д-Naphthoflavoпe 10 0.91 f 006 1.10 t 0.10 1.06 f 0.10 
J3-Naphthоflowne 30 1.18 f 0.18 1.55 f 0.06 1.22 t 0.04 
jf-Naphthollavone 50 1.28 f 0.04 1.78 f 0.10 1.41 t 0.11 
jl-Naphthollavone 100 L40 f 0.37 1.86 f 0.05 1.80 f 0.12 
Phenobarbital 50 027±0.02 0.84+0.10 0.38+0.25 
Aroсlor 1254 50 2.38±0.39 4.66±0.18 1.68±0.03 

Maie Wistar rats weighing 150 g were treated by single isitraperitorseal injection of 
75 mg Aroclor 1254, four daily iritraperitoneal injections of 7.5 reg iЭ-naрhЁhюftavoпе  
or 0.1% phenobarbital in drinking-water. Animals were starved 24h before being 
killed on day 5. The procedure for preparation of microsomes is described elsewhere 
(Morgenstern et al., 1987). Background binding without NADPH was subtracted 
from the values [mean (п  = 3) t SD]. 

inducers (Conney, 1986) were used (Table 1). The induction pattern was similar for all 
three substances: Aroclor 1254 was more effective as an inducer than ( -
naphthoflavone, while phenobarbital treatment caused little or no increase in covalent 
binding compared to microsomes from untreated rats. The effect of the inducers was 
greater for МеЮх  and IQ than for МeIQ (up to 17-, 15- and four-fold, respectively). 
The radioactivity incorporated initially was too low to obtain accurate determinations 
of initial velocities. However, a double reciprocal plot of 10-min incubations indicated 
that the К,п  values for all three substances were less than 20 цМ. At substrate 
concentrations greater than 200 цМ, binding did not follow simple saturation kinetics 
(data not shown), owing perhaps to the participation of other mechanisms for 
carcinogen activation than that characterized at lower concentrations. 

The time-dependent covalent binding of McIQx to microsomal protein is shown in 
Table 2. The binding was nonlinear with time but increased over 60 min, at which time 
about 4% of the radio1abe1 had bound. The covalent binding was dependent on 
NADPH, with a near to optimal concentration at 1 mM. Binding was not proportional 
to the amount of microsomal protein included in the incubation; thus, there was less 
specific binding, expressed as binding per milligram of protein, with higher amounts of 
protein. 

The effect of inducers and the dependence on NADPH points to a cytochrome 
P450-mediated metabolic activation of the carcinogens. Particularly effective were 
enzymes induced by Aioclor 1254 and ј3-naphthoflavone. These results corroborate the 
findings of Kato (1986), who showed that a high-spin cytochrome P448 enzyme induced 
by polychlorinated biphenyls was highly effective in transforming IQ to the proximate 
mutagen N-hydroxy-IQ. 

Binding to nucleic acids 
Covalent binding to nucleic acids was studied in microsomal incubations scaled up 

to 1 ml. Nucleic acids were prepared as described elsewhere (Wallin et al., 1987), 
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Table 2. EfTects of di1ererat experimental рага-
meteгs on the covalent binding of McIQx to 
liver пйсгоsоmаl proteins from rats treated 
with -raaphtho1awne 

Parameter 	 Covalent binding 
(nmol/mg protein) 

Tinie (min) 
0 0 
5 0.б7 d 0.03 
10 1.06±0.04 

20 1.40+0.03 
30 1.52±0.12 

60 2.12+0.21 

Concentration of NADPH (mM) 
0.2 0.64+0.06 

0.6 1.38+0.01 
1.0 1.58+0.09 
1.5 1.72±0.04 

Concentration of microsomal 
protein (mg/mi) 
0.5 1.99+0.14 

1.0 1.34±0.07 

2.0 0.79 t 0.12 

Unless indicated differently, 1 mg/ml nakrosocnal protein was meuh-
ated with 50µМ  McIla and 1 тМ  NADPH in Tris Ъuffег  at 37°C 
foi 10miп. Background binding without NADPH was subtracted 
from the values [mean (n 3) f SD] 

except that RNase treatment was excluded when RNA was prepared. Aliquots of 
70 tg RNA were recovered from incubations containing microsomes from Aroclor 
1254-treated animals and McIQx. This RNA contained about 300 pro! McIQx/mg 
RNA. Assuming that the ratio between the amounts of RNA and protein is one to 
seven in microsomes, about 2% of the adducts measured by the filter method as 
protein adducts are RNA adducts. Covalent binding was also measured after including 
1 mg/m1 calf thymus DNA in the incubation medium. When DNA was included, total 
macromolecular binding was reduced by approximately one-half, perhaps because the 
carcinogens became intercalated in the DNA and there were thus lower concentrations 
of carcinogen available for metabolic activation (Watanabe et a1., 1982). When 
microsomes from јi-пaphthoflavone-treated rats were used, covalent binding of 50- .tМ  
concentrations of the carcinogens were 100 ±24 pmol McIQx/mg DNA (mean of four 
experiments f SD), 180/170 рто1 McIQ/mg DNA and 264/260 pmol IQ/mg DNA 
(results from two independent experiments). Using microsomes from Aroclor 1254-
treated rats, DNA bound 258 t 16 pmol McIQx/mg DNA (mean of three 
experiments t SD), 226/205 pmol McIQ/mg DNA and 330/329 pmol IQ/mg DNA 
(results from two independent experiments). Covalent binding to DNA using micro-
somes from untreated or phenobarbital-treated rats was less than 50 pmol/mg DNA. 
The metabolites bound firmly to DNA, as no radiolabelled compound could be 
extracted from DNA by further washes with organic solvents. Furthermore, the 
radiolabel comigrated with DNA during gel filtration chromatography and was retained 
on Amicon PM-10 filters after extensive washing with buffer. The ratios between 
covalent binding to proteins (see Table 1) and DNA were about ten for ai three 
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carcinogens in all instances, and there was no significant change in the ratios when 
different preparations of microsomes were used. 

Conclusions 
Recent research interest has been focused on a number of highly potent bacterial 

mutagens that are formed upon heating protein-rich food. Aminoimidazoazaarene 
compounds are found in particularly large amounts in food consumed by humans 
(Felton et al., 1986; Sugimura et al., 1986). Although these compounds have proved to 
be less genotoxic to mammalian cells than to Salmonella typhimurrum strains, the 
compounds tested so far are capable of causing cancer in several tissues of rodents 
(Sugimura et al., 1986; Wild et al., 1986; Holme et al., 1987а). We have initiated 
studies оп  the metabolism, genotoxic effects and occurrence of these compounds, for 
investigations including biological effects, human exposure and measurement of 
damage in human macromolecules (Bruriborg et al., 1988; loIre et al., 1987a,b,c, 
1988; StФrmer et al., 1987; Becher et al., 1988). 

Using the model system presented here, it was possible to study the metabolic 
activation of aminoinidazoazaarene compounds to reactive species which bind to 
proteins and nucleic acids, and it should be possible to generate adducts in amounts 
suitable for structural determinations. It should also be useful for producing standard 
macromolecules containing well-defined amounts of radiolabelled adducts, which can 
be used for the development of methods for measuring nonradioactive adducts. Then, 
it will be possible to include other macromolecules, such as haemoglobin and serum 
albumin, in the incubation. However, it should be noted that deviation from the 
conditions described here, such as using carcinogen concentrations greater than 
200 fmo1, may lead to other mechanisms of activation of the carcinogens and therefore 
other chemical identities of the adducts. 

The reactive species formed during metabolic activation of IQ is probably derived 
from a hydroxy1amine metabolite (Okamoto et al., 1981). 5ince the kinetic features of 
the metabolic activation, and the reactivity of the binding species towards DNA and 
protein, were remarkably similar for all three carcinogens, McIQ and McIQx are 
probably activated by the same mechanism as IQ. 

In the model system, covalent binding to DNA was greater than that to proteins, 
indicating that DNA from blood cells may be a suitable target molecule for analysing 
adducts in human materials. 
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APPROACHES TO THE DEVELOPMENT OF ASSAYS 
FOR INTERACTION OF TOBACCO-SPECIFIC 

NITR05AMINES WITH HAEMOGLOBIN 
AND DNA 

S.S. Hecht, S.G. CarmelIa, N. Trushin, T.E. Spratt, P.G. Folles & D. Ноfîтапп  

American Health Foundation, Valhalla, NY, U5A 

The tobacco-specific, nicotine-derived nitrosamines 4-(N-дiuоsоmеthylamiпo)-1..(3-
рyriдуl)-1-butanone (NNK) and N'-nitrosonorrücotine (NNN) are among the most 
importait carcinogens in tobacco and tobacco smoke. Treatment of Fischer 344 rats 
with these carcinogens resulted in alkylation of haemoglobin and DNA by the 
4-(3-pyridy1)-4-оxоbиtyl group formed during their metabolism. This alkyi group can 
be detached from globin or DNA under mild hydrolytic conditions as 4-hydroхy-1-
(3-pyridyl)-1-butanоne, which appears to be a potentially useful dosimeter for 
human exposure to, and activation of, tobacco-speciflc nitrosamines. 

Among the many carcinogens present in tobacco smoke, we have focused our 
recent efforts on the tobacco-specific nitrosamines NNK and NNN (Fig. 1). There are 
several reasons why we believe that NNK and NNN are particularly relevant to cancer 
induction by tobacco products. First, they are found in mainstream and sidestream 
tobacco smoke and in unbunit tobacco in quantities sufficiently high that the 
estimated exposure of a long-term smoker or snuff-dipper would be similar to the total 
doses of these compounds required to produce tumours in experimental animals 
(Ioffmann & Hecht, 1985). Sеcoпд, they are strong carcinogens in mice, rats and 
hamsters; the high tumorigenicity of NNK in the lung, and the ability of NNK and 
NNN to induce local tumours in the oral cavity of rats are of particular relevance to 
tobacco-induced cancer in man (Hoffmann & Hecht, 1985; Hecht et al., 1986а,Ь). 
Third, they are formed from nicotine and thus represent a specific link to tobacco and 
other nicotine-containing products, in contrast to other tobacco-smoke carcinogens, 
such as berizo[a]pyrene, which are ubiquitous in the environment. This point is 
particularly important ш  considering the development of dosimeters for exposure to 
carcinogens specifically from tobacco smoke. 

In extensive analytical studies, the levels of NNK and NNN in tobacco products 
have been documented thoroughly. Using these data, one can estimate individual 
exposure; however, there are many uncertainties in such estimates which could be 
misleading. Investigations of nicotine uptake and metabolism in smokers have clearly 
shown that inhalation patterns can affect dose (IARC, 1986). Exposure of smokers and 
nonsmokers to environmental tobacco smoke is also difficult to quantify. In addition, 
the dose of nitrosamines would be affected by their endogenous formation in smokers, 
which has been clearly demonstrated using N-nitrosoproline as a marker (Hoffmann & 
Brunnemann, 1983; Bartsch & Montesano, 1984; Ladd et al., 1984). Finally, metabolic 
studies have shown that human tissues vary widely in their capacity to metabolize NNK 
and NNN (Castonguay et al., 1983). This is important because their metabolic 
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Fig. 1. Intermediates and products involved in the binding of NNK and NNN to 
DNA and globin 
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pathways are linked to their abilities to initiate carcinogenesis. Thus, our interest is to 
develop a practical dosimeter for the determination of the internal dose of biologically 
active alkylatrrg agents formed from NNK and NNN. For this purpose, we have 
focused on the interactioпs of NNK and NNN with haemoglobin and DNA. 

Interactions with haemoglobin 
Figure 2 illustrates the total binding of tritium to зglоbin 24 h after intraperitoneal 

injection of Fischer 344 rats with various doses of [5- Н]NNK, which has the label in 
the pyridine ring (Carmella & Hecht, 1987). Binding was linear over a 100-fold range. 
Binding of tritium to globin was also observed after treatment with [С3Н3]NNK, but 
the dose-response characteristics have not yet been examined in detail. 

Figure 3 summarizes the binding of [5 3Н]NNK to globin during chronic dosing arid 
the disappearance of tritium after cessation of treatment. The characteristics of this 
curve are in line with those predicted for binding to rat haemoglobin, on the basis of 
the lifetime of the erythrocyte and of the half-life of NNK-globin adducts, as discussed 
below (Ehrenberg & Osterman-Golkar, 1976) . 

When the globin from rats treated with [5-ЭH]NNK was incubated with dilute 
sodium hydroxide at room temperature, about 15% of the radioactivity was released 
and could be extracted into chloroform. When the resulting chloroform extracts were 
analysed by high-performance liquid chromatography (‚PLC), chromatograms such as 
those illustrated in Figure 4 were obtained. Most of the radioactivity released coeluted 
with 4-hydroxy-l-(3-pуndу1)-1-butаnone (structure 5, Fig. 1); the structure of the 
released material was confirmed by gas chromatography-mass spectrometry. Although 
this compound accounted for only 15% of the radioactivity bound to globin, we have 
focused our attention on it because it may be suitable as a dosimeter for human 
studies. 

The persistence of total tritium, and of the precursor to structure 5, was studied in 
Fischer 344 rats treated with a single intraperitoneal dose of [5 3Н]NNK, as illustrated 
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Fig. 2. Presence of tritium in globm 24h after treatment of Fischer 344 rats with 
various doses of [5 3Н]NNК  
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in Figure 5. The half-lives of total adducts and of the precursor adduct to structure 5 
were 12 days and 9.1 days, respectively, indicating that these adducts are somewhat 
unstable since they disappear more rapidly than the turnover of erythrocytes, which 
have a lifetime of 60 days in rats. 

As illustrated in Figure 1, 2'-hydroкylation of NNN, a known metabolic process, is 
expected to give the same intermediate (structure 4) as produced from methyl 

Fig. 3. Presence of tritium in globin during chronic treatment of Fischer 344 rats 
with [5 3Н]NNК  
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The arrow represents termination of [5 3H]NNK treatment. 
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Fig. 4. Chromвtоgraшs obtained upon HPLC analysis of (A) standard 4-hydroxy-l-
(3-рyridyl)-1-bиtanопе  (structure 5, Fig. 1), and chloroform extracts of base-treated 
gIobm 24h (B) and 2 weeks (C) after mtrapeiitoneal injection of Vischer 344 rats 
with [S эH]NNК  
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hydroкylation of NNK. This expectation was confirmed by analysis of globin from rats 
treated with [5-3H]NNN, in which the tritium is in the pyridine ring. The presence of 
structure 5 in the chloroform extracts of base-treated globin was сопfirmед  by HPLC 
and gas chromatography-mass spectrometry, as for NNK. The persistence of total 
tritium and precursor to structure 5 is illustrated in Figure 6 for rats treated with a 
single dose of [5-3H]NNN. 

These results are consistent with the mechanism summarized in Figure 1 and 
provide evidence for 4-(3-pyridyl)-4-oxоbutylation of haemoglobin by NNK and NNN. 
This alkylation mechanism had been predicted on the basis of our metabolic studies of 
NNK and NNN and of the chemistry of the model compound, structure 3 (Chef et al., 
1978; Hecht & Chen, 1979; Hecht et al., 1980). Although the structure of the globin 
adduct precursor to structure 5 is not known, it appears likely, because of its release by 
mild base hydrolysis, that the adduct is an aspartate or glutamate ester. Studies are in 
progress to obtain further structural information on the globin adducts of NNK and 
NNN. 

Interactions with DNA 

In earlier studies, we showed that NNK is a methylating agent and that 
7-methylguaniпe and O6-methylguanine can be readily detected in the target tissues for 
NNK tumorigenicity in Fischer 344 rats: liver, lung and nasal mucosa (Castonguay et 
aL, 1984; Hecht et aL, 1986a). Experiments by Belinsky and co-workers (1986) have 
also shown that 04-methylthymidiпe is produced in vivo from NNK and that 
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Fig. 5. Levels of total tritium in globin (0) and of structure 5 released upon base 
treatment of globm (•) at intervals after injection of Fischer 344 rats with 
[5 3H]NNк 	. 

Time (weeks) 

The 24-h point corresponds to approximately 0.1% of dose for total tritium and 0.02% for structure 5. 

06-methуlguaпine persists in the lungs of rats treated chronically with NNK. 
Methylation of DNA by NNK results at least partially from metabolic hydroxylation of 
the methylene group a to the mtroso functionality, with generation of the methylating 
agent, methyl diazohydroxide. As illustrated in Figure 1, hydroxylatiin of the methyl 
group yields structure 4, which should cause 4-(З-pyridyl)-4-oxobutylаoо❑ of DNA by 
analogy to its interaction with globin. Whereas methylation of DNA and globin could 
be caused by a number of environmental or endogenous agents, 4-(3-рyridyl)-4-
oxobutylation should result only from nicotine-related compounds. For dosimetry 
studies, the latter adducts will probably be more useful than the former in specifically 
delineating exposure to tobacco-related carcinogens. 

In order to investigate 4-(3-руriдуl)-4-Hxobutylation of DNA by NNK, Fischer 344 
rats were each given a subcutaneous injection of 2 mCi (2 i mol) [5-3H]NNК  and 
sacrificed 24h later. DNA was isolated from liver, kidney, oesophagus, lung and nasal 
mucosa, hydrolysed by treatment with 0.8 N ICI at 80°C for 6h and analysed by 
HPLC; typical results for liver DNA are illustrated in Figure 7. The peak at 50 min 
coeluted with structure 5 of Figure 1. Further evidence for its identity was obtained by 
rechromatography of the collected peak by normal-phase HPLC; the retention time 
was identical to that of a standard. When the collected peak was treated with sodium 



126 	 НEСНT ET AL. 

Fig. 6. Levels of total tritium in globin (0) and of structure 5 released upon base 
treatment of globfln (•) at intervals after injection of Fischer 344 rats with 
[5 эН]NNN 

Time lweek5) 

Fig. 7. Chromatogram obtained upon HPLC analysis of (A) standard 4-hydroкy-1-
(3-рyridyl)-1-hutаnone (structure 5, Fig. 1) and (B) acid hydrolysate of hepatic 
DNA isolated from the liver of a Fischer 344 rat treated with [5 3Н]NNK 

Е  a 
a 

Retention time (min) 



INTERACTION OF TОSACCO-SPECIFIC NITROSAMINES 	127 

borohydride, material that was chromatographically indistinguishable from 4-hydroxy-
1-(3-pyridyl)-1-butanol was formed. These results demonstrate that the peak eluting at 
50 min in Figure 7 is 4-hydrnny-1-(3-pyridgl)-1-butаnпе  (structure 5). Its extent of 
formation in liver DNA was approximately 0.67 f 0.1 pmol/mg DNA (n = 3). Smaller 
amounts were detected in lung DNA, and no significant radioactivity above back-
ground was found in DNA isolated from the other tissues. 4-Hydrоxy-1-(3-pyridyl)-1-
butanone was also released from hepatic DNA upon hydrolysis at 100°C for 35 min in 
10 mM sodium cacodylate buffer, pH 7. The amount detected was similar to that found 
upon acid hydrolysis. The amount of structure 5 released upon acid hydrolysis of the 
DNA was approximately 50% of the total radioactivity present in DNA. An 
unidentified peak that eluted just prior to structure 5 accounted for approximately 20% 
of the radioactivity. These results demonstrate that 4-(3-pyridуl)-4-nxobutylauon of 
DNA by NNK does occur in vivo in rats. 

On the basis of the pathways illustrated in Figure 1, 4-(3-рyridyl)-4-Dxobutylaoоn of 
DNA should also occur upon administration of NNN. Accordingly, three male Fischer 
344 rats were each treated with 1.7 mCi (0.35 umоl) [5-31]NNN by subcutaneous 
injection and sacrificed 24h later. DNA was isolated and analysed as described above. 
The results were similar to those obtained with NNK, in that 4-hydroxy-l-(3-руridyl)-1-
butanone was released from hepatic DNA upon either acid or neutral thermal 
hydrolysis. The amount released upon acid hydrolysis was 0.08 f 0.01 pmol/mg DNA. 
These results are consistent with those obtained in experiments on alkylation of globin 
by NNK and NNN. 

Approaches to dosimetry 
The hydrolytic release of 4-hуdrоxy-1-(3-рyridyl)-1-butanone (structure 5) from 

globin or DNA would appear to provide a potentially valuable approach to assessing 
adduct formation from NNK or NNN in individuals exposed to tobacco products or 
other nicotine-containing products. The carbonyl or hydroxy group of structure 5 could 
be derivatized to facilitate its detection. We are exploring derivatization to the 
corresponding pcntafluorobenzoate. which should be readily detected by gas chromat-
ography coupled with negative-ion chemical ionization mass spectrometry. Experi-
ments to date indicate that the detection limit is approximately 10 fmol when 
specific-ion monitoring is used. The sensitivity оf this detection method would appear 
to be potentially adequate for analysis of structure 5 in human globin, if sufficient 
preliminary purification of the sample can be accomplished. 

On the basis of the results obtained after treating rats with tritium-labelled NNK or 
NNN, it would appear that the measurement of globin adducts will provide a more 
practical approach to human dosimetry than the measurement of DNA adducts. 
Although the levels of 4-(3-pyridyl)-4-оxobutylatioп  of globn and DNA are similar 
when expressed on a per milligram basis, larger amounts of globin than of DNA are 
readily obtained. DNA from potential target tissues for tobacco-induced cancers is 
rarely available from humans. It will be necessary to carry out studies in experimental 
animals to relate the levels of globin adducts to those of DNA adducts under various 
chronic dosing conditions. The data from such studies will provide a base for 
interpreting the human data. 
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АS5ESSМENT OF PASSIVE AND TRАNSPLАCENTAL 
EXPOSURE TO TOBACCO 5МOKE 

M. 5оrsa & K. Husgafvel-Pursiamen 

Institute of Occupational Health, Helsinki, Finland 

Although tobacco smoke bas been shown to be highly genotoxic in various ex-
perimental systems, most nonmolecular methods designed to assess exposure to 
mutagens are too insensitive to detect passive exposure to tobacco smoke. Biochem-
ical markers of intake — cotiuine and thiocyanates in body fluids — were shown to 
be elevated after occupational, passive or traпsplaсental exposure to tobacco smoke, 
while no response was seen in the frequency of sister chromatid exchanges (SCE) in 
culturед  blood lymphocytes. After occupational exposure to environmental tobacco 
smoke, the intake marker levels are generally less than S% of the levels found in 
active smokers, while cord blood levels (representing fetal exposure) are at about 
the same level as in the mothers at the time of delivery. 

Involuntary exposure to an established human carcinogen, tobacco smoke (IARC, 
1986), may occur in indoor spaces or transplacentally due to maternal smoking. Iп  the 
first case, the agent is environmental tobacco smoke, which is composed of aged, 
atmospherically transformed sidestream smoke and exhaled mainstream smoke; in the 
latter case, the fetus is exposed by active or passive maternal exposure. All forms of 
tobacco smoke — mainstream smoke, sidestream smoke and environmental tobacco 
smoke — have been shown convincingly to be genotoxic in various short-term assay 
systems (‚ARC, 1986). Therefore, the use of biomonitoring methods designed to detect 
exposure to genotoxic agents is justified. We report here the results of biomonitoring 
two different situations involving exposure to tobacco smoke, using both specific 
biochemical markers and nonspecific genotoxicity markers. 

Occupational exposure to tobacco smoke 
Nonsmoking personnel working in indoor restaurants without restrictions on 

smoking by the public represent one of the groups probably most heavily exposed to 
environmental tobacco smoke at work Environmental monitoring data, including 
analysis of polyaromatic compounds, total particulate matter and genotoxic activity of 
particulate samples from typical night restaurants, were published previously 
(Husgafvel-Pursiainen et al., 1986), and details of the results of biological monitoring 
of smoking and nonsmoking waiters and controls are given in a separate report 
(Husgafvel-Pursiainen et al., 1987). 

The group results of biological monitoring (Table 1) clearly show that passive 
exposure can be detected only by single compound intake markers — cotinine in 
plasma and thiocyanate in plasma — and the indicators of genotoxic exposure -
urinary mutagenicity (as measured by the indicator strain Salmoпella typhimuriuпт  
ТА98 with exogenous metabolic activation) and SÇE frequency — do not significantly 
respond to passive smoking. 

—129— 
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Table 1. Assessment of active and passive exposure of restaurant 
personnel to tobacco smoke using different exposure parameters 

Group Positive in Mean sister Plasma Plasma 
urine muta- chromatid cotininе  thiocyanate 
genicity exchanges/cell (ng/m1) (µтоl/1) 
assay (%) t sD 

Smokers 12/19(63) 9.1±i.1** 246+9l** 144±45*** 
n = 22 

Nonsmokers 
Exposed to ETS 4/26 (15) 7.9 t 0.7 10 f 4*** 58 t 18* 
п=27 

Unexposed 1/17 (6) 7.9 t 0.7 5.2 t 1.5 46 t 16 
n =20 

**' p С  0.007, ** p с  0.01, * p с  0.05 compared with the unexposed group; two-tailed studеnt s 
!-test 

Transplacental exposure to tobacco smoke 
The risks of maternal smoking to the health and normal development of the fetus 

have long been known (see, e.g., Johnston, 1981; National Research Council, 1986). 
The risks of spontaneous abortion, premature births, prenatal deaths and low full-term 
birth weights have been associated with maternal smoking during pregnancy. A recent 
case-control study pointed to an increased risk of cancer in the offspring of smoking 
mothers (Stjerпfeldt et al., 1986). 

Far fewer studies have been made on the effects of maternal passive smoking on 
pregnancy outcome. Lowering of the birth weight has been associated with passive 
smoking (Martin & Bracken, 1986; Rubin et a1., 1986), and exposure of the fetus to 
maternal passive smoking has been documented by measurements of cotinine in 
amniotic fluid from passive smokers (Andresen et a1., 1982). 

In the present study we compared biochemical (cotinine. thiocyanate) and 
biological (SCE) intake markers in groups of mothers and newborns to estimate fetal 
exposure to tobacco smoke. 

Altogether, 50 pairs of mothers and newborns from one delivery unit participated 
in the study. Maternal blood samples were collected just before delivery and cord 
bIood samples immediately after delivery. All mothers were interviewed two to three 
days after delivery about their smoking habits and possible exposure to environmental 
tobacco smoke. Among the active smokers, all the intake markers measured were 
significantly increased as compared with nonsmoking mothers (Table 2). The cotinme 
and thiocyanate levels in mothers and their newborns correlated significantly, while the 
mean SCE frequency was significantly lower in all newborns as compared with that of 
mothers (see Table 2) and of adults in general. No effect of maternal passive smoking 
could be detected in any of the cord blood parameters; however, according to 
interview data none of the mothers had had substantial passive exposure at their 
homes, and all of them had been on maternity leave from work for at least three to 
four weeks before the delivery. A slightly increasing trend in exposure parameters is 
seen for the maternal values when unexposed nonsmokers are compared with exposed 
nonsmokers. 

Conclusions 

Several other reports on passive smoking have concluded that the presence of 
cotinine in plasma, urine or saliva is a good marker for intake of tobacco smoke (Jarvis 
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Table 2. Assessment of tobacco smoke exposure in groups of smoking and 
nonsmoking mothers and their newborns 

Рагате tег  smoking mothers 
All Heavy 

5mokersь  

Nonsmoking mothers 
All 	Unexposed Passively 

exposed 

P-COT (ng/m1) 
Mothers В9.4±72.7*** 99.2±75.2*** 2.6±5.7 1.7±2.3 5.4+10.9 

п =17 п =14 п=29 п =22 п =7 
Cord blood 61.8 ±44.2** 68.2±46.8** 1.4 ±2.0 1.5 ±2.2 C detection 

п=11 1=9 п =17 п=14 пmцt п=3 
P-5CN (цmol/l) 

Mothers 109.1 f 28.7*** 109.2 f 28.6*** 43.8 t 12.7 45.1 t 11.8 40.1 f 15.2 
=17 =15 п =26 п =19 п=7 

Cord blood 90.8 f 24.1*** 90.6 f 23.8*** 38.3 t 10.4 38.2 f 10.7 38.5 3=10.4 
п =18 п =16 п=25 0=19 п =6 

x sсЕ/ceц  ± sD 
Mothers 9.0 ± 0.9** 9.0 t 1.0** 8л  t 0.9 7.9 f 0.9 8.4 t 1.0 

п -17 п -15 п =25 п=18 п =7 
Cordblood 6.1±0.5 6.1±0.6 5.9±0.5 5.9±0.4 5.9+0.8 

п=17 п=15 п =26 п =19 п=7 

"P-COT, plasma cotiлinе; P-sCN, plasma thiocyanate 
Ь  Smokers of .10 cigarette day throughout pregnancy * * p <0.001 	p < 0.01 compared to 
the total nonsmoking group 

et al., 1984, 1985; IARC, 1986). Since cotinine is the main metabolite of nicotine, it is 
specific to tobacco; further, its half-life in the body is long enough (--30 h; Matsukura 
et aL, 1984) for measurements to be made of exposures over the previous few days. 
Cotinine is not vulnerable to dietary or other confounders, as is thiocyanate. 
Thiocyanate reflects exposure to hydrogen cyanide in tobacco smoke or other sources, 
but it and its precursors are also found in vegetables especially of the genus Brassica. 
However, thiocyanate has a half-life of up to 14 days (Hauth et al., 1984) and can thus 
be used as a measure of long-term exposure, especially when dietary confounders can 
be controlled. The personal interviews showed that the subjects iп  the two studies 
described here did not have special dietary habits, e.g., vegetarians, which may explain 
the clear differences in plasma thiocyanate values between the smoking and nonsmok-
ing groups.. Plasma thiocyanate was also significantly increased in the nonsmoking 
group of restaurant personnel with long-term exposure to environmental tobacco 
smoke. 

The measures of genotoxic exposure used urinary muta genicity and SCE 
frequency - suffer from nonspecificity in relation to the exposure. Even if these 
parameters revealed intake of genntoxic compounds in active smoking, they are too 
insensitive, nonspecific and vulnerable to other confounding exposures to be used as 
indicators of passive or transplacental smoking. 
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HAEMOGLOBIN ADDUCTS OF AROMATIC AMINES IN 
PEOPLE EXPOSED TO CIGARETTE SMOKE 
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In a population-based study in Turin, Italy, smokers of blond tobacco showed 
4-аmiпоbipheпyl (4-ABP) addict levels some three times higher than nonsmoking 
subjects, and smokers of black tobacco showed levels about live times greater than 
nonsmokers. A dose-response relationship between the number of cigarettes smoked 
per day and 4-ABI' adduct level was observed, but did not account for the higher 
adduct levels observed in smokers of black tobacco. Smoking-related increases in 
haemogiobin adducts were also observed for o-to1uidine, p-tolu- 

e, 2,4-dimethylaniline and 2-ethylani1ine. Smoking subjects showed 3-amiпо-
biphenyl adduct levels about 12 times greater than those of nonsmokers, who 
rarely showed a detectable level. This may indicate that there are fewer sources of 
3-аmiпobipheпyl exposure not related to tobacco smoke. Smokers of black tobacco 
showed higher adduct levels than smokers of blond tobacco for 4-ABP, p-toluidine 
and 2,4-dimethy1amlme. 

Epidemiological studies have shown an increased relative risk for urinary bladder 
cancer among cigarette smokers as compared to suitable nonsmoking control popula-
tions. These relative risks range from 1.5 to 3.0 (Vineis et al., 1984). A recent Danish 
study has also implicated other forms of tobacco consumption (cigars/cigarillos, 
chewing tobacco and pipe tobacco) as factors for increased risk for bladder cancer 
(Mommsen & Aagard, 1983). 

The work of Patrianakos and Ноffmапп  (1979) showed that the level of 4-ABP in 
the mainstream smoke of a US uon61ter cigarette, consisting of blond tobacco, was 
about 2.4 ng per cigarette. The level in the mainstream smoke of a French cigarette, 
containing black tobacco, was 4.6 ng. The work of Vineis et al. (1984) has shown that 
the risk for bladder cancer among smokers of black tobacco is higher than that of 
smokers of blond tobacco cigarettes. It is possible that the increased level of aromatic 
amines in the black tobacco cigarettes plays a role in the increased risk for bladder 
cancer in this population. 

In order to determine whether the level of 4-ABP-haemoglobin adducts was greater 
in the blood of smokers of black tobacco, who were likely to have greater exposure to 
4-ABP than smokers of blond tobacco, a study was conducted on the population of 
Turin, which was the site of the earlier epidemiological study (Vineis et al., 1984). 

Methods 
Male volunteers were recruited at a blood donor centre to donate an additional 

10-ml blood sample and to fill out a questionnaire on their smoking history and other 

~gx~ 
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parameters, such as occupation. During two collection periods, 87 samples were 
collected, from 25 nonsmoking controls, 40 smokers of blond tobacco, 18 smokers of 
black tobacco, three smokers of mixed blond/black tobacco and one cigar smoker. The 
samples were recoded so that the identity of the samples would be unknown at the time 
of the analysis. The washed red blood cells were sent to the USA in a coded, blind 
fashion for analysis of the addict levels. 

The method of analysis of 4-ABP has been described (Bryant et a1., 1987) and 
involves gas chromatography-mass spectrometry. Analysis for other amines was 
achieved by scanning chromatograms at suitable single ions. Additional internal 
standards included d5-апiline and 5-F-2-nаghthylаmiWe. 

Results 

4 Amипobiphenyl 

Comparison of the 4-ABP-haemoglobin adduct levels in the three groups (non-
smokers, smokers of blond and of black tobacco) shows that both smoking groups have 
elevated adduct levels compared to nonsmokers, and that smokers of black tobacco 
have somewhat higher adduct levels than smokers of blond tobacco. The difference 
between these three groups was found to be statistically significant (p = 0.0001) by 
analysis of variance. The unadjusted means and standard errors of the 4-ABP-
haemоglobin adduct levels are 51 t 18 for nonsmokers, 176 f 14 for smokers of blond 
tobacco and 288 ±21 for smokers of black tobacco. 

The age distribution by type of tobacco showed that a higher proportion of older 
subjects smoked black tobacco (90% were over 35, compared with 50% of smokers of 
blond tobacco). In addition, the smokers of black tobacco consumed more cigarettes 
per day than the smokers of blond tobacco (black: 67% smoked 20 + cigarettes/day; 
blond; 44% smoked 20 + cigarettes/day). The data were thus analysed as to whether 
4-ABP adduct levels were correlated with age or amount smoked per day. The age of 
the subjects showed a trend that was conelated with higher adduct levels but was not 
statistically significant (p = 0.099). The amount smoked per day was highly correlated 
(р  = 0.0015) with adduct level. The dose-response relationship was examined within 
each tobacco type and found to be statistically significant for blond tobacco 
(p = 0.0074). A trend among the smokers of black tobacco was evident, but was not 
statistically significant (p = 0.183). These dose-response relationships are given in 
Table 1. Within each category of amount smoked, the smokers of black tobacco 
showed adduct levels that were 40-50% higher than those of smokers of blond 
tobacco. 

Table 1. 4•ABP-haemoglobin adduct levels by 
amount smoked (least squares means and stand-
ard errors) 

Amount smoked Blond tobacco 	Black tobacco 
(no. of cigarettes/day) 

<10 124.4 (24.9) 	- 
10 — 19 154.5 (19.3) 	222.7 (57.8) 
20+ 216.4 (17.1) 	321.2 (40.8) 
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Table 2. Adduct levels observed (least squares means and stand-
ard errors)a 

Aromatic amine Nonsmokers (25) Tobacco type 

Blond (43) Black (18) 

2-Naрhthуhmiпe 11.6 (1.1) 17.2 (1.8) 21.3 (4.9) 
o-To1uidine 188 (19) 290 (19) 329 (22) 
m-Toluidine 1141 (138) 1097 (108) 1140 (138) 
p-Toluidine 209 (24) 306 (35) 415 (73) 
2-Ethylaпihлe 38 (3) 70 (10) 80 (12) 
Э-Ethylaпiliлe 102 (16) 115 (22) 129 (34) 
2,5-Dimethytапiliпe 50 (6) 67 (10) 70 (14) 
2,4-Diшеthy1пiHпе  40 (5) 73 (10) 114 (17) 
2,6-Dimethylaniline 264 (90) 86 (15) 98 (30) 
2,3-Diгnеthy1aпи1ип  52 (8) 56 (11) 64 (19) 
3,5-DimeYhy1aniline 93 (12) 112 (31) 135 (31) 
3,4-Dиmethy1ani1iпе  47 (11) 46 (11) 65 (19) 
3-Aanпоbipheny1 1.2 (0.4) 13.8 (1.9) 12.9 (3.0) 
4-Arшobiphenyј  51 (18) 176 (14) 288 (21) 

Values expressed in pg amine/g haemoglobin 

Substituted anilines, 2-eаphthyhтiпе  and 3-атiпoьiphenуl 
The adduct levels for the remaining amines observed in the three groups are given 

in Table 2. Methods for determination of adducts with other aromatic amines may not 
have the same degree of accuracy as those for 4-ABP and 3-аminobiphenyl. Thus, the 
levels were examined in a semiquantitative manner to determine if they correlated with 
smoking status, or perhaps with type of tobacco. Adducts with seven amines appeared 
to be associated with smoking status: 4-ABP, 3-аminobipheлyl, 2-naphthylamine, 
o-toluidine, p-toluidine, 2-ethylaпии  ne and 2,4-dimethylаniline. Only five of these 
amines, however, showed an association with tobacco type: 4-ABP, o-toluidine, 
p-toluidine, 2-ethylanilinе  and 2,4-dimеthylanшпe. Iп  the case of 3-azпinоbiphenyl, a 
dose-response relationship was observed among smokers of blond tobacco (p = 0.02), 
but not for smokers of black tobacco. Thus, for smokers of both tobacco types, there 
was a dose-response relationship of borderline significance (p 0.06). 

Condusions 
Due to the complex nature of tobacco smoke, it may ultimately be difficult to prove 

that it is the aromatic amines contained in the smoke that are responsibte for the 
increased bladder cancer risk in smoking populations. Other types of compounds 
present in the smoke may also be human bladder carcinogens: some N-nitroso 
compounds are bladder carcinogens in various species, and these may also be produced 
during tobacco smoking. N-Nitrosodi-n-butylamine is a bladder carcinogen in rats, 
mice, hamsters and guinea-pigs (IARC, 1974) and has been detected in tobacco smoke 
(Schтеltz & Hoffmann, 1977). Nonetheless, it is the aromatic amines which appear 
most likely to be the cause of the increased risk for bladder cancer among cigarette 
smokers. 

It is interesting to note that the adduct ratios for smokers of black and blond 
tobacco versus nonsmokers closely resemble the relative risks for bladder cancer seen 
historically in these populations (Vineis et al., 1984). One conclusion to be drawn from 
this finding is that the aromatic amines, including 4-ABP, are involved not only in the 
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increased bladder cancer risk of cigarette smokers but also in the increased potency of 
black tobacco. Thus, the adduct levels of 4-ABP would be two to three times higher in 
the blood of smokers of blond tobacco and five to six times higher in the blood of 
smokers of black tobacco as compared to nonsmokers. The bladder cancer risk of any 
individual is a function of a great number of factors: the amount and duration of 
smoking, type of tobacco, exposure to promoting agents, interaction of occupation, 
and biochemical parameters such as urine pH aid metabolic status (e.g., acetylator 
phenotype). Nonetheless, when comparing groups of individuals, among whom 
differences may be normally distributed or may offset one another, the overall risk for 
the group may be correlated with one of these factors. Although the exact relationship 
between 4-ABP-haemoglobin adduct level and bladder cancer risk is not understood, it 
appears that measurement of this parameter may be a useful step in examining the 
biochemical basis for the increased risk in smokers of blond and black tobacco. 
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DNA ADDUCTS, MICRONUCLEI AND LEUKOPLAKIAS 
AS INTERMEDIATE ENDPOINTS IN 

INTERVENTION TRIALS 

H.F. Stich & B.P. Dunn 

Environmental Carcinogenesis Unit, British Columbia Cancer Research Centre, 
Vancouver, BC, Canada 

Internal dosimeters that can provide information about responses to cheniopreven-
tive agents in a short time would be invaluabIe for planning treatment protocols for 
large-scale intervention trials. Micronuclei meet many of the prerequisites of a good 
intermediate endpoint. They can be quantilled in cultured cells, animal tissues and 
human exfoliated cells and biopsies. With image scanning, up to 105 cells can be 
screened for micronuclei within a few minutes. The predictive value of micronuclei 
has been demonstrated using cultured eels exposed to carcinogens and chemopre-
ventive agents and using oral mucosa of betel-quid chewers. DNA adducts, as 
detected by 32Р-pоstlabеШпg techniques, could conceivably be another potentially 
useful marker. However, prior to their use in intervention trials, interindividual 
variations in their levels in primary, secondary and nontarget tissues and the 
relationship with doses of carcinogens must be established. The wide scatter of 
DNA adduct levels in the bronchial mucosa of smokers and of nonsmokers reveals 
one diUlculty that can be encountered using this marker in intervention trials. 

Intervention trials that use cancer as an endpoint require a large number of 
participants; they also last for a long time, are costly and are difficult to control. The 
application of `intermediate endpoints', which may reveal responses to chemopreven-
tive regimes within a short time and which may act as surrogates for cancer, is an 
attractive idea worthy of study. The use of markers in small-scale, pretrial studies could 
prove invaluable in planning treatment protocols for large-scale, long-term intervention 
triais. However, a more profound understanding of the factors measured by short-term 
tests is required before they can be accepted on a routine basis. In this paper, we point 
out some of the resolved and unresolved issues, and discuss the pros and cons of using 
three markers —DNA adducts, micronuclei and leukoplakia — as intermediate end-
points in intervention trials. 

Quantifying chemopreventive ellicacy with in-vitro model systems 
Many intervention trials have been initiated without knowledge of the most 

effective dose of a chemopreventive agent. In-vitro tests, which have been successfully 
used to screen compounds for mutagenic, clritоgегйc and carcinogenic activity, should 
prove helpful in revealing the efficacy of chemopreventive agents. In order to transfer 
results between studies on cultured cells, animal models and human tissues, endpoints 
should be used that are applicable to all three systems. Micronuclei are one of the few 
markers that can be applied to virtually all mammalian cells, regardless of whether they 
are maintained in culture, obtained as exfoliated cells or collected from biopsies. They 

—137— 
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Fig. 1. Contour plot of nuclei (N) and micronuclei (M) in a Chinese hamster ovary 
пен  culture exposed for 3 h to methyl methanesulphonate 

The insert shows the optical density along the line shown in the main square 

can be analysed on smear or imprint preparations of cells or on sections used routinely 
for histopathological diagnosis (Stich, 1987). The possibility of automating the scoring 
of micronucleated cells makes this assay highly suitable for analysing entire population 
groups and for following the response to chemopreventive agents in large-scale 
intervention trials. A newly developed, dynamic microscope image processing scanner 
(Jaggi et al., 1986; Palcic & Jaggi, 1986) has been used successfully to automate the 
scoring of the percentage of micronucleated cells, the number of micronuclei per cell 
and the amount of DNA per micronucleus. Slides can be screened at a typical rate of 
1 cmz/min, which permits the analysis of approximately 105 cells (nuclei)/min. An 
exampIe is given in Figure 1. 

The potential for obtaining relevant predictive values from in-vitro studies should 
not be underestimated, considering that many conditions prevailing in man can be 
simulated readily. Cultured human cells that retain a high degree of tissue specificity are 
becoming available for in-vitro experiments. In addition, a high degree of 
relevance can be achieved by using neoplastic transformation as an endpoint and viruses or 
oncogenes believed to be involved in the development of human cancers as 
etiological factors. The two following examples show how in-vitro models can be used 
to yield information about the doses of chemopreventive agents that can inhibit the 
pathogenic action of chemical carcinogens, and about the transforming effect of viral 
DNA. Once protective cellular levels have become known from in-vitro experiments, 
they should be aimed for in human target tissues during intervention trials on 
population groups at elevated risk for cancer. For example, intracellular levels of 
J -carotene at 3-4.5 ng/106 cultured cells protect against the genotoxic effects (includ-
ing the induction of micronuclei) of methyl methanesuiphonate (Fig. 2) and 4-пitгo-
quinoline-1-oxide (1-4 x 10-6 M) (Stich & Dunn, 1986). Comparable levels were 
found in exfoliated oral mucosal cells following the administration of u-carotene at a 
dose (180 mg/week) that reduced the frequency of micronucleated cells in tobacco and 
areca-nut chewers (Stich et al., 1984) and in snuff dippers (Stich et al., 1985). The 
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Fig. 2. Inhibitory effect of u-carotene on the genotoxic activity of methyl methsn-
sulphonate (118) in Chinese hamster ovary cells 
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Cells were exposed to ММ5 for 3h and harvested 17h later- All experiments were performed in triplicate. 

secondexample deals with the effect of aI1-trans-retinoic acid on the formation of 
neoplastic colonies in C127.ce11s transfected with bovine papilloma virus DNA (plasmid 
pd BPV-1), which does not become integrated into the genome of the host cell 
(Lancaster, 1981). In the presence of retinoic acid at levels of 5 x 10-5 M and higher, 
neoplastic transformation is completely inhibited (Fig. 3). However, transformed 
colonies develop after the removal of the retinoic acid. 5uch results must be considered 
when intervention trials of retinoids are conducted on patients with humai papilloma 
virus DNA-containing lesions. The BPV-DNA transformation system could con-
ceivably act as a model for cervical dysplasias, in which the human papilloma virus 
DNA seems to persist in a nonintegrated manner (Durst et al., 1985). 

Variations of intermediate endpoints in target tissues of human `control' groups 
An intermediate endpoint must meet several prerequisites. It should be amenable 

to quantification and be scorable in tissues that can be obtained by noninvasive 
procedures or during routine diagnostic procedures; it should respond rapidly to 
cessation of exposure to carcinogens; and it should show little variation in the tissues of 
individuals who do not belong to a high cancer risk group. The sensitivity of the 
original 32Р-postlabelling method, which has been greatly improved by the application 
of several prepurification steps (Dunn & Stich, 1986; Reddy & Randerath, 1986), 
permits the analysis of DNA adducts in small biopsies of human tissue that can be 
taken, for example, during bronchoscopie examination or in approximately 2 x 106 
exfoliated cells easily obtained by brushing the oral mucosa (Dunn & Stich, 1986). One 
basic unresolved issue is the extent to which types and levels of DNA adducts vary in 
tissues of human subjects who are not exposed to excessive amounts of carcinogens. As 
shown in Figure 4, relatively high levels of DNA adducts were detected in the 
bronchial epithelium of some nonsmokers by the З2Р-postlаbelling technique. The 
observed variation may not be unexpected, considering the large interindividual 



140 	 STIСH & DU} 1 

Fig. 3. Transformation of С127 eels induced by BPV DNA as an endpoint for 
examining the inhibitory effect of retinoic acid 
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Mouse (С127) cells were Lransfected with BPV DNA (plasmid pd BPV-1). Two days after transfection, the 
cultures were subdivided and incubated in media containing either all-trans-refinoic acid dissolved in 
dimethylsulphoxide or dimethylsulphoxide only (0.02%). Transformed foci were scored 18 days after 
subculturing (Tsang ед  a1., 1988) 

Fig. 4. Levels of DNA adducts in bronchial biopsies from current cigarette smokers 
and nonsmokers 
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Two bronchial biopsies were required to extract enough DNA for the 32P-post1abe11ing procedure. Isolatioд  
of the DNA adducts was enhanced using the nuclease P1 procedure (Randerath modification) and 
high-performance liquid chromatography (Dunn modification). 
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Fig. 5. Frequencies of micronucleated cells iп  the buccal mucosa of newborns 
(ВцI), adults (BUII) and betel-quid chewers (BUC), in the bronchial epithelium of 
nonsmokers (BR), in the urinary bladder of nonsmokers (UR) and smokers (URS) 
and in mild dysplasia of the cervix (CVD) 
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The figures at the bottom represent the cancer iлcideпce for each tissue (Waterhouse et dl., t982). 

differences in aryl hydrocarbon hydroxylase activity in normal lung tissue (Sabadie et 
al., 1981). similarly, the frequencies of micronucleated bronchial cells from non-
smokers with no known occupational exposure to polycyclic aromatic hydrocarbons are 
scattered over a relatively wide range (Fig. 5). This variation in the bronchial 
epithelium contrasts greatly with the low frequencies of micronucleated cells found in 
the oral and nasal mucosa of nonsmokers and nondrinkers of alcoholic beverages. 
Whether background frequencies of micronucleated cells iп  particular tissues are 
associated with their cancer incidences is an intriguing question; however, additional 
information is required on a larger series of different tissues and organs (Fig. 5). 

Intermediate endpoints in tissues at elevated risk for cancer 
Intermediate events that are directly involved in carcinogenesis should occur at 

highest levels in those tissues that are the targets of carcinogens and in which cancer 
will develop. However, there is not a great deal of evidence either for or against such 
an idea. Using ЭzР-postlabelling techniques, the average level of DNA adducts was 
found to be higher in bronchial biopsies from a group of current smokers (Table 1). 
The 2.8-fold increase in DNA adduct levels in the bronchi of smokers over those in the 
group of nonsmokers is in contrast to the 9.6- to 29.6-fold increase in relative risk for 
the development of cancer in individuals with apparently comparable smoking habits 
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Table 1. DNA adducts in bronchial biopsies of current smokers and nonsmokers 
(from Stich et a1., 1987) 

5ubjeсts 	Number 	Age 	Number of 	DNA adducts° 	Relative risk 
(years) 	cigarettes 	 for lung cancerb 

per day 

Smokers 	 25 	 63.5 t 10.5 	27.3 t 12.2 	99.8 f 47.9 	9.6 —20.6 
Nonsmokers 	38 	65.0 t 11.4 	0 	35.2 t 29.4 	 1 

°In пmоl adducts per mol irncleotides 
bDt from cohort studies in Canada and the USA (‚ARC, 1986) 
`5тоkiдg continued up to day of bronchoscopy 

(IARC, 1986). The simplest explanation is that factors other than polycyclic aromatic 
hydrocarbon-induced DNA adducts must be involved in the etiology of lung cancer. 
Considering the difficulty of obtaining even one sample from many human organs, and 
the virtual impossibility of taking repeated samples, the idea was expressed that levels 
of DNA adducts from easily accessible tissues such as exfoliated or peripheral blood 
cells could act as predictors for events in, for example, the bronchial epithelium. We 
explored this issue by comparing levels of DNA adducts in the bronchial epithelium, 
which is the primary target tissue, with those in peripheral white blood cells. In the 
group of smokers exanitned, no correlation between DNA adduct levels in bronchi and 
those in white peripheral blood cells was evident (Table 2). It thus appears unlikely 
that the levels of DNA adducts in one tissue can be used to predict the behaviour of 
DNA adducts in other organs. 

We investigated not only whether different human tissues respond differently, but 
also whether different regions of an organ or tissue can vary in their behaviour towards 
carcinogens. To yield information an this issue, biopsies were taken from three areas of 
the bronchial tree of two cigarette smokers. Considerable variation was found in the 
DNA adduct levels at different bronchial sites (Table 3). Micronucleus frequencies, 
which can be analysed in a few hundred cells, also appear to be ideal for examining the 
responses of subpopulations within a narrow range of a tissue. Indeed, unequal 
distributions of micronucleated cells have recently been reported in several human 
tissues. For example, the site in the oral mucosa at which either snuff or betel quid is 
kept for long periods showed higher frequencies of micronucleated cells than other 
regions of the oral cavity (5tich et al., 1982, 1983, 1985). Preneoplastic lesions of the 
cervical mucosa or vulva can be composed of several small regions that differ 
considerably in their frequencies of micronucleated cells (Stich, 1987). The results 
show that, even within a tissue, the frequency of micronucleated cells in one area (e.g., 
oral mucosa, which is in close contact with betel quid or snuff) cannot be used to 

Table 2. Levels of DNA adducts in bronchial biopsies and 
white blood cels of the same smokers 

nrnol adducts per nail normal nucleotides 

Bronchial epithelium 	237 	68 	66 	61 	21 
White blood cells 	 5 	10 	3 	3 	6 
Number of cigarettes 	20 	10 	30 	16 	20 

smoked per day 

For technique, see legend to Figure 4 
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Table 3. Variations in DNA adduct levels in . biopsies taken from 
three different sites of the bronchial tree of cigarette smokers 

5uбject 	Site of 	Number of 	DNA adducts° 
code 	biopsуь 	cigarettes 	(omol per mol normal nucleotides) 

per day 

В90 	RLL 	40 234 
RUL 228 
RML 130 

В92 	RLL 	20 42 
RUL 154 
RML 76 

' 2Р-postlabelliпg techiiiqee (high-performance liquid chromatographic variation) 
bRLL, right lower lobe; RUL, right upper lobe; RML right middle lobe 

predict their frequency in a region distant from the location of the carcinogenic 
mixture. This observation carries several implications that cannot be ignored. In 
intervention trials using intermediate endpoints, cell samples taken prior to, during and 
after administration of chemopreventive agents must be taken from the same area in 
order to avoid erroneous conclusions. The relatively large quantities of tissue necessary 
for chemical or immunological measurement of DNA adducts can yield only average 
values for many millions of cells. The method of choice seems to be the detection of 
DNA adducts in single nuclei by immunofluorescence microscopy (Baan et al., 1986). 
This approach combines the advantages of detecting molecular changes with that of a 
pathological diagnosis. 

Responses of intermediate endpoints to the administration of chemopreventive 
agents 

Intervention trials using precancerous lesions or cancer as an endpoint last for five 
or more years. The objective of applying intermediate endpoints is to gain statistically 
significant results within a much shorter time. At present, little is known about the 
survival of DNA adducts iп  carcinogen-exposed human tissues. This issue is con-
founded by the possibility that different DNA adducts formed by a single carcinogen 
and its metabolites may be repaired at different rates. Without knowledge of these 
basic issues, it would seem premature to consider DNA adducts as markers for 
intervention trials. 5omewhat more data are available on the behaviour of micro-
nucleated cells. For example, upward shifts in the frequency of exfoliated buccal 
mucosal cells containing micronuclei are readily detectable within seven to ten days 
after the onset of radiotherapy to the head and neck region (Stich et al., 1983). This is 
the time required for the genotoxic anomalies that occur in the dividing cells of the 
basal layer to reach the surface of the mucosa, from which exfoliated cells are 
collected. Significant downward trends in the frequency of micronucleated cells in the 
mucosa of individuals were observed within four weeks following the cessation of 
radiotherapy, and in betel-quid chewers after they stopped this habit. A chemopreven-
tive treatment that is as effective as the total removal of carcinogens should become 
detectable within a comparable time. Table 4 shows the responses of different 
endpoints to the administration of v-carotene (180 mg/week) and vitamin A 
(100 000 IU/week) for one, three and six months. Remission of oral leukoplakias that 
were formed prior to the onset of the trial, and inhibition of the development of new 
ieukoplakias within the six-month treatment period, follow a different course from the 
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Table 4. Responses of various endpoints to cessation of carcinogenic injury or 
chemopreventive treatment 

Endpoints in oral mucosa° Number of 
individuals 

Treatment° Average changes (%)` 

1 month 	3 months 	б  months 

Reduction in INC 5 Cessation of 985 — 	- 
radiotherapy 

Reduction in INC 17 ј  -carotene 57.9 89.5 	- 
+ vitamin A 

Reduction in NC 51 $-carotene 0 0 	0 
+ vitamin A 

Remission of leukoplakias 51 ‚1-carotene 0 9.5 	24.5 
+ vitamin A 

Inhibition of new leukoplakias 51 -carotene 0 45.4 	63.2 
+ vitamin A 

°MNС, frequency of exfoliated buccal mucosal cells with at Least one micronucleus; NC, frequency of exfoliated buccal 
mucosal cells with severely clumped nuclear chromatiд  (De Campos Vidal et al., 1973) 
ЬOra1 administration of $-carotene (180 mg/week) plus vitamin A (10000010/week) 
`Percentage of change in treated individuals as compared to those receiving a placebo 

frequency of micronuclei. An understanding of the time course of responses appears to 
be essential when different intermediate endpoints are considered for intervention 
trials. 

Outlook 
The recently awakened interest in chemoprevention as a means of controlling 

cancer has led to the initiation of many intervention trials on human population groups 
at elevated risk for cancer. In the course of these studies, the necessity of using 
intermediate endpoints and short-term tests to gain the basic information required in 
the design of long-term, large-scale, costly clinical trials has become evident. In the 
search for such intermediate endpoints, various DNA adducts and cytological markers 
(e.g., micronuclei), which can be applied to tissue samples obtainable by noninvasive 
procedures, are being explored. The adaptation of new, highly sensitive techniques for 
measuring DNA alterations and genetic changes to human biopsies taken routinely, 
and the development of automated or semiautomated scoring procedures could 
become tools applicable to what may be called 'molecular epidemiology'. 
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BENZO[a]PYRENE-DNA ADDUCTS IN BRONCHIAL 
CELLS FROM SMOKING INDIVIDUALS 

R.A. Ваап1, P.T.M. van den Berg, M.-J.S.T. Steеnwinkel & C.L.М. van der Wuip 

Department of Genetic Toxicology, TNO Medical Biological Laboratory, Rijswijk, 
The Netherlands 

Monoclonal antibodies were raised against the reaction product of benzo[a]рyrеnе  
dioI-epoxide (BPDE) and deoxyguanоsiпe-5'-monophosphate. The antibodies were 
used fir detection of DNA adducts in situ in BPDE-treated cultured human 
fibroblasts by immunolluoresceuce microscopy. Analogue-digital conversion of the 
fluorescence signal and further image processing allowed measurement of the im-
munospecific fluorescence in the nuclei of these cells. The results are compared with 
the adduct levels measured in isolated DNA by 3ZP-postlabelling. Preliminary results 
are shown of the application of the immunoluorescence method to the analysis of 
DNA adducts in bronchial cells obtained from smoking individuals. 

The determination of DNA adducts is considered to be a promising approach for 
monitoring humans with respect to exposure to carcinogenic or mutagenic chemicals. 
This method can be used to estimate directly a relevant effect of the exposure, i.e., the 
amount of the chemicals bound to the target molecule. Promutagenic lesions may play 
an important role during the onset of carcinogenesis. Recent studies on pro to-
oncogene activation have shown that point mutations at specific sites within the 
genome can give rise to cell transformation (Zarb1 et al., 1985; Vousden et al., 1986). 

Several biochemical, biophysical and immunochemicaI methods to detect and 
measure primary damage in DNA have been developed over the past years (this 
volume). Methods for biomonitoring must be suitable for assessing exposure to low 
levels of nonradioactive genotoxicants at the workplace or in the general environment. 
Immunochemical techniques are often applied for the detection of DNA lesions 
present as such in isolated DNA, as nucleotide adducts in an enzymic DNA digest or as 
base adducts after depurination of DNA. The highly sensitive pis tlаbешng methods 
and gas chromatographic-mass spectrometry procedures to detect DNA adducts also 
yield data on overall adduct levels in DNA. Information on cell type-specific induction 
of DNA damage is not provided by these approaches. Immunochemical detection of 
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DNA damage at the single cell level, as illustrated in this paper, offers the possibility 
for analysing the distribution of DNA damage in different types of cells. 

We describe the development of an immunochemical method to monitor (human) 
exposure to benzo[a]pyrene (BP), a widely studied member of the group of polycychc 
aromatic hydrocarbons. A major BP-DNA adduct, the reaction product of the reactive 
BPDE and deoxyguaпosine-5'-monophosphate, was used as a hapten to raise anti-
bodies in mice. The monoclonal antibodies obtained were used to detect BP-DNA 
damage at the level of the single cell by immunofluorescence microscopy. Quantifica-
tion of the fluorescence signal was achieved by analogue-digital conversion and image 
processing programmes. The method was applied to study the presence of adducts in 
the nuclei of cultured human fibrobtasts treated with various concentrations of BPDE. 
To determine the adduct levels in these cells, DNA was isolated and analysed by 
3zР-postlabelliпg. 

The immunofluorescence method was applied to investigate the presence of 
BP-DNA adducts in specimens of bronchial cells obtained from smoking individuals. 
Preliminary results show an increased level of fluorescence in these samples when 
compared to that in specimens from nonsmokers. Furthermore, an apparent cell 
type-specific distribution of immunospecific fluorescence was noticed in the samples 
from smokers. This approach may offer possibilities for investigating the correlation 
between DNA damage and cell type-specific neoplastic transformation. 

Materials and methods 

Antigen and antibodies 
Preparation of the BP-DNA adduct, (f)-N2-(7R,8S, 9R -tгihуdгоху-7 ,8 ,9 , 10-tetra-

hуdгobеnzо[ајругегi-10Ѕ-уl)-2'-dеохуguаnоѕипе-S -monophosphate (BP-dGMP). and 
isolation of. adduct-specific monoclonal antibodies were described in detail earlier 
(Baan et al., 1988). Briefly, deoxyguanosine-5'-monophosphate was incubated with the 
reactive BP metabolite BPDE. The adduct was purified by chromatography on 
5ephadex L12O. Its identity was confirmed by fast atom bombardment-mass spectro-
metry (courtesy of Dr W.P. Watson, She11 Research Centre, Sittingbourne, UK). The 
adduct was coupled to chicken y-globulin and injected into mice. After fusion of spleen 
cells from immunized mice with SP2I0 plasmacytoma cells, hybrid cultures were 
screened for antibody production in an enzyme-linked immunosorbent assay, with 
control DNA and BP-modified DNA as immobilized antigens. Antibodies from clone 
I1.E4 were used in the experiments described in this paper (see Baan et al., 1988, for 
further details). 

In-situ detection of BP-DNA adduct formation 
Human fibroblasts (79Rd172) were cultured on 10 x 10-mm glass cover slips and 

treated with various concentrations of BPDE in F10 medium without serum for 30 min 
at 37°C. The cells were washed, fixed and processed for irrimunotluorescence 
microscopy as described earlier (Muysken-Schoen et ai., 1985), with some modifica-
tions (Baan et al., 1988). After incubation with BP-deoxyguanosine adduct-specific 
antibodies from clone II.E4 and fluorescein(FITC)-labelled second antibodies, the 
preparations were counterstained with propidium iodide, a DNA-specific dye. 

Smears of human bronchial cells were obtained from Dr H.F. Stich, British 
Columbia Cancer Research Centre, Vancouver, BC, Canada. These samples had been 
taken from current smokers and nonsmokers by brushing the bronchi. The cell smears 
had been fixed in 85% ethanol and were then sent to our laboratory. The slides were 
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processed as indicated above. To detect fluorescence, a Leitz fluorescence microscope 
was used, equipped with a Ploemopak filter block, containing the appropriate filter sets 
to observe FIТС  and propidium fluorescence. 

Qиamifzсatian of unmиnоspeсфс  oиоrеscепе 	 . 
The fluorescence signal, as observed in the fluorescence microscope, was enhanced 

with an image amplifier and recorded with a very sensitive television camera. 
The data points in 256 lines on the image were digitalized into a 256 x 256 matrix, each 
picture element (pixel) of which was assigned a grey-value between 0 and 256. The 
digitalized data were then processed using the TIPS-tc1 image-analysis programme, 
developed at TNO. In this analysis, the red fluorescence pattern of the propidium 
iodide is used as а  mask to define the nuclear area. This is especially important when 
background values are measured, e.g., in untreated control cells, when it is often hard 
to distinguish the fluorescence in the cell nuclei from that of the surrounding 
cytoplasm. The details of this quantitative immunofluorescence microscopy technique 
will be described elsewhere (C.L1. Van der Wulp et al., in preparation). 

Analysis of BP-DNA adduct formation with the 32Р  posHabelling method 
Postlabelling analysis of DNA samples isolated from fibriblasts treated with BPDE 

in parallel to those described above was carried out according to a published procedure 
(Gupta, 1985), as summarized earlier (Baan et al., 1988). A schematic outline of the 
steps in the postlabe1ling procedure is given in Figure 1. 

Results 
The monoclonal antibodies raised against the BP-deoxyguanosine adduct are highly 

specific for the BP modification (see Baan et al., 1988). The antibodies appear to be 
suitable for in-situ detection, by immunofluorescence microscopy, of BP-DNA adducts 
in cultured cells treated with BPDE. Тo visualize the antibody molecules attached to 
the adducts, an FITC-labelled second antibody was used. Figure 2 shows the FIТC 
images of treated and control cells, as observed with the fluorescence microscope. 
Immunospecific fluorescence is present in the nuclei of cells treated with various 
concentrations of BPDE, while the nuclei of untreated cells show a low background 
signal. The FITC fluorescence signal is quantified by analogue-digital conversion and 

Fig. 1. Schematic outline of steps in the Э2Р-postlabеlliпg assay (according to Gupta, 
1985) 

DNA (containing adducts X, Y,...) 

m+crococcal endonuclease, spleen exonucjease 

Ap,Cp,Gp,Tp,mCp,Xp,Yp, .. . 

extraction wnh lbutanol: Xp,Yp,... 

Т4 polynucleotidle kinase, 32Р-АТР  
{ 

ЗZPXP, 3zpYР,... 
1 

PEI-cellulose chromatography 

au to radiography 
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Fig. 2. Detection of BP-DNA adducts in cultured hunian iibrobiasts by immuno-
fluorescence microscopy 

The cells were treated with 0 (panel a), 1 (panel b), 5 (panel c) and W (panel d) µМ  BPDE for 30mm at 
37°C. The cells were washed, fixed and processed for irnnsunolluoresccnce microscopy (see Baan et a1., 
1988). The adduct-specific antibody was from clone П.E4; the second antibody was a fluorescein-conjugated 
goat antiserum directed against mouse immunoglobulins. 

image processing, as described in Materials and Methods. The results, expressed as 
fluorescence per pixel, averaged over 50-100 nuclei at each dose of BPDE, are given in 
Figure 3. A dose-dependent increase ш  fluorescence is observed. 

Results of the Э2P-рostlabelling analysis of adduct levels in DNA samples isolated 
from cel1s treated ш  parallel to those used in the immunofluorescence experiment are 
shown in Figure 4. In this case, a dose-dependent increase in DNA adduct level is seen 
(see also Fig. 3). 

иg. 3. Measurement of BP-DNA adducts in cultured human fibroblasts by quan-
titative immunofluorescence microscopy 
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The iтпmuдоfluorесencс  signais in the nuclear areas of BPDE-treated cells (see 'Fig. 2) were quantified by 
analogue-digital and image processing (C.1.M. Van der Wuip etal., in preparation). The results are given as 
averaged fluorescence (arbitrary units) per pixel in 50—W0 cell nuclei. 
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Fig. 4. Measurement of BP-DNA adducts in cultured human libroblasts by 32P-ровt-
labe11ing 

BPDE (µМl 

Cells were treated with BPDE in parallel to those used in the irnmunoluorescence experiment (Figs 2 and 
3). DNA was isolated and assayed according to the schematic outline of Figure 1 (see Gupta, 1985; Baan et 
al., 1988). Results are given as finоt BP-deoxyguanosine adduct/µg DNA, which corresponds to the number 
of BP-deoxyguanosine adducts/3 x 106 nucleotides. 

The immunofluorescence microscopy technique with ВP adduct-specific antibodies 
was recently used to investigate the possible presence of immunospecific fluorescence 
in the nuclei of bronchial cells obtained from culent smokers. The first qualitative 
results are shown in Figure 5. Immunospecilk fluorescence is observed in these 
specimens. Furthermore, these bronchial smears contain various types of cells which 
appear to be differentially stained with FITC (Fig. 5, right). Figure 6 shows the result 
of immunofluorescence analysis of cells from the oral cavity of a nonsmoking 
individual. No fluorescence is seen in the cell nuclei in this preparation. 

Discussion 
This paper describes the development of an immunochemiсal method for the 

detection of DNA damage induced in cultured cells by exposure to a reactive 
derivative of BP. The monoclinal antibodies used had been raised against the 
mononucleotide adduct BP-dGMP, and appear suitable for staining BP-modified 
DNA in treated cells. After exposure, a clear nuclear fluorescence is observed, while 
the cytoplasm of the cells and the nuclei of untreated cells show a low background 
fluorescence. The same background is seen when the adduct-specific antibodies are 
omitted (not shown). The immunofluorescence has been quantified by, first, recording 
the propidium iodide staining pattern, the coordinates of which are stored in the 
computer. The FITC fluorescence present in the same area is then recorded with the 
appropriate filter setting of the microscope. The data are digitalized, processed and 
finally expressed as the averaged fluorescence per pixel of 50-100 cell nuclei. The 
results show a dose-dependent increase in the fluorescence (Fig. 3). The background 
value observed in the untreated cells is due partly to fluorescence generated in the 
optical system of the conventional microscope (Baan et al., 1986). Preliminary 
experiments have shown that with the laser-scan microscope measurements can be 
performed with higher sensitivity, mainly because of a reduced background signal 
(C.f.M. Van der Wulp et al., in preparation). 

The analysis of DNA adduct levels by 32P-post]abtlkng was carried out according to 
the method published by Gupta (1985), which involves enrichment of the adduct 
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fraction by extraction of the DNA digest with butagiol. This modification of the basic 
assay enhances the sensitivity by lowering background levels of radioactivity on the 
chromatogram (see Baan et aL, 1988). The postlabelling data show a dose-dependence 
that is similar to that observed in the immunofluorescence experiment. Comparison of 
the results of the two assays allows calibration of the fluorescence in terms of adduct 
content. In this case, a fluorescence value of 170 units would correspond to 4 x 105 
adducts/cell (see also Figs 3 and 4). 

The first qualitative results of adduct analysis in smears of human bronchial cells 
clearly show the presence of fluorescence in samples from current smokers. Although 
the number of specimens from nonsmokers analysed so far is still limited, we have 
observed background fluorescence levels in most of these (not shown). An interesting 
phenomenon in the bronchial cells from smokers is the clear cell type-specific 
fluorescence (see also the propidium pattern with the FITC image in Fig. 5). Because 
the cell morphology is preserved, identification of different types of cells by 
histochemicaI staining is still feasible. This offers the opportunity to investigate a 
possible relation between induction of DNA damage and, e.g., neoplastic transforma-
tion in distinct cell types. Other investigators have also used adduct-specific antibodies 
in combination with fluorescence techniques (Adamkiewicz et al., 1983; Huitfeldt et 
al., 1987) or histochemical staining methods (Menkveld et al., 1985) for analysis of site-
or cell type-specific distribution of DNA damage. 

The antibodies used in these experiments were raised against a BP-DNA adduct; 
however, cross-reactivity of similar antibodies with DNA damage induced by other 
polycyclic aromatic hydrocarbons has been reported (Haugen et al., 1986). The 
immunofluorescence observed in the human samples, as shown in this paper, may 
therefore represent more than just BP-DNA adducts. Experiments to characterize our 
antibodies with respect to such cross-reactivity are in progress. 

For obvious reasons, bronchial brushings are not suitable for routine application in 
biomonitoning. Therefore, specimens from white blood ceI1s, buccal mucosa cells and 
bronchial cells, all from the same individual, are being analysed for the presence of 
immunospecific fluorescence with the method described above. Comparison of the 
results of such experiments can provide information on the relevance of monitoring 
studies on readily accessible material (blood, buccal samples) to exposure of the target 
tissue. Investigations on site-specific induction and removal of DNA damage in target 
tissues in relation to biological effects will provide relevant information for assessment 
of the health risk involved. 
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HAEMOGLOBIN BINDING IN CONTROL OF EXPOSURE 
TO AND RISK ASSESSMENT OF AROMATIC AMINES 

H.-G. Neumann 

Institute of Pharmacology and Toxicology, University of Würzburg, Würzburg, 
Federal Republic of Germany 

Haemoglobin is proposed as a dose monitor for aromatic amines. Metabolically 
formed nitrosoarenes react with suIphydryl groups of haemoglobin and, after intra-
molecular rearrangement, yield sulpbhik acid amides. This type of adduct is stable 
in vivo but can readily be hydrolysed after haemoglobin is isolated from blood 
samples, usually yielding the parent amine, which is quantified by gas chromatog-
raphy or high-performance liquid chromatography. The haemoglobm binding index 
was determined in rats for a series of monocyclic aromatic amines, benzidine and 
some benzidine congeners. The following relationships are discussed: between bind-
ing of metabolites to DNA and to proteins; between haemoglobin binding and 
biological endpoints such as carcinogenesis and methaemoglobhi formation; and 
between haemoglobin binding and molecular endpoints such as DNA binding and 
protein binding in liver and kidney. Iaemoglobin binding correlates with a biologi-
caüy active dose of aromatic amines and is thus well suited for monitoring exposure. 
The relationship between haemoglobin binding and the dose at critical targets is 
more complex, and, at present, carcinogenic risk cannot be assessed from biological 
monitoring date. 

The large-scale production of aromatic amines as intermediates for synthetic 
dyestuffs coincided with the beginning of the industrial production of chemicals. It is 
also an important example of a health hazard caused by an uncontroLled exposure in 
the work environment. Many workers developed cyanosis and some developed bladder 
tumours, after long exposure. Thus, the problem of controlling exposure to these 
compounds is an old one, and a number of methods have been used. Proceeding from 
monitoring of environmental concentrations to measuring the actual uptake, by 
analysing blood concentrations or amounts of the chemicals or their metabolites 
excreted in urine, was a decisive step forward in this endeavour. This concept has been 
developed recently into the dosimetry of genotoxic compounds that react with 
macromolecular components of the organism. The use of haemoglobin as a dosimeter 
for alkylating agents was introduced by Ehrenberg and his associates (1974). Our 
proposal to use haemoglobin adducts with aromatic amines as a measure of the 
bioavailability of reactive metabolites (Groth & Neumann, 1971; Wieland & Neumann, 
1978) ted to the development of practical methods for biological monitoring. 5еveral 
reviews on this subject have been published (Ehrenberg et al., 1983; Neumann, 1984а, 
1986, 1987; Farmer et al., 1987). Although this method has already been successfully 
applied in monitoring humans for exposure to 4-aminobiрhеnуl (Green et al., 1984), 
aniline and p-chloroanilipe (Lewalter & Korallus, 1985), the experimental basis 
requires broadening. Before the method can be used to monitor a particular arylamine, 
the haemoglobin adduct must be verified and the analytical method worked out. 

—157— 
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Fig. 1. Metabolic activation of aromatic amines 
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Ary1hydтxylamiпw are common precursors of both DNA adducts and haenioglobin binding. 

Further, before risk estimations can be made, we need to know more about the role of 
macromolecuIar binding in carcinogenesis. The importance of developing biological 
monitoring procedures arid of using them in humans is that we will ultimately be able 
to bridge the gap between experimental animals arid man and to assess human risk. 

Relationship between binding to DNA and to haemoglobin 
Acute and chronic toxic effects of aromatic amines are attributed to the generation 

of reactive metabolites that interact with tissue components. The metabolism of 
aromatic amines is very complex, and several pathways can lead to reactive metabolites 
(Miller & Miller, 1969), N-oxidation being the most important step. Arylhydroxyl-
amines (or aryl-N-hydroxyacetamides) are the common precursors of both the ultimate 
geotoxic metabolites that react with DNA and nitrosoarenes, which readily react with 
sulphydryl groups of proteins (Fig. 1). Some of the primary reaction product of 
nitrosoarenes with sulphydryl groups rearranges to form a stable sulphinic acid amide. 
The level of this protein adduct is particularly high in haemoglobin because 
nitrosoarenes are formed within erythrocytes in the course of methaemog)obin 
production, a cyclic process in which one molecule of arylhydroxyIamine may be 
oxidized to the nitrosoarene several times, thereby increasing the chances of adduct 
formation. The haemoglobin adduct therefore provides an amplified measure of the 
bioavailability of N-oкidation products and is in this way correlated with the generation 
of genotoxic metabolites. This notion is strongly supported by the observation that 
binding of metabolites to DNA, RNA and proteins in several tissues and to 
haemoglobin and albumin in blood was directly proportional to dose over a wide range 
of doses (Neumann 1980, 1984Ъ), indicating that the pharmacokinetics apparently 
follow first order. Haemoglobin can be obtained from blood samples more easily and in 
greater amounts than DNA, and hydrolysis of the su1phinic acid amide usually releases 
the parent amine, which can be extracted and quantified. 

Haemoglobin binding of some aromatic amines in rats 
We have recently studied the haemoglobin binding of a number of monocyclic 

aromatic amines, most of which are listed as suspected or established animal 
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Table 1. Haemoglobin binding indices 
(HBI) of monocyclic aromatic aminesa 

Arylaniine HBI 

Aniline 22 
o-Toluidine 4.0 
m-Toluidme 4.9 
p-Toluidine 4.2 
2,4-Dimethylarцliдe 2.3 
2,4,5-TгimethyhпiNпe 0.7 
4-CMогoапdmе  569 
4-Chloro-о-toluidiпe 28 
5-Chloro-o-to1mdiпе  28 
6-Chioro-o-tohiidiпе  0.6 

"Haemoglobin was isolated 24h after oral adnniuistra-
Lion of 4.бттоl/kg of the arylamine to female Wistar 
rats 
ЬВоипд  (mmii): dose (mmol/kg) lb 

carcinogens in the МАК  list of the Federal Republic of Germany (Hcnscbler, 1986). 
The compounds were administered orally to female Wistar rats, blood samples were 
taken after 24 h, haemoglobin isolated and hydrolysed, and the extracted amines 
analysed by capillary gas chromatography with a flame-ionization and/or nitrogen-
sensitive detector (Albrecht & Neumann, 1985; Birner & Neumann, 1987). The 
calculated haemoglobin binding indices are listed in Table 1. The values represent only 
the hydrolysable fraction, and not total binding of metabolites, and may therefore be at 
variance with data for total binding obtained with labelled compounds. 

The parent amine was identified as the only cleavage product in all cases. The level 
of binding varied by a factor of 1000 (0.6-569), the value for 4-dr1оroamlue being 
particularly high. It appears that substitution of aniline by methyl groups decreases and 
substitution by chloro atoms increases haemoglobin binding. Steric hindrance by one or 
two substituents in the ortho positon to the amino group may be responsible for 
decreasing haemoglobin binding. However, it should be kept in mind that adduct 
formation occurs at the end of many competing distribution and reaction steps, which 
may be influenced differently by molecular modifications. Much more information will 
be necessary to interpret these results and to establish general rules for the 
comprehensive group of monocyclic aromatic amies, if they exist. Nevertheless, 
exposure to all of these arylamines can be monitored by analysing the haemoglobin 
adduct. 

Similarly, we studied benzidine and some congeners. In this case, the extracted 
cleavage products were analysed by high-performance liquid chromatography using an 
electrochemical detector (G. Birner & H.-G. Neumann, unpublished), It can be seen 
from Table 2 that the human carcinogen benzidine forms three hydrolysable adducts 
with haemoglobin, and the animal carcinogens 3,3'-didrlorоьепzidine and 3,3-
dimethoxybenzidiiie only two adducts. The major product of hydrolysis with benzidine 
has been identified as the monoacetylated derivative, the parent diamine accounting 
for only about 10%. The result indicates that these diamines are partly N-oxidized in 
their mohoacetylated form to give N-hydroxy-N'-acetyl6enzidines as the proximate 
genotoxic metabolites. This conforms with the finding that the major DNA adduct of 
benzidine is a guani е-C8-monoacetуlbeпzidiпe derivative (Kennely et al., 1984) and 
supports the existence of a correlation between metabolites binding to haemoglobin 
and to DNA (see Fig. 1). 
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Table 2. Haemoglobin binding indices (HBI) of benzidine and some coпgeпers° 

Агуlarciпе  No. of ПBI of cleavage products 
adducts 

Monoacety1 Diamine 	Unknown 
derivative 

Benzidine 3 19 + 3.5 2.4 ± 0.1 	3.0 ± 0.1 
3,3'-Diddonbenridine 2 1.5+0.6 2.0±0.7 
Э,3'-Dimеthoхybrcudtс  2 2.5 1.0 
3,5,3',5'-Tetramethy1benzidiue 0 not detectable 

"Haemoglobin was isolated 24h after oral administration of 0 5 minol/kg of the arylamine to female Wistar rats 
(snean±SD; п  – 3). 

No haemoglobin adduct could be detected with 3,5,3',5'-tetramethylbenzidine. This 
does not prove that a N-hydroxy derivative is not formed metabo1ica11y: steric 
hindrance could prevent the reaction of the nitroso derivative with haemoglobin; but, 
in contrast to several other beazidinc congeners, this compound is also nonmutagenic 
(McCann et al., 1975), indicating that DNA-binding derivatives are either not formed 
under the conditions of the test system or do not react with DNA. The compound is охјdјzёd 
by peroxi dases, a reaction which generates a blue charge-transfer complex (Jvsephy etal., 
1982) and forms the basis for the use of 3,5,3',5'-tetramethy1benzidine as a reagent 
for the detection of occult blood (Holland et a?. 1974). Although the 
relevance of this reaction for toxic effects in vivo cannot be ascertained, the results 
support the use of this compound in blood tests as a less hazardous replacement for 
other benzidine congeners. 

Correlation with biological endpoints 
The target dose concept (Ehrenberg et al., 1983) implies that haemoglobin binding 

of carcinogenic chemicals is correlated with modification of critical DNA targets, and 
possibly with carcinogenesis. In order to substantiate this concept further, we are 
looking for correlations between haemoglobin binding and biological endpoints. Table 
3 gives a list of aromatic amines with their classification by the IARC and by the МАК  
Commission. The list comprises established human carcinogens, as well as established 
and doubtful animal carcinogens. The new listing of 4-chloro-o-toluidiпe as a human 

Table 3. Haemoglobin binding indices (HBI) in the rats of selected aromatic 
amines, and their classifications as carcinogens 

Arylaniine 	 НBI° 	Genotoxicity 	Classification 

IARC 	МАК  Commission 

4-Сhlvrоадikпе  569 + — - 
4-Aminobiphmy1 344 + 1 liAi 
4-Chloтo-0-toluidine 28 + — Iц  А1 
Benzidine 24 + 1 liAi 
Aniline 22 + 3 III B 
o-To1uidine 4 + 2А  III А2 
3,3'-Dkhlоrоbenvdlпe 3.5 + 2B III A2 
3,3'-DuaеtЬoхуbenzidme 3.5 + 2B III А2 
2,4-Diшelhylanikиne 2.3 + — III B 

°Calculated from liydrolysable adducts 
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Table 4. Correlation between haemoglobin binding Index (HBI) and 
methaemoglobin (Metlb) formation in rats 

Аrylаmiле  HBI % Metlb" Time to maxima (h) 

4-Ch1oгоaniNne 569 49 	f 4.5 1 
4-Aшinobiрhепyl 344 52 	t 7.2 1.5 
5-Chloro-o-totuidiле  28 2.0 t 0.4 1.5 

Aniline 22 1.7±0.7 0.5 
2,4-Duшethy1anhinе  2.3 1.0 f 0.5 1.25 

°0.6 mmоl/kg of the arylamines was administered orally to female Wistar rats and serial blood 
samples were taken for up to 6h (mean f SD, ri = 3) 

carcinogen should be emphasized, because this is the first of the industrial monocyclic 
aromatic amines to be placed in this category. All of the listed compounds are 
genotoxic in more than one short-term test; therefore, it may be concluded that all of 
them yield DNA-binding and protein-binding metabolites in vivo and that they have a 
certain carcinogenic potential. DNA binding has been measured in only a few cases, 
but haemoglobin binding proves the generation of N-oxidized metabolites in all cases. 
However, it is impossible to classify carcinogenic potential on the basis of the available 
Information. 

Another endpoint that demonstrates the availability of N-oxidized arylamine 
metabolites is methaemoglobin formation. We have measured the generation of 
methaemoglobin in female Wistar rats after oral administration of representative 
arylamines (G. Bjrner & H.-G. Neumann, unpublished). The maximal levels of 
methaemoglobin correlate remarkably well with the haemoglobin binding index (Table 
4), showing that the two parameters indicate in parallel the availability of N-oxidation 
products within erythrocytes. This correlation could show that the haemoglobin 
binding index indicates erythrocyte stress, resulting in premature, excessive degrada- 
tion of erythrocytes in the spleen, an effect that has been related to the generation of 
haemangiosarcoma in this tissue (Gra11a of al., 1979; Bus, 1983; Neumann, 1985). 
However, the extent of methaemoglobin formation is not the only determinant of 
ageing or haem0lysis of erythrocytes, and more information about the toxic effects of 
arylamines must be obtained in order to interpret these complex relationships. 

Carcinogenic aromatic amines exhibit notable species- and tissue-specific effects. 
Usually, these are explained, at least in part, by differences in metabolism. We have 
investigated whether haemoglobin binding reflects differences in target dose due to 
pharmacokinetic parameters. Haemangi0sareoma is produced by aniline in male rats, 
by o-toluidine in rats and mice, and by 4-chloro-o-toluidiпe and 5-chloro-o-to1uidine 
only in mice. The last of these compounds also produces liver tumours in mice. We 
have measured haemoglobin binding of these compounds in mice (G. Birner & H.-G. 
Neumann, unpublished) and found the levels to be generally lower in mice than in rats 
(Table 5) and not to correlate consistently with tumour formation. With 5-drloro-
toluidine, the haemoglobin binding index would be expected to be higher; however, 
4-chlогоаnnine is the most active, even in mice. 

Correlation with molecular endpoints 
The level of DNA binding in livers of animais treated with 4-cЫorо-o-ta1uidine was 

greater in mice than in rats (8 versus 4.8 pmol/mg), but binding to liver proteins was 
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Table 5. Haemoglobin binding index (HBI) and carcinogenicity in thiTerent species 

Arylamine 	 Haemangiosarcoma 	 HBI 

Rat 	 Mouse 	Rat 	 Mouse 
(Fischer) 	(в6сзF1) 	(wistar) 	(в6СЭF) 

Aniline 	 + — 22 2.2 
o-Toluidine 	 + + 4 21 
4-Ch1oro-o-to1uithne 	— + 28 2.5 
5-CЫoro-o-toluidiпe 	 — + 28 1.0 
4-сhiomaпi1iпе 	 (t) (±) 69 132 

more extensive in rats than in mice (200 versus б0рто1/mg; Bentley et al., 1986). 
These authors concluded that different metabolites are responsible for binding to DNA 
and protein and that the pattern of metabolites differs between the species. Liver is not 
a target tissue for this compound in mice, but neither could DNA damage be 
demonstrated in target capillary endothelial cells. The relationships between tissue 
dose or haemoglobin binding (see Table 5) and the haemangiosarcomatogenic effect 
are obviously not simple. 

In experiments designed to correlate macromolecular damage jn rat liver with the 
initiating activity of 2-aсetуlaminofiuoгenе, a complete carcinogen, and of trans-4-
acetylaminostilbene, a putative pure initiator for this tissue, we have measured 
macromolecular binding in liver, kidney and blood at the end of the initiation period 
(Table 6; Ruthsatz et al., 1986; M. Ruthsatz & H.-G. Neumann, unpublished). One 
variable is thé time that elapsed between the last treatment and the day of analysis. 
The results show that both haemoglobin binding and plasma protein binding reflect the 
tissue dose semiquantitatively. Plasma protein binding compares quite closely to liver 
protein binding. Haemoglobin binding is considerably greater and decreases more 
slowly than plasma protein binding, as expected. Haemoglobin binding correctly 
predicts the greater DNA binding and initiating potential of trans-4-acetyl-
aminostilbeпe as compared to 2-acetylaminоfluоrenе. 

Macromolecular binding in liver, kidney and blood was also measured in an 
experiment in which rats received a toxic dose of trans-4-acetylaminоstilbene either 
with no other treatment or after pretreatment with methylchoIanthrene. Whereas in 
the first case most of the animals die after a latent period of 12 days, from stomach 

Table 6. Binding of traпв-4-aсetуhmгпоstilbеne (ААS)" and 2-aсеtyhminofluoreпe 
(ААF)ь  metabolites to different macromolecular targets on day 28 after oral ad- 
ministration to female Wistar rats (pmol/mg) 	 . 

Irai administration (day) Liver Kidney Blood 

0, 3, 6, 9 	14, 17, 20, 23 DNA Protein DNA Haemog]obin Plasma protein 

AАS 31 11 13 89 6 
АA5 54 52 30 285 46 

AAF 58 11 47 84 12 
АAF 115 25 74 165 53 

°4 x 2б  pгnоl/kg 
4 x 100 p.mol/kg 
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Table 7. Binding of traпs-4-acetуlaminostilbene metabolities (pmol/mg) to different 
macromolecular targets after oral administration of an acutely toxic dose 
(211 µmоl/kg) to female Wistar rats 

Treatment" Liver 

DNA Protein 

Kidney 

DNA Protein 

Blood 

Haemoglobin Plasma protein 

24k 
Untreated 80 219 20 53 674 151 
MC-pretreated 53 301 6 27 29 60 

7dпys 
Untreated 139 184 122 172 634 181 
MC-pretreated 29 86 28 16 13 5 

MC, methylсhо1 гithrene 

Ыeeding, metfsylcholanthrene pretreatment prevents toxicity (Marquardt et al., 1985; 
Pfeifer & Neumann, 1986). Methylcholanthrene acts by increasing the rate of 
metabolism, thereby reducing the liver first-pass effect, and by shifting metabolism 
towards more efficient inactivation (A. Pfeifer & H.-G. Neumann, unpublished). The 
drastic reduction in macromolecular binding by methylcholanthrene pretreatment in 
extrahepatic tissues, such as kidney (Table 7), is directly reflected by binding to blood 
proteins. The extent and time course of macromolecular binding in liver parallels 
neither those in extrahepatic tissues nor those in blood. 

Conclusions 
Binding to haemoglobin correlates with biologically active doses of aromatic amines 

and would therefore be expected to correlate with the target dose for genotoxic affects. 
However, most targets are ill-defined, and the relationships between DNA binding and 
Qrotein binding in vivo are not simple. Knowing the rates of reaction of putative 
ultimate aromatic amine metabolites with DNA and proteins in vitro is fit sufficient 
for calculating satisfactorily the genotoxic target dose on the basis of haemoglobin 
binding. The exact relationship between target dose and genotoxic effect is unknown 
for all the compounds considered, nor is it clear how genotoxic effects are quantita-
tively related to initiation. Finally, many data indicate that the extent of DNA damage 
may correlate with initiation but not necessarily with tumour formation. Our 
understanding of the mechanism of action of carcinogenic aromatic amines must 
advance considerably before we can assess the tumour risk from data obtainable by 
biological monitoring. This should not inhibit us from using the new methods or from 
monitoring exposure. inly if we know more about the biologically active doses of 
carcinogens required to produce cancer in man will we be able to define acceptable 
enviroпmeпtиl exposures. 
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As a consequence of human exposure to carcinogenic aromatic amines, biochemical 
approaches to risk assessment have emphasized metabolic determinants of individual 
susceptibility and quantification of arylanmine-macromolecuIar adducts. A known 
genetic polymorphism iii humans, hepatic arylamine acetyltransferase activity, has 
been associated with diffеrепсев  in individual susceptibility to urinary bladder (slow 
acetylators) and colorectal (rapid acetylators) cancers. Siгпilarly, the high specificity 
of an inducible human cytochrome P450 towards the N-oxidation of 4-amino-
biphenyl and other aromatic amines is consistent with metabolic dilferences that can 
be used to predict relative human risk. Exposure to aromatic amines has also been 
documented, primarily by quantification of adducts with protein or DNA. Using 
эZР-postlabeШng methods and a competitive avidin/biotin-ampi'led enzyme-linked 
immunoassay, we have estimated 4-ermnobtpheny1-DNA adduct levels in surgical 
samples of human peripheral lung and urinary bladder epithelium and report values 
ranging from 2 to 97 adducts per 108 nucleotides. 

Aromatic amines, such as 4-amiпobipheпyl (ABP) and 2-naphthylamiпe, have been 
widely recognized as human occupational carcinogens (Parkes & Evans, 1984). 
Although industrial exposure to these chemicals has been severely restricted, their 
presence in cigarette smoke and in synthetic fuels has been reported (Patrianakos & 
Hoffmann, 1979; Haugen et al., 1982). Recently, Bryant et al. (1987) have shown the 
presence of ABP-haemoglobin adducts iп  human blood samples. While the levels 
found in cigarette smokers were five to six times higher than in nonsmokers, the fact 
that adducts were detected consistently in individuals that were not overtly exposed to 
tobacco or synthetic fuels strongly suggests the existence of unknown and perhaps 
ubiquitous sources of ABP contamination in the environment. Furthermore, the 
presence of heterocyclic aromatic amines in cooked foods (Kato, 1986) and of 
polycyclic nitroaromatic hydrocarbons in diesel exhaust and ambient air (Rosenkranz 
& Mermelstein, 1986) provides additional sources of aromatic amine exposure to 
humans. Thus, the development of biomarkers for exposure and susceptibility to 
aromatic amines represents an important goal for human risk assessment. 

Role of acetylation polymorphism in human urinary bladder and colorectal cancers 
Hepatic aromatic amine N-acetyltransferase has been studied extensively as a 

genetic polymorphism in humans and has been shown to predispose individuals to 
several drug toxicities (reviewed by Weber & Hein, 1985). More recently, evidence has 
emerged that phenotypically slow acetylators are at elevated risk for urinary bladder 
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cancer, while rapid acetylators are predominant among individuals with a history of 
colorectal cancer (Cartwright, 1984; Lang et al., 1986; Ilett et al., 1987). As discussed 
below, these observations are consistent with the known metabolic activation pathways 
for aromatic amine carcinogens and indicate that acetylator phenotype should be a 
useful predictive tool for determining individual susceptibility to aromatic amine 
carcinogenesis. 

For those primary aromatic amines that are carcinogenic for the urinary bladder, 
metabolic activation is generally thought to involve hepatic N-oxidation to form an 
N-hydroxy arylamine, which is then transported through the circulation to the lumen of 
the urinary bladder where it reacts with urothelial DNA under slightly acidic 
conditions. Although N-glucuronidation has long been regarded as an important 
transport mechanism, recent studies with ABP in dogs have shown that the 
uncoiljugated N-hydroxy metabolite is the predominant form that enters the blood and 
is filtered into the urinary bladder lumen (reviewed by Kadlubar et ы., 1987). 
Consequently, hepatic N-acetylation represents a direct competing pathway for 
arylamine N-oxidation and for formation of the ultimate carcinogenic metabolite. In a 
summary of eight pharmacogenettc studies of acetylators in Denmark,. Sweden, the UK 
and the USA, Mommsen et al. (1985) noted that 65% of bladder cancer patients were 
slow acetylators as compared with 59% of the controls. While this difference was 
statistically significant (p c 0.025), the observed association between increased risk for 
bladder cancer and slow acetylator phenotype in a .general population was not 
particularly impressive. However, when exposure to aromatic amine carcinogens has 
been documented, the excess of individuals with the slow acetylator phenotype has 
been striking. For example, 22 of 23 bladder cancer patients who worked in the 
synthetic dye industry were slow acetylators compared to 52 of 88 in the control group 
(Cartwright et al., 1982). Furthermore, this correlation has been consistently observed 
in instances of known occupational exposure to aromatic amines and in highly 
industrialized areas (Cartwright, 1984). 

For those aromatic amines that are carcinogenic for the intestinal tract, metabolic 
activation is also believed to involve hepatic N-oxidation. However, effective N-
glucuronidation of these N-hydroxy metabolites appears to result in their biliary 
excretion, subsequent hydrolysis by intestinal bacterial -glucuroMdass, and their 
reabsorption into the colonic mucosa. Here, colonie O-acetyltransferase further 
activates the N-hydroxy arylamine by forming a reactive N-acetoxy derivative that 
binds covalently to DNA. Sincе  O-acetyltransferase activity appears to be catalysed by 
the arylamine N-acetyltransferase (Flammang et al., 1987а,Ь), it is likely that metabolic 
activation of N-hydroxy arylamines in human colon will exhibit the same genetic 
polymorphism. Thus, the recent findings that phenotypically rapid acetylators are more 
prevalent among patients with a history of colorectal cancer are consistent with this 
route of metabolic activation. These data, which are summarized in Table 1, suggest 
that aromatic amines may play an important role in the etiology of this cancer in a 
general population. Potential sources of human exposure to this class of carcinogens 
include food-borne heterocyclic amines, aromatic amine herbicides and airborne 
nitroaromatic hydrocarbons. 

Thus, available evidence indicates that acetylator polymorphism should be a useful 
biomarker of individual susceptibility to aromatic amine carcinogenesis. When ex-
posure to urinary bladder carcinogens is suspected, the slow acetylator individual can 
be regarded as being at greater relative risk. 1n a general population, however, rapid 
acetylators seem to be predisposed towards colorectal cancer. In this case, identifica-
tion of an etiological agent and its quantification would serve to improve further the 
utility of acetylator phenotyping as a predictive tool in epidemiological studies. 
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Table 1. Distribution of N-acetyltransferase phenotypes in 
controls and in patients with a prior history of colorectal 
cancer 

Group 	No. of fast acetylators/total no. of individuals 

Lang et a1. (1986) 	I1ett et al. (1987) 	Combined 

Controls 	11/41 	 10/41 	 21/82 
Cancer patients 20/43° 	 27/49ь 	 47/92` 

ьСотрarед  to controls, г  = 3.49, p = 0.0100, odds ratio = 2.36 
Compared to controls, x = 8.70, p = 0.0015, odds гаtiо  = 3.80 

`Compared to controls, x z =11.82, p = 0.0001, odds ratio = 3.03 

Role of cytochromes P450 in susceptibility to aromatic amine cаrcinogenesis 
Cytochromes P450 are a family of monooxygenases that catalyse the oxidative 

metabolism of a wide variety of drugs aid carcinogens. Depending on the species, 
there are some 10-15 different isozymes the sequence homology of which may vary 
between 20 and 75%. The majority of these are inducible by environmental and 
endogenous factors, and several appear to exhibit genetic polymorphisms in humans 
(Distlerath & Guengerich, 1987). Since the N-oxidation of carcinogenic arylamines 
represents a critical initial step in their metabolic activation (vide supra), the role of 
specific hepatic cytochromes P459 in this process has received considerable research 
emphasis. In the last few years, studies with purified radent liver Р450s have indicated 
that hydrocarbon-inducible forms corresponding to rat Р450с  (Р450/BNF-B) and 
Р450д  (Р450/ISF-G) exhibit the highest catalytic activity toward arylamines. For 
example, 2-aminofluorene and 3-аmiпо-1-methyl-5H-pyrido[4,3-Ь]indole (Тrp-Р-2) 
were found to be N-oxidized effectively by both of these Р450s, while N-oxidation of 
AВР, 2-паphthylаmine, 2-amino-6-methyldipyrido-[1,2-a :3 Ј  , 2' -djimidazole (Glu-P-1), 
and 2-amino-3-methyliтidazo[4,5 f ]quinoline (IQ) were catalysed selectively by cyto-
chrome Р450d (reviewed by Kad1ubar & Hammons, 1987; Kadlubar et al., 1988). In 
addition, the human ortholague of rat cytochrome Р450д  has been purified by 
Distlerath et al. (1985) aid by Wrighton et al. (1986), who have shown that the human 
and rodent isozymes possess similar immunochemistry and amino-terminal sequences, 
as well as catalytic activity for phenacetin O-deethylase. We have recently compared 
the ability of 19 preparations of human liver microsomes to catalyse plienacetin 
O-deethylation and the N-oxidation of ABP. Although a wide range of activities was 
observed (Fig. 1), a strong correlation between the rtes of ABP N-oxidation and 
pheпаcetin O-deethylation was seen (p c 0.001), suggesting their common catalysis by 
the human orthologue of Р450д. This conclusion has been further strengthened by 
recent findings (Davies et al., 1988; McManus & Burgess, 1988; Sesardic e al., 1988) 
which indicate that phenacetin O-deethylase activity is well correlated with immuno-
quantified levels of human Р450д  and with the mutagenic activation of Тrp-Р-2, IQ and 
N-acetyl-2-aminofluorene by human liver microsomes. In addition, this cytochrome 
P450 was highly variable in different individuals (60-fold range), appeared to be 
inducible in the liver by cigarette smoking (about fourfold), and exhibited a genetic 
polymorphism in humans, with 5-10% of the Caucasian population being deficient in 
phenacetin O-deethylase activity. Thus, individual variation in the capacity for 
metabolic activation of several aromatic amines is apparent and indicates the need for a 
noninvasive method for determining the phenotype of those at risk for tumour 
induction by this class of chemical carcinogens. 
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Fig. 1. Rates of ABP N-oxidation and phenacetin 0-deethylation by human liver 
microsomes (n =19; from Kadlubar et a1., 1987) 

r = 0.51 
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ЭZР-Рostlabel иng and immunochemical methods for determining human exposure to 
AlP 

Recent studies on assessment of exposure to aromatic amines have focused on the 
estimation of arylamine-macromolecular adducts. Thus far, these efforts have primarily 
involved the measurement of adducts with blood proteins, namely haemoglobin 
(Neumann, 1984; Bryant et al., 1987) and serum albumin (5kipper et al., 1985). With 
regard to ABP, haemoglobin adducts appear to be formed as a direct consequence of 
hepatic N-oxidation and the subsequent entry of free N-hydroxy-ABP into the 
circulation. A secondary oxidation of N-hydroxy-ABP then occurs within erythrocytes 
to form 4-nitrоsobiphепyl, which undergoes an addition reaction with a single cysteine 
residue on the haemoglobin (Bryant et al., 1987). Additional studies have indicated 
that ABP-haemoglobin adducts are an accurate measure of the amounts of иnсопjиg-
ated N-hydroxy-ABP entering the urinary bladder lumen (Kadlubar et al., 1987); 
however, the levels of ABP-DNA adducts formed within the urothelium are not always 
correlated with ABP-haemoglobin adduct levels and, instead, are directly dependent 
on urine voiding intervals (i.e., retention of N-hydroxy-ABP in the bladder lumen). 
Thus, the need exists to determine both ABP-haemoglobin and ASP DNA adducts in 
order to assess both individual exposure and relative risk. 

With the development of highly sensitive 32Р-postlabelling methods to detect 
aromatic DNA adducts (Gupta et al., 1982), it became possible to assess genotoxic 
exposure of humans to carcinogenic arylamines. We initially attempted to apply this 
technique to the detection in human tissues of N-(deoxyguanosic-8-y1)-ABР, the major 
ABP-DNA adduct likely to be formed in the urinary bladder (Beland et al., 1983). 
Enzymatic hydrolysis of DNA samples (10 fig) to 3'-nucleotides and postlabelling with 
polynucleotide kinase and 32Р-АТС  (4500 Ci/mmol; 20 mCi) were carried out by the 
published method, except that higher amounts of radioactivity were employed and 
n-butanol extraction was used to obtain a ten-fold enrichment of the ABP-adducted 
3'-nucleotide. To determine recovery of the postlabe]led ABP adduct, we synthesized 
the ûnlabelled N-(dеоxyguaпоsm-8-y1)-ABP-3',5'-bis(phosphate) (C8-pdGp-ABP; 
Lasko et al., 1987) and added it to the incubation mixture just after postlabel1ihg 
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and aeyrase addition. Instead of using thin-layer chromatography to separate the 
3',[5'-32Р]-bis(phosphates), we performed a second tz-butanol extraction, which also 
provided a tenfold enrichment over the unadducted 32Р-labelled bis(phosphates). 
Reconstituted samples were applied to a Waters high-performance liquid chromatog-
raphy (HPLC) system equipped with a цBoпdpack С18 Semi-prep column and then 
developed with a gradient system of 0.1 M anunonium acetate/0.001 M ammonium 
phosphate, pH 5.7 (solvent A) and acetonitrile (solvent B), as described previously 
(Lasko et al., 1987). Fractions that eluted at the retention time (11-13 min) of the 
synthetic C8-pdОр-ABP were collected, acetomtrile was removed under a stream of 
argon, and the adducted sample then extracted into butanol, evaporated, reconstituted 
in column buffer, and reaplied to a second identical HPLC system. Fractions (30-sec) 
were again collected and 2Р  levels were determined by liquid scintillation counting 
(Fig. 2). The overall recovery of the unlabelled C8-pdGp-ABР  was 60 f 5%. 

Fig. 2. Rechromatography of ABP-пiodнlеd calf thymus DNA (A) and human 
bladder epithelial DNA (B) after 3ZР-postlаbelппg 
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Sample preparation, эгP-postlabепипg, addition of synthetic C&pdGP-ABP and HPLC were earned out as 
described in the text. The solid line represents ultraviolet-absorbing components in the eluent, and the 
histogram shows the elution of the radiolabelled bis(phosphate). 
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ABP-adducted DNA standards were prepared by reaction of calf thymus DNA with 
3H-N-hуdroxy-ABP (55 mCi/mmol) and serial dilution with unmodified DNA to give 
C8-pdGp-ABP levels of one adduct per 106, one per 10, one per 108 and one per 109 
nucleotides (DNA-P). As shown in Figure 2A, using this method we readily detected 
1.7 fmol or one AlP adduct per 106 DNA-P upon injection of an aliquot corresponding 
to 0.5µg of the ABP-DNA standard. The other ABP-DNA standards yielded similar 
results, with a limit of detection of about б  attomol or 0.2 adducts per 109 DNA-P 
(<100 dpm; 10 jig DNA sample). 

Human bladder epithelial cells were then collected by centrifugation of bladder 
lavages, and DNA was isolated by the method of Cox and Irving (1977). Results 
obtained by the Э2Р-postlаbelling method (Fig. 2B) indicate the presence of post-
labelled C8-pdGр-ABP in human urothelium at a level of six ABP adducts per 108 
DNA-P. In order to extend the applicability of this method, we then prepared a series 
of adducted DNA standards, including DNA modified by reactions with N-hуdrоxy-2-
пaphthylamine, N-hydroxy-1 -aminopyrenc, N-hydroxy-N' -acetylberizidine and aflatox-
in 2,3-dichloride. Unfortunately, we found that each of these DNA samples yielded 
postlabelled adduct standards that chromatographed with retention times ranging from 
10-16 min in the HPLC system used. Thus, the proximity of these and perhaps other 
unknown adducts to the С8рдОp-ABP adduct rendered actual detection of an 
ABP-DNA adduct in human bladder by postlabelling/HPLC subject to question. As 
further attempts to achieve greater separation of different postlabelled adducts by 
HPLC were unsuccessful, we turned our attention to the development of an equally 
sensitive but more selective irnmunochemical method. 

To obtain the desired antibody specificity, the immunogen was prepared by 
covalently attaching N-(guаnosin-8-у1)-ABP through its ribose moiety to keyhole 
limpet haemocyanin using a periodate coupling procedure (Roberts et al., 1985). 
High-affinity polyclonal rabbit antiserum was obtained, and a sensitive competitive 
avidin/biotin-amplified enzyme-linked immunoassay (ELISA) was developed, the 
solid-phase antigen consisting of the same adduct covalently attached to bovine serum 
albumin (Roberts etal., 1985). This antiserum was characterized extensively and 
shown to have high specificity for the purine and biphenyl rings of the adduct, namely 
N-(guan-8-y1)-ABР  and its corresponding nucleoside and 5'-nucleotide. Accordingly, 
the antibody did not appreciably recognize N-(dеoxyadепоsiп-8-у1)-ABP, guanine, 
deoxyguanosine, deoxyadenosiüe, unhydrolysed ABР-тодifiед  DNA, ABP-modified 
serum albumin or the C8-deoxуguапosiпe adducts of 2-nарhthу]аrmпe, 1-aminopyrene, 
3,2'-dimethy1-4-aminobiphenуl or 2-аminоf uarеnе. Although there was significant 
cross-reactivity toward N-(deоxyguаnosin-Nz-у1)-ABP, and the C8-dеoxyguaпosiпе  
adducts of benzidine and N-acetylbenzidine, their potential interference in the assay 
was eliminated by selective hydrolysis of DNA samples with trifluoroacetic acid at 70°C 
for 1 h. Under these conditions, modified DNA standards released only N-(guar-8-y1)-
ABР. Furthermore, acid hydrolysis resulted in greater assay sensitivity by allowing the 
use of 10-100 tg DNA (compared to only 1-10 jig with the роstlabецing method). 
Using a limiting amount of antibody in the presence of an excess of solid-phase coating 
antigen, the limit of detection was 0.5-5.0 N-(guаn-8-y1)-ABР  adducts per 108 DNA-P. 
This ELISA was then validated by administration of ABP to dogs and analysis of liver 
and urothelial DNA for the C8-guanine adduct (Kadlubar et al., 1987, 1988). 

For our initial studies on the detection of N-(guап-8-у1)-ABP in human tissues, we 
obtained surgical samples of histologically normal peripheral lung or urinary bladder 
epithelial tissues from 11 individuals with a current history of cigarette smoking and 
thus of known exposure to ABP (Patrianakos & Hoffmann, 1979). As shown in Figure 
3, the values obtained ranged from two to 97 adducts per 108 DNA-P, which is within 
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Fig. 3. Immuéochemical determination of N-(guап-8-y1)-ABP in human lung and 
bladder epithe1ia1 DNA 

❑ =lung 
• Вl,дбег  

❑ 

❑ D 
❑ ❑ 	■ 

■ ■ 

Human tissue sample no. 

the same range as that determined from the 32P-postlabe1Bng assay. These putative 
adduct levels are comparable with those reported for other carcinogen-DNA adducts in 
human tissues from individuals who were not known to be exposed to occupational 
carcinogens or to chemotherapeutic drugs. In this regard, 06-methylguanine aid 
polycychc aromatic hydrocarbon-DNA adduct levels have been detected at levels of 
one adduct per 106 to 106 DNA-P in human oral mucosa, oesophagus, bronchus, lung, 
placenta and white blood cells (reviewed by Dunn & Stich, 1986; Perera, 1987). In 
future studies to confirm the presence of ABP-DNA adducts in human tissues, we will 
quantify them by at least one other method, such as 32Р-postlabelling or eiectrophore-
labelling/mass spectrometry. In addition, we will examme the relationship between 
ABP-DNA adducts in human tissues and smoking status, occupation and phar-
macogenetic and pharmacodynamic variables. 

References 

Beland, F.A., Beranek, D.T., Dooley, K.L., Heflich, R.H. & Kadlubar, F.F. (1983) 
Arylamine-DNA adducts in vitro and in vivo: their role in bacterial mutagenesis and 
urinary bladder carcinogenesis. Environ. Health Perspect., 49, 125-134 

Bryant, Ms., Skipper, Р.S., Tannenbaum, S.R. & Macluxe, M. (1987) Hemoglobin adducts of 
4-amiпоьiрhenyl in smokers and non-smokers. Cancer Res., 47, 602-608 

Cartwright, R.A. (1984) Epidemiological studies on N-acetylation and C-center oxidation in 
neoplasia. Iп: Отепп, G.S. & Gelboin, H.V., eds, Genetic Variability in Responses to 
Chemical Exposure (Banbury Report 16), Cold spring Harbor, NY, Cs1 Press, pp. 359-368 

Cartwright, R.A., Glashan, R.W., Rogers, H.J., Ahmad, R.A., Barham-Hall, D., Higgins, E. 
& Kahn, M.A. (1982) Role of N-acetyLtransferase phenotypes in bladder carcinogenesis: a 
pharmacogenetic approach to bladder cancer. Lancet, ü, 842-846 

Cix, R. & Irving, C.C. (1977) Selective accumulation of O6-methуlguanine in DNA of rat 
bladder epithelium after intravesical administration of N-niethyl-N-nitrosourea. Cancer 
Lett., 3, 265-270 

Davies, D.S., Boobis, A.R., Sesardiс, D., Murray, S., Rice, J. & Goodcrham, N. (1988) 
Isоzуme specificity of drug oxidation by animal and human tissues. In: Abstracts, VIIth 
International 5ymposium on Microsomes and Drug Oxidations, 18-21 August 1987, 
Adelaide, Australia, Abstract 831 

Distlerath, L.M. & Guengerich, F.P. (1987) Enzymology of human liver cytochromes P-450. In: 
Guengerich, F.P., cd., Mammalian Cytochromes P-450, Vol. I, Boса  Raton, FL, CRC 
Press, pp. 133-198 

-5 
ш  з  
m -5.5 
C 

° -6 

s -6.5 
й  
ô 7 

—7.5 



EXPOSURE AND SUSCEРTIBILГгУ  TO AROMATIC AMINES 	173 

Distlerath, L.M., Reilly, P.E.B., Martin, M.V., Davis, G.G., Wilkinson, G.R. & Guengerich, 
F.P. (1985) Purification and characterization of the human liver cytochromes P-450 involved 
r debrisoquiпе  4-hydroxylation arid phenacetin O-decthylation, two prototypes for genetic 
polymorphism in oxidative дru~ metabolism. J. Ьiоl. Chem., 260, 9057-9067 

Dunn, B.P. & Stich, Н.F. (1986) 3 P-Postlаbешпg analysis of aromatic DNA adducts in human 
oral mucosal cells. Cаrciпюgeпesiч, 7, 1115-1120 

F1aminang, T.J., Hein, D.W., Talaska, G. & Kadlubar, F.F. (1987а) N-Hydroxyarylamine 
O-acetyltsnsferasa and its relationship to aromatic amine N-acetyltransferase polymorphism 
in the inbred hamster and in human tissue cytosol. In: King, C.М., Romano, L.J. & 
Schuetzle, D., eds, Carcinogenic and Mutagenic Responses to Aromatic Amines and 
Nitroarenes, New York, Elsevier, pp. 137-148 

Flamrnarsg, Ti., Yamazie, Y. Guengerich, F.P. & Kadiubai, F.F. (1987b) The S-acetyl 
coenzyme A-dependent metabolic activation of the carcinogen N-hydroxy-2-аminofluогеne 
by human liver cytosoi and its relationship to the aromatic amine N-acetyltransferase 
phenotype. Carcino genesis, 8, 1967-1970 

Gupta, R.C., Reddy, M.V. & Randerath, K. (1982) 32Р-Рostlаbeliпg analysis of non-radioactive 
aromatic carcinogen-DNA adducts. Carcmo genesis, 3, 1081-1092 

Haugen, D., Peak, M.J., SuhrЫеr, K.М. & Stamoudis, V.С. (1982) Isolation of mutagenic 
aromatic amines from a coal conversion oil by cation exchange chromatography. Anal. 
Chem., 54, 32-37 

Ilett, K.F., David, B.M., Detchon, P., Ca.stleden, W.М. & Kwa, R. (1987) Acetylation 
phenotype in colorectal carcinoma. Cancer Res., 47, 1466-1469 

Kadlubar, F.F. & laminons, G.7. (1987) The role of cytochromes P-450 in the metabolism of 
chemical carcinogens. In: Guengerich, F. P., ed., Mammalian Cytochromes P-450, Vol. II, 
Boca Raton, FL, CRC Press, pp. 81-130 

Kadlubar, F.F., Dooley, K.L., Benson, W.R., Roberts, D.W., Butler, M.A., Teitel, C.H. & 
Young, J.F. (1987) Pharmacokinetic model of aromatic amine-induced urinary bladder 
carcinogenesis in beagle dogs administered 4-aтiпоырheпyl. In: King, C.M., Romano, L.J. 
& Schuetzle, D., eds, Carcinogenic and Mutagenic Responses to Aromatic Amines and 
Nitroarenes, New York, Elsevier, pp. 173-180 

Kadlubar, F.F., Butler, M.A., Hayes, B.W., Belarid, F.A. & Guengerich, F.P. (1988) Role of 
microsomal cytochrome P-450 and prostaglandin H synthase in 4-аmiпoЬiphenyl-DNA 
adduct formation. In: Miners, J.O., Birkett, D.J., Drew, R., May, B. & McManus, M. eds, 
Microsomes and Drug Oxidations, London, Taylor & Francis (in press) 

Kato, R. (1986) Metabolic activation of mutagenic heterocyclic aromatic amines from protein 
pyrolysates. CRC crit. Rev. toxicol., 16, 307-348 

Lang, N.P., Chu, D.Z.J., Hunter, C.F., Kendall, D.C., Flammang, T.J. & Kadlubar, F.F. 
(1986) Role of aromatic amine acetyltransferase in human colo-rectal cancer. Arch. Surg., 
121, 1259-1261 

Lasko, D.D., Basu, А.K., Kadlubar, F.F., Evans, F.E., Lay, J.O., Jr & Essigmann, J.M. (1987) 
A probe for the mutagenic activity of the carcinogen 4-amiпobiphenyl: synthesis and 
characterization of an М13тp10 genome containing the major carcinogen-DNA adduct at a 
unique site. Biochemistry, 26, 3072-3082 

McManus, M.E. & Burgess, W.М. (1987) Mutagenic асtiиаtiоп  of the food derived heterocyclic 
amine 2-аmiпo-3-methylimidazo[4,5 f]quinоline by rabbit and human liver microsomes. In: 
Abstracts, VIIth International Symposium on Microsomes and Drug Oxidations, 18-21 
August 1987, Adelaide, Australia, Abstract P161 

Mommsen, S., Barfod, N.M. & Aagard, J. (1985) N-Acetyltransferase phenotypes in the urinary 
bladder carcinogenesis of a low-risk population. Carcinogenesis, 6, 199-201 

Neumann, H.-G. (1984) Analysis of hemoglobin as a dose monitor for alkylating and arylating 
agents. Arch. Toxicol., 56, 1-6 

Parkes, H.G. & Evans, A.E.J. (1984) Epidemiology of aromatic amine cancers. In: Searle, C.E., 
cd., Chemical Carcinogens, 2nd Ed., Washington DC, American Chemical Society, pp. 
277-301 

Patrianakos, C. & Hof[mann, D. (1979) Chemical studies on tobacco smoke. LXIV. On the 
analysis of aromatic amines in cigarette smoke. J. anal. Toxicol., 3, 150-154 



174 	 KADLUBAR ET AL. 

Perera, F.P. (1987) Molecular cancer epidemiology: а  new tool ш  cancer prevention. J. nail 
Cancer Inst., 78, 887-898 

Roberts, D.W., Bensorn, R.W., Flaminang, T.J. & Kadlubar, F.F. (1985) Development of an 
avidin-Ьиойn amplified enzyme-linked immunoassay for detection of DNA adducts of the 
human bladder carcinogen 4-аmmоbipheпyl. In: Simic, M., Grossman, L. & Upton, A.C., 
eds, Mechanisms of DNA Damage and Repair: Implications for Carcino genesis and Risk 
Assessment, New York, Plenum Press, pp. 479-488 

Rosenkranz, H.S. & Mermeistein, R. (1986) The genotoxicity, metabolism and carcinogenicity 
of nitrated polycyclic aromatic hydrocarbons. J. environ. Sci. Health, 2, 221-272 

Sesardic, D., Boobis, A.R., Harries, G.C., Edwards, R.J. & Davies, D.S. (1987) Inducibility of 
the form of cytochrome P-450 catalyzing aromatic amine oxidation in man. In: Abstracts, 
VIIth International Symposium on Microsomes and Drug Oxidations, 18-21 August 1987, 
Adelaide, Australia, Abstract P160 

Skipper, P.L., Obiedzinski, М.W., Tannenbaum, S.R., Mil1er, D.W. Mitchum, R.K. & 
Kadlubar, F.F. (1985) Identification of the serum albumin adduct formed by 4-amino-
biphenyl in vivo in rats. Cancer Res., 45, 5122-5127 

Weber, W.W. & Hein, D.W. (1985) N-Acetylation pharmacogenetics. Pharmacol. Rev., 37, 
25-79 

Wrighton, S.A., Campanile, C. Thomas, P.E., laines, S.L., Watkins, P.R., Parker, G., 
Mendez-Picon, G., Hahn, M., Shively, J.E., Levin, W. & Guze1ian, P.S. (1986) 
Identification of a human liver cytochrome P-450 homologous to the major isosafroie 
iпдиciЫе  cytochrome P-450 in the rat. Mol. PharmacDl, 29, 405-410 



DNA ADDUCT FORMATION DURING CONTINUOUS 
FEEDING OF 2-ACETYLAMINOFLUORENE AT 

MULTIPLE CONCENTRATIONS 

F.A. Beland,''г  N.F. Fullerton,r T. Kiпouchi1°2 & M.C. РоiriеrЭ  

1 National Center for Toxicological Research, Jefferson, AR; 2 University of Arkansas 
for Medical Sciences, Little Rock, AR; and National Cancer Institute, Bethesda, 

MD, USA 

A linear relationship was observed between the administered dose and DNA 
adduct levels in the livers and bladders of BALB/c mice fed the carcinogen, 
2-aсetylаminоfuormе  (2-AAF), continuously for one month. A similar linear cor-
relation was found between the probit of the liver tumour incidence and the log of 
the liver DNA adduct levels; however, because there is a no-observable-effect level 
for bladder tumour induction, the relationship between the probit of the bladder 
tumour incidence and bladder DNA adduct levels was not linear. These data 
suggest that the relationship between DNA adduct formation and tumour incidence 
may be tissue specific. 

Carcinogen-DNA adducts have been proposed as biomarkers to monitor the 
exposure of humans to carcinogens (Wogan & Gorelick, 1985); however, accurate 
estimates of risk will depend upon determining the relationship between adduct levels 
and eventual tumour incidence. Animal models in which a large range of concentra-
tions are administered chronically can be very useful in elucidating this relationship. 
Studies in rats (Poirier et ai., 1984) have shown that adduct levels in the liver increase 
during the first two weeks of feeding and then maintain steady-state conditions in 
which the rate of adduct formation equals the rate of adduct removal. Similar studies 
of DNA adducts have not been conducted in mice, but Jackson et al. (1980) reported 
that tissue levels of 2-AAF and/or its metabolites in mice reach steady-state 
concentrations after approximately two weeks of feeding. In this study, we determined 
the carcinogen-DNA adduct levels in the livers and bladders of BALB/c mice fed 
0-150 mg 2-AAF per kg diet continuously. In addition to correlating adduct levels 
with the administered dose, these levels were compared with the tumour incidence in 
mice fed the same diets for up to 33 months (Farmer et al., 1979). 

Carcinogen administration and adduct analyses 
Weanling female BALB/c mice (four to five per group; obtained from the breeding 

colony at the National Center for Toxicological Research) were fed 0, 5, 10, 15, 30, 45, 
60, 75, 100 or 150 mg 2-AAF per kg diet for one month. Upon sacrifice, the livers and 
urinary bladders were excised, and, following preparation of hepatic nuclei (Basler et 

aL, 1981), DNA was isolated from each tissue (Beland et al., 1984). Typical DNA 
yields were 940 f 180 Fig (mean t SD) for liver DNA and 32 t 8 ј tg for bladder DNA. 
Adduct levels from each sample were determined by radioimmuno assay, using a 
polyclonal antibody specific for N-(deoxyguanosin-8-y1)-2-aminоfluoгепе  (дG-C8-AF), 
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Fig. 1. DNA adduct levels in the livers (❑) and bladders (0) of female BALB/c 
mice fed 2-ААF continuously for one month 
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Adduct levels were determined by radioimmunoassay using an antibody specitic for N-(deoxyguanosin-B-yl)-
2-аminoFiuоrenе . See Table 1 for additional details. The solid lises were obtained from linear regression 
analyses by the method of least squares. 

with ЭH 0-C8-AF as the tracer (Poirier et at, 1984). This adduct has been shown to be 
the major product bound to DNA in mouse liver after administration of the proximate 
carcinogen, N-hydroxy-2-AAF (Lai et al., 1985). 

DNA adducts versus dose 
The relationship between administered dose and adduct levels is shown in Figure 1. 

In liver DNA, there was a linear correlation between the log of the administered dcsc 
and the level of dG-C8-AF (r = 0.98). A similar геlationship was observed for bladder 
DNA (r = 0.99), except that at each dose level there was four times more dG-C8-AF 
bound to bladder DNA than to hepatic DNA. 

DNA adducts versus tumours 
2-AAF is carcinogenic for both the liver and bladder of BALB/c mice. The kinetics 

of tumour formation in these tissues has been studied by administering 0-150 mg 
2-AAF per kg diet continuously for up to 33 months with sacrifices at 18, 24 and 33 
months (Farmer et al., 1979). Interestingly, while the hepatic tumour incidence was 
linear throughout the entire dose range, a no-effect level was observed for bladder 
tumour induction (Table 1). Farmer et al. (1979) suggested that the no-observable- 
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Table 1. Liver and bladder DNA addict levels and 
tumour incidence in mice fed 2-AAF continuously 

Dose 
(mg/kg) 

DNA binding° 
(fmol/yg DNA) 

Tumour incidence5 (%) 

18 months 	24 months 33 months 

Liver 
0 0+0  1.1 2.6 17.0 
5 4.89±0.95 - - - 
10 8.61±1.53 - - - 
15 17.95±4.38 - - - 
30 29.05 t 7.71 1.7 7.8 30.3 
35 - 1.8 9.4 72.0 
45 39.30±8.77 2.7 11.0 40.8 
60 34.60+2.47 3.2 15.6 44.8 
75 51.73 f 12.40 4.5 20.1 49.3 
100 61.85+7.83 8.9 25.6 71.0 
150 В6.1Э  f 10.62 11.4 40.1 81.8 
Bladder 
0 0±0  0.4 0.3 1.0 
5 11.3±3.9 - - 
10 14.2±5.4 - - - 
15 26.1±9.8 - - - 
30 67.0 t 10.5 0.7 0.4 1.1 
35 - 0.4 0.4 0.0 
45 109.6±59.3 1.1 0.5 1.9 
60 120.2±31.5 1.2 0.6 3.0 
75 149.6±35.8 1.0 2.2 16.0 
100 218.6 t 12.1 4.7 17.2 67.7 
150 286.9+13.3 51.7 75.4 100.0 

°Weanling female BALB/c mice were fed 2-AAF at the concentration indi-
cated for one month. Adduct levels were determined by radioircmunoassay and 
represent the mean t 5D of three to five animals 
Tumour data are from Farmer et a1. (1979). Dead or moribund mice were 

grouped with those sacrificed at the time indicated. The mice were grouped as 
follows: 18 montЬs = 533 to 637 days; 24 months = Ь38 to 864 days; 33 
months = 865 to 1001 days 

effect level resulted from efficient hepatic detoxification of reactive metabolites at low 
doses of carcinogen, which protects the bladder from tumorigenesis. However, in a 
subsequent study (Jackson et al., 1980), a linear correlation was found between bladder 
tissue levels of 2-AAF and/or its metabolites and the administered dose throughout the 
entire dose range. Relating total tissue levels of a carcinogen and/or its metabolites to 
tumour incidence may be misleading because DNA adducts represent only a small 
fraction of this material. We therefore compared the DNA adduct levels in mice fed 
2-AAF for one month to the tumour incidence reported by Farmer et al. (1979). As 
shown in Figure 2, there was a linear relationship between the probit of the liver 
tumour incidence and thé log of the liver adduct levels. This was riot the case for 
bladder tumeurs (Fig. 3), because, as bad been observed when dose was compared 
with tumour incidence, a no-observable-effect level exists, below which the tumour 
incidence does not exceed that of the untreated controls. 

Conclusions 
In this study we found a linear correlation between the administered dose of 2-AAF 

and the level of dG-C8-AF in both liver and bladder DNA, the adduct levels in the 
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Fig. 2. Relationship between liver DNA adduct levels and tuvnour incidence 
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Tumour data arc from Farmer et al. 0979) for female BALB/c mice fed 2-AAF continuously for 18 (❑), 24 
(0) or 33 (4) months at 30, 45, 60, 75, 100 or 150 mg 2-AAF per kg diet. Dead or moribund mice were 
grouped with those sacrificed at the time indicated. See Table 1 for additional details. Probit analysis of 
tumour data was conducted by the method of Finney (1952). The solid lines were obtained from linear 
regression analyses by the method of least squares. The correlation coefficients (r) were 0.97, 0.96 and 0.96 
for 18, 24 and 33 months, respectively. 

bladder being four times higher than those found in the liver (Fig. 1). Regression 
analyses of the data for liver, using a probit log adduct model, yielded а  linear 
relationship (Fig. 2), indicating that hepatic adduct levels are predictive of tumour 
incidence for this tissue. Such а  relationship was not observed with bladder DNA 
adducts; instead, there appeared to be an adduct level below which the tumour 
incidence did not exceed that observed in the control mice. These adduct levels were 
approximately 120 fmol dG-С8-AF per , g DNA for mice fed 2-AAF for 33 months 
and 240 fmol dG-С8-AF per µg DNA in mice fed for 18 months (Table 1). 
Interestingly, а  substantial tumour incidence would be expected to occur in liver 
containing these adduct levels. (Using these adduct values, the probit log adduct model 
predicts a hepatic tumour incidence of ---40% at 18 months and - 90% at 33 months.) 
Beyond these threshold adduct values, the slope of the probit log adduct curve for the 
bladder (Fig. 3) becomes considerably steeper than that for the liver. This change in 
slope for the adduct response curve in bladder suggests that there may be a sufficient 
number of initiated cells in this tissue at low doses of 2-AAF but that there is an 
insufficient promotional stimulus to allow for their progression. 

In summary, the results of this experiment indicate that the relationship between 
DNA adduct formation and tumour incidence may be tissue specific. In this particular 
instance, the liiiiiting factor for liver tumour induction appears to be the formation of 
DNA adducts, while bladder tumour induction may be limited by the amount of 
promoter present. 
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Fig. 3. Relationship between bladder DNA adduct levels and tumour incidence 
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Tumour data arc from Farmer et a1. (1979) for female BALB/c mice fed 2-АAF continuously for 18 (d), 24 
(0) or 33 (A) months at 30, 45, 60, 75, 100 or 150 mg 2-AAF per kg diet. Dead or moribund mice were 
grouped with those sacriIced at the time indicated. See Table 1 for additional details. Probit analysis of 
tumour data was conducted by the method of Finney (1952). 
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The metabolic activation of pilycyclic aromatic hydrocarbons (РАН), for example 
beпzo[аgyруrепе, leads to the formation of Carсiпogtiп-mасrопюlесuhг  adducts. 
Methods that make it possible to detect low levels of these adducts in human 
peripheral blood samples should be useful in the dosimetry of human exposure to 
carcinogens. We demonstrated previously the usefulness of enzyme immunoassays 
and of synchronous Iluorescence spectroscopy (SFS) for detecting and characterizing 
low levels of PAH-macromolecular adducts present in synthetic adduct mixtures. 
These methods have now been refined and applied to the analysis of samples of 
peripheral blood collected from occupationally exposed individuals (coke-oven 
workers) and from people attending smoking cessation clinics. The results of both 
immunoassays and SF5 show the presence of benzo[a]pyrene diii epoxide (BPDE)-
DNA, BPDE-haemoglobin and other putative PAH-macromolecular adducts in 
peripheral blood samples from certain individuals. 

Most carcinogens, or their electrophilic metabolites, have mutageniC activity 
(Tennant et al., 1987). Studies with human tissues and cells in vitro have shown that 
individual components of these mixtures, such as РАН, undergo metabolic activation 
and covalent binding to DNA in processes that are qualitatively similar to those 
observed in experimental animals (Autrup & Harris, 1983; Weston et al., 1986). Thus, 
it may be concluded that carcinogen-DNA adducts are formed in humans as a result of 
environmental exposures to chemical mixtures in vivo. Chemical DNA damage 
resulting in the activation of oncogenes (Sukumar et at, 1983; Balmain et al., 1984) has 
been shown to occur through the formation of covalent adducts in DNA (Marshall et 
аl., 1984; Vousden et al., 1986), and a similar mechanism might be responsible for the 
possible deletion or inactivation of regulatory genes (Knudsen, 1985) or tumour 
suppressor genes. Therefore, the concept of carcinogen-DNA adduct formation is 
central to theories of chemical carcinogenesis (Thea11-Arce et al., 1987). Detection, 
identification and quantification of carcinogen-DNA adducts in humans is extremely 
difficult (Harris, 1987). Most, if not all, humans are continually exposed to a plethora 
of complex carcinogenic chemical mixtures, largely in the atmosphere, food and water. 
The levels of carcinogens bound to human DNA and other macromolecules also 
challenge the detection limits of conventional assay systems, and complex mixtures of 
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adducted materials confound simple assay systems. Laboratory investigations have 
centred ou the development of techniques that are suitable for the detection and 
measurement of carcinogen residues in human DNA (Garner, 1985; Harris et al., 
1987). In our laboratory, emphasis has been placed on the simultaneous development 
of inmiunoassays, high-performance liquid chromatography (HPLC)/fluorescence 
spectroscopy and 32P-pоstlаbсlbпg as corroborative indicators of human exposure to 
chemical carcinogens. Since drugs and chemicals that modify DNA can elicit an 
immune response and the production of antibodies in humans and laboratory animals 
(Reidenberg & Drayer, 1978; Dubroff & Reid, 1980; Utrecht et al., 1981; Leitmen et 
аl., 1986), we have used immunoassays (ultrasensitive enzymatic radioimmunoassay 
(USERIA) and enzyme-linked immunosorbent assay (ELISA)) both as direct monitors 
of the presence of adducts in human DNA samples and as indirect monitors to 
determine the presence of anti-PAH-DNA adduct antibodies in human serum samples. 

All of the methods currently available for human biomomtoring have their own 
peculiar advantages and disadvantages, and the corroborative approach that we have 
used has proved to be of considerable value. The aim of our initial epidemiological 
studies was to determine if PAH-DNA adducts and serum antibodies that recognize 
those adducts can be detected in biological samples from people exposed to high levels 
of PAHs, for example coke-oven workers, roofers and foundry workers. 

Immunoassays for the detection of PAH-DNA adducts 
Rabbits were immunized with DNA that had been modified with bепzo[а]pyrene-

7,8-diоl 9,10-ерокiде  (BPDE) (Poirier et al., 1980; Poirier, 1981). The antisera that 
were produced showed reactivity in antigen competition ELISA towards the im-
munogen and also towards a group of DNA samples that had been modified with the 
diol-epoxide derivatives of РАН  that are similar to BPDE (Fig. 1) (Weston et al., 
1988), but not towards unmodified DNA or aflatoxin B1-modified (Harris et al., 1985) 
or 2-acetylmiпofluorеne-modified DNA (Poirier et al., 1980). Further characterization 
of the cross-reactive nature of the anti-BPDE-DNA antibody is currently in progress, 

Fig. 1. UBERIA inhibition curves: inhibition of anti-BPDE-DNA rabbit polyclonal 
antibody binding to synthetic BPDE-DNA adducts by chrysene diol epoxide-DNA 
(A), BPDE-DNA (•), and benz[a]anthracene diii epoxide-DNA (0) 
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Table 1. Detection of PAH-DNA antigenicity in peripheral white blood cells 

Donors Number % Positive Mean adduct level° 

Total Positive Range 
cases cases 

Non-industrially exposed volunteers 
Nonsmokers 49 4 0.01 0.3 <0.1-0.4 
Smokers 32 9 0.06 0.6 <0.1-0.9 

Coke-oven workers 
Los Angeles, U5A 27 66 4.72 7.1 С0.1-34.3 
Norway 41 34 0.55 1.6 <0.1-13.? 
Finland 20 35 0.07 0.2 <0.1-0.4 

Roofers 28 25 0.51 2.0 <0.1-2.5 

°>0.1 frill BPDa-DNA aыigeniс  equivalents per pg DNA 

and comparatively weak activity against benгo[k]fluюrаnthелe-dfiоl-epoxide-DNA 
adducts and dibenz[а,с]аnthrаcene-diol-epoxide-DNA adducts has already been ob-
served (about one-tenth that of BPDE-DNA itself). It appears that a positive reaction 
suggests recognition of DNA modifications that are structurally and dimensionally 
similar to BPDE-DNA and may demonstrate the presence of covalently bound PAl 
residues as a class of chemical, but should not be regarded as specific for a single 
compound. When human peripheral blood lymphocyte DNA samples were tested for 
the presence of immunological epitopes that were recognized by the rabbit anti-BPDE-
DNA antisera, it was clear that individuals exposed industrially to high levels of 
complex mixtures of PAl more often registered higher competition values in the 
immunoassays than nonindustrially exposed individuals (Table 1) (Harris et al., 1985; 
Shamsцddin et al., 1985; Haugen et al., 1986). 

In a pilot study, Perera et al. (1982) used ELISA and found similar levels of adducts 
in DNA samples from a series of lung cancer patients; however, there was no 
correlation between positivity and smoking history. In addition, when Everson et a1. 

(1986) measured BPDE-DNA antigenicity in placental DNA, approximately 90% of 
mothers had adducts, irrespective of smoking status, and although the levels of adducts 
found were slightly higher in smokers than in nonsmokers this did not prove to be 
statistically significant. 

Immunoassays have been developed for the measurement of alkylated DNA bases 
(Umbenhauer et al., 1985) and other types of DNA adducts (for example, aflatoxin-
DNA adducts, Groopman et al., 1985; and 2-acetylaтinofluorеnе, Hm et al., 1980; 
Beland et al., 1987). Furthermore, when antibodies have been raised to an appropri-
ately modified base rather than to DNA, specificity has been obtained by HPLC 
separation of enzyme hydrolysates of DNA samples of interest (Wild et a1., 1986; 
Beland et al., 1987). 

ЭZР-Postlabelung assay for the detection of PAl-DNA adducts 
In most 32Р-роstlabelling studies, known PAH-DNA adducts have not been 

detected in biological samples (Randerath et a1., 1981; Everson et al., 1986; Randerath 
et al., 1986); the reasons for this are, as yet, unclear. Iп  placental DNA samples which 
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had largely been shown to be antigenica11y similar to BPDE-DNA using ELIsA, 
Everson et al. (1986) found no evidence in the Э2P-postlabe1ling assay of the presence 
of PAH-DNA adducts arising from seven common parent PAls (benzo[ajpyrene, 
benzo[ghi]pery1ene, pyrene, chrysene, benz[aJanthracene, dibenz[a,h]anthracene and 
fluoranthene), althou~h putative smoking-related adducts were observed. By using 
modifications of the з  P-post1abelling assays developed by Gupta (1982) and Reddy et 
al. (1984), studies in our laboratory provide evidence for the presence of PAH-DNA-
like adducts that cochramatograph with synthetic BPDE-DNA adducts in DNA both 
from human placental syncytiocytotrophiblasts and from salmon sperm. It has been 
shown by Dunn and Stich (1986) that micrococcal nuclease digestion of herring sperm 
DNA gives rise to material that is chromatographically indistinguishable by HPLC and 
thin-layer chromatography from BPDE-modified 3'-monophosphates of guanine. 
Taken together, the lack of correlation between З2Р-postiabel1ing and immunoassays 
that was demonstrated by Everson et al. (1986), and these more recent developments, 
suggest that considerable work must be done before 32Р-postlabe11ing can be used at its 
full potential in biochemical and molecular epidemiological studies. 

Fluorescence assays for the detection of PAH-DNA and PAH-haeniogIobin adducts 

Fluorescence spectroscopy is a highly sensitive method for the detection of aromatic 
fluorophoree, and the use of synchronous excitation and emission scanning in 
conjunction with HPLC has enhanced the specificity of this technique (Weston et al., 
1988). Briefly, DNA samples (100 g) from 41 цS coke-oven workers were hydrolysed 
with acid (0.1 N ICi, at 90°C for 3 h) to release PAH-tetrahydrotetrols and to abolish 
fluorescence quenching by the DNA helix. Spectral analysis of these samples showed 
that the majority (75%) had synchronous fluorescence emissions in the region expected 
for pyrene; however, the signals were generally of a broad peak variety that did not 
permit accurate quantification (Harris et al., 1985). Subsequent analysis of 14 of these 
samples by SFS following HPLC has confirmed the presence in four of the samples of 
BPDE-DNA adducts at levels in the order of one adduct in one to two million 
nucleotides by comparison with a radioactive batch standard. For the ten cases with 
broad peaks in which the presence of BPDE-DNA adducts was not confirmed, 
different types of adducts may account for the original observations, or the levels of 
BPDE-DNA adducts may fall below the detection limit of the HPLC-SFS system, since 
HPLC analysis reduces sample yield by 30-40%. In another study, DNA samples from 
tissues of five lung cancer patients were analysed by this method; none of the five 
tumour samples contained BPDE-DNA adducts, but one of four uninvolved lung 
specimens from the same patients did contain detectable levels of BPDE-DNA 
adducts. 

Haemoglobin has also been used as a source of chemical-macromolecular adducts, 
and assays are now available for measuring exposure to ethylene oxide (Farmer et al., 
1986; Tёrngvist et al., 1986) and to 4-аmiпobiphеnуl (Tannenbaum et al., 1986). 
Although carcinogen-haemoglobin and other carcinogen-protein adducts are not 
considered to be pathobiological lesions, these complexes do provide a useful resource 
in molecular dosimetry of exposure to chemical carcinogens, because erythrocytes have 
a life span of about 120 days and the haemoglobin adducts are not subject to repair, so 
that a cumulative exposure is measurable over a period of three to four months. In a 
smoking cessation study that is currently in progress in our laboratory, evidence for 
BPDE-haemoglobin adducts has been found in only three of 18 individuals so far 
studied; the estimated level of adducts in these cases was 1 fmol BPDE/цg haemoglo-
bin when compared to a batch standard. 
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Immunoassays for the detection of anti-PAH-DNA antibodies in human blood- 
derived serum 

The presence of antibodies directed against synthetic PAH-DNA adducts was 
assayed in human blood-derived serum and used as a measure of molecular exposure to 
the metabolically activated chemicals. These experiments showed that different 
antibodies are produced against a range of PAH-DNA adducts in humans. In each of 
three separate studies, which included 41 US coke-oven workers (Harris et al., 1985), 
38 Norwegian coke-oven workers (Haugen et al., 1986) and 99 nonindustrially exposed 
individuals, approximately 30% of subjects were PAH-DNA antibody positive. Simple 
antibody binding patterns obtained with sera with antibody reactivity against a single 
adduct suggest that these adducts each possess at least one immunologically unique 
epitope. However, the complex binding patterns that were obtained when reactivity 
against more than one adduct was observed in the sera may be the result of the 
presence in the sera of a range of specific antibodies, each of which recognizes a 
different adduct, or the presence of an antibody or antibodies that recognize a common 
or cross-reactive epitope present on all three adducts. In fact, the results of antigen 
competitive assays indicate the presence in complex sera of both adduct-specific and 
cross-reactive antibodies. Sine the types of adducts studied appear to be closely 
related structurally, computer simulations (Brookes et ai., 1983) of these adducts are 
being compared in an attempt to understand the results of the ELISА  more fully. 

The presence or absence of antibodies FAH-DNA adducts was not correlated 
with gender or current smoking status of the individual serum donors. However, 
almost all of the nonsmoking contributors of sera to these experiments were reformed 
smokers; therefore, the possibility that the primary antibody response was produced 
against adducts formed from PAIs contained in tobacco smoke cannot be precluded. 
High antibody titres found in coke-oven workers indicate that current exposure is 
important for the immunological response, and the lack of correlation in the case of 
smokers aid nonsmokers suggests that an analysis of dietary habits and other factors is 
appropriate for these groups. 

In another series of experiments, BPDE-globin adducts were used as the solid-
phase antigen, but no reactivity was observed with any of the sera tested (unpub-
lished). It is known from the work of Tannenbaum et al. (1986) that the binding site for 
the 4-aminоbiрhепyl adduct of haemoglobin is buried in a hydrophobic pocket within 
the molecule. If a similar binding mechanism were involved for the BPDE-globin 
adduct, the proffered antigen may have been inappropriate, since the immunogen 
would probably contain only a globin fragment or be a more simple adduct such as 
BPDE-valine. 

Discussion 
Classical epidemiological studies have made it possible to identify several chemi-

cally complex environmental mixtures, including cigarette smoke and coal smoke, as 
etiological agents (Doll, 1985; Mumford et al., 1987). The presence of mutagenic and 
carcinogenic РАН  in food, especially charbroiled meat and fish (IARC, 1973), has also 
been recognized. Measurement of chemical carcinogens in the environment and 
surveys of smoking, drinking and dietary habits are a first step in the determination of 
humai exposure to genotoxic agents. Evidence for bodily exposure to environmental 
carcinogens has been obtained from analyses of body fluids, such as breast milk, 
seminal fluid, saliva, cervical mucus, urine and blood-derived serum. Indirect evidence 
of human exposure to putative envirornr'ental carcinogens has been gained by testing 
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these body fluids for mutagenic activity (Ames, 1979; De leo et al., 1987), whereas 
direct evidence of human exposure to chemical carcinogens has been obtained from 
specific chemical analyses of these body fluids for the presence of the substance of 
interest or of one or more of its metabolites (Campbell et al., 1970; Sassoп  et al., 1985; 
LaVoie et al., 1987). These types of epidemiological studies provide a tangible basis for 
human risk assessment, but they do not reveal the extent to which biologically effective 
macromolecular damage occurs in an individual, because the biological response of 
that person to a drug, chemical carcinogen or other xenobiotic agent characterizes the 
individual. Therefore, genetically determined host factors that control interindividual 
variations in metabolic activation, detoxication and DNA repair have important roles 
in the formation of putative pathobiological lesions. Consequently, the development of 
techniques that can be used to measure the extent to which macromolecular damage, 
and in particular DNA damage, occurs is a primary approach in accounting for 
biological variables that are inherent in the study of human populations. 

Each of the assay systems used in the studies described above to evaluate human 
exposure to РАН  clearly demonstrates the formation of PAH-DNA or РАН-
haemoglobin adducts in some individuals. Quantitative variations were observed, 
however, in the levels of anti-PAl-DNA antibodies and PAH-DNA adducts detected 
in samples obtained from individuals with ostensibly similar exposure profiles. These 
data corroborate previous in-vitro studies using normal human tissues and cells, which 
also showed wide interindividual differences in the activation of РАН  and other 
chemical carcinogens (Autrup & Harris, 1983), and studies of the metabolism п  vivo 
of drugs like debrisoquine, sparteine, phei formirn, antipyrine and dapsone (Idle & 
Ritchie, 1983; Ayesh & Idle, 1985). These differences in metabolic capability are now 
thought to be due in part to genetic polymorphisms within the population (Distlerath'& 
Guengerich, 1984), and the cloning of appropriate molecular probes will probably lead 
to the development of techniques for human genotyping for drug metabolism. In 
addition to genetically determined differences, some individuals may be exposed 
independently to agents that induce drug metabolizing enzymes and thereby modify 
metabolic activation of РAH and other carcinogens. 

Using polyclonal antibodies raised against BPDE-DNA in competitive immunoas-
says, it has been shown that a range of PAH—DNA adducts is recognized to varying 
degrees. Cross-reactivity with PAH-DNA adducts, but not unrelated chemical-DNA 
adducts (for example, aflatoxin-DNA adducts), actually enhances the sensitivity of the 
assay and does not limit detection of adducts to a single compound. Efforts are 
currently in progress to exploit this cross-reactivity phenomenon to concentrate 
adducted materials when larger amounts of DNA are available. The use of im-
munocolumns has been attempted previously (Tierney et al., 1986), but with limited 
success. In our experiments, it is intended to use physicochemical techniques (HPLC, 
SFS, laser fluorimetry, 32Р-labelling thin layer chromatography and gas chromato-
graphy-mass spectrometry) to analyse column eluates. The use of a biophysical assay in 
these studies complements the immunoassays, and each of the assays appears to 
demonstrate the formation of a range 0f PAH-DNA adducts in many of the individuals 
studied. The utility of 32Р-postlabelling for detecting PAl-DNA adducts in simple 
animal models has been demonstrated (Randerath et al., 1981, 1986); however, it 
appears that application of the 32Р-postlabelling assay to highly complex mixtures of 
low levels of DNA-adducted materials requires further development. It is suggested 
that with secondary and tertiary preparative techniques (for example, concentration 
using immunocolumns and separation using IPLC), this methodology could prove to 
be a powerful tool for the detection of PAl-DNA adducts. 

There is at present a fundamental gap in our knowledge between measurement of 
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human exposure to carcinogens and determination of the biologically effective dose 
levels of those carcinogens. This problem requires an understanding of the relation-
ships between carcinogen dose at the tissue site, carcinogen-DNA adduct load and 
carcinogen effect. In order to address these questions and to help to bridge this gap it 
will be necessary to develop reliable methods, of the type described here for РАН, for 
the detection and characterization of a range of carcinogen-macromolecular adducts in 
human tissues. 
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Blood samples were obtained from volunteers working in a Finnish Iron foundry 
who were occupationally exposed to polycydic aromatic hydrocarbons (РАН) and 
from control subjects not known to be occupationally exposed to this class of 
chemical carcinogens. Foundry workers were classified as belonging to high, medium 
or low exposure groups according to their exposure to airborne benzo[aipyrene: 
high, X0.2: medium, 0.05-0.2:' low, С0.05 tg benzo[а]руrеnе/т3 air). Aromatic 
adducts were found to be present in white blood cell DNA from most of the 
exposed workers using die enzyme-linked immunosorbent assay (ЕLISA) to detect 
aromatic DNA adducts and the 32Р-рostlabеlliпg technique. There was а  dose-
response relationship between the estimated exposure and adduct Ievels by both 
methods, and a reasonable correlation between the results of the immunoassay and 
роstlabешng carried out in two laboratories. The levels of adducts found in the 
samples from the high and medium exposure groups by ЕLISA ranged up to five 
adducts in 10 nucleotides: the aromatic adducts detected by the postlabelling assay 
were at a level of two adducts1108 nucleotides in the high and medium exposure 
categories. No effect due to age, sex or the smoking habits of the subjects was 
observed. The results indicate that DNA extracted from white blood cells of highly 
exposed workers is more likely to contain aromatic DNA adducts than that from 
workers without occupational exposure to PAH, but larve interindividuel variations 
were evident. This study suggests that the antibody and 2Р-postlаbelliлg assays may 
be useful in monitoring human exposure to known and previously unidentified 
environmental genotoxic agents. 

Methods for determining DNA adducts in humans cari be validated by comparing 
populations exposed to different levels of carcinogens. The exposures studied include 
tobacco smoke (Perera et al., 1982; Everson et al., 1986), РАН  in the occupational 
environment (Harris et al., 1985; 5hаmsuddin et al., 1985; Vih~kаngas et al., 1985; 
Haugen et al., 1986), and cisplatiri in cancer chemotherapy (Poirier et al., 1985; 
Fichtinger-Schepmaп  et al., 1987). Dose-response data have been obtained only in the 
case of exposure to cisplatin. 

We have undertaken a study among foundry workers to establish dose-response 
relationships, using the 32Р-pоstlabelling technique and berizotajpyrerie-DNA anti-
bodies. We summarize here the first results of these studies and compare the data 
obtained by the two methods. Individual studies are reported in detail elsewhere 
(Phillips et al., 1987; Perera et al., 1988). 

—190— 
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Material and methods 

Blood samples were obtained from healthy volunteers at a Finnish iron foundry. 
Industrial hygiene measurements for РАН  were carried out in the foundry in the years 
1978-1980; as the work processes have remained practically unchanged since then, 
these measurements were used by two industrial hygienists familiar with the foundry to 
grade the volunteers for daily exposure by job description. Beiizo[ajpyrene levels in 
the workplace atmosphere were used as guidelines to assign the exposure to PAl-I as 
high (°0.2 µg/mз), medium (0.05-0.2 ц.g/m3) and low (20.05 ,ug/m3). Control samples 
were obtained from individuals coming from different parts of Finland to the Institute 
of Occupational Health for examination, whose job titles did not indicate occupational 
exposure to РАН. Infoпnation on cunent smoking (number/day) was obtained for all 
subjects. 

Blood (20-50 ml) was withdrawn into heparinized tubes and transported on ice to 
Helsinki. Cells were collected by centrifugation, and red blood cells were lysed by 
washing twice with 0.151 ammonium chloride, followed each time by centrifugation at 
1000 g for 5 min. DNA was isolated from nuclei by treatment with pancreatic RNase 
and proteinase K, followed by extraction with phenol and chloroform:isoamyl alcohol 
(24:1). DNA was precipitated from the aqueous phase with cold ethanol. 

Coded samples were assayed by competitive ELISA, essentially as described 
previously, with fluorescence detection (Perera et al., 1982). Briefly, 96-micгowеll 
black plates (MicroFLUOR `B', Dynatech Laboratories, Alexandria, VA, USA) were 
coated with 0.5 ng BPDE-I-DNA (0.5% modified). A previously characterized rabbit 
polyclonal antibody (Poirier et al., 1980) was used at a 1:800 000 dilution. A standard 
curve was constructed by mixing BPDE-I-DNA modified in vitro with carrier 
unmodified calf thymus DNA, such that 50 , l contained 0.25-25 fmol BPDE-I-
deoxyguaпine adduct in 50 g/wеll after sonication and denaturation by boiling for 
3 min and cooling on ice. A conjugate of goat anti-rabbit immunoglobuhn G-alkaline 
phosphatase (Sigma, St Louis, MO, USA) was used at 1:400 dilution. The substrate, 
4-methylцmbe1lifеryl phosphate (100 p.1, 50 ,ug/m1 0.1 M diethano1amine, pH 9.6) 
becomes fluorescent after removal of phosphate. Fluorescence was read on a 
Microfluor reader (Dynatech Laboratories, Alexandria, VA, USA); samples with 
greater than 20% inhibition were considered to have detectable levels of adducts. 
Results are the mean of a single assay with triplicate wells, since it has been established 
that measured antigenicity may result from multiple diol epoxide adducts (Perera et al., 
1987). Modification level is expressed in terms of fmol BPDE-I-deoxyguaпine adduct 
that would cause similar inhibition per ug DNA. 

For pоst1abецmg, coded DNA samples (4 цg) were dissolved ii 0.1 mМ  EDTA and 
digested with micracotta1 nuclease (0.14 U, Sigma Chemical Co., Poole, Dorset, UK) 
and spleen phosphodiesterase (0.6 mU, Boehringer Mannheim, Lewes, East Sцssех, 
UK) in 17 mI sodium succinate, 8 mM CaCL, pH 6.0 (total volume, 4.8 l) at 37°C 
for 20 h. The DNA digests were then further treated with nuclease Р1(LО  Ё.1, 1 U, 
Sigma), 0.21 sodium acetate, pH 5.0 (2.4 gil) and 0.3 mМ  ZnС1z (1.4 ц1) (Reddy & 
Randerath, 1986). After incubation at 37°C for 1h, 0.51 Tris-base (1.9 u1) was added. 
The DNA di cst was then 32Р-1aЬe11ed as described previously (Gupta et a1., 1982). 
Carrier-free 3 P-orthophosphate obtained from Amersham International (Amersham, 
UK) was used to synthesize [у  32P]АТР. The reaction was terminated by the addition 
of potato apyrase (40 mU, Sigma). Resolution of the ЭгР-labclrd adducts was carried 
out on polyethyleneimine-cellu1ose thin-layer chromatography sheets (Macherey-
Nagel, supplied by Camlab, Cambridge, UK), using solvent systems described 
previously (Phillips et al., 1986). Adduct spots were detected by autoradiography with 
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Fig. 1. Benzo[a]pyrene antigenicity of white blood cell DNA from foundry workers 
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intensifying screens and quantified by Cerenkov counting of the excised areas of the 
chromatograms (Gupta et al., 1982). 

Results 
Benzo[ajpyrene-DNA antigenicity of DNA samples from foundry workers corre-

lated with the estimated exposure levels, as shown in Figure 1. When adjustment was 
made for cigarette smoking and time since holiday, benzo[a]pyrene exposure was 
significantly related to adduct levels (p =0.0001; see Perera et al., 1988). Each of the 
three exposed groups had significantly elevated adduct levels when compared with 
controls; and the group with low exposure differed significantly from those with high 
and medium exposure. Smoking, age and sex had no significant effect on aromatic 
DNA levels. 

The samples from foundry workers were assayed by the 32P-postlabelling technique 
in two laboratories. Laboratory 1 gave the results as the estimated number of 
adducts/108 nucleotides, while laboratory 2 gave an adduct score (0-3). Iп  laboratory 
1, the DNA samples from workers in the high and medium exposure categories had an 
average of 1.8 polycyclic adducts/106 nucleotides (Table 1); DNA from the low 

Table 1. 32P-Postlяbelliпg of white blood cell DNA 

Exposure to Laboratory 1 Laboratory 2 
Ъепго[а]pyrene 

Mean no. adducts/ Ni. 	Score° 	No. 
106 nucleotides 

High 
(>0.2 цg/т3) 2.0 	7 
Medium 1.8 8 
(0.05-0.2 цg/т3) 1.8 	24 
Low 
(c0.05 ug/т3) 0.06 17 	0.8 	31 
Control 4.2 9 	0.2 	18 

°5соге, 0 = С0.5 adducts; 1 = 0.5-1 adducts; 2 = 1-2 adducts; 3 = 72 adducts/106 
nucleotides 
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Table 2. 32Р-Рostlabеlliпg by age and 
sex 

Age 	Sex 	No. 	Mean score° 
(years) 

20-29 M 4 1.0 
F 3 2.7 

30-39 M 16 0.9 
F 7 0.6 

40-49 M 25 1.3 
F 10 1.4 

50-59 M 20 1.2 
F 2 1.0 

°See footnote to Table 1 

ex~osure category and from the controls had mean adduct levels of 0.06 and 0.2 per 
10 nucleotides, respectively, which was the approximate limit of sensitivity of the 
assay. A large number of samples was run by laboratory 2 (Table 1). Iп  the high 
exposure group, the adduct score was 2.0, that in the medium exposure category, 1.8, 
that in the low exposure grOup, 0.8, and that in controls, 0.2, showing a clear 
correlation with estimated exposure levels at the work place. 

Age and sex had no effect on the postlabelling score in the DNA from foundry 
workers (Table 2). 

The correlation coefficients of the results are shown in Table 3. The numerical 
results of the antibody assay and of the postlabelling assay by laboratory 1 were 
transformed into logarithmic results; the postlabelling score of laboratory 2 was used as 
such. The antibody assay and the postlabelling score had a relatively high correlation 
(0.70), while the correlation with the postlabelling results of laboratory 1 was lower but 
still reasonable (0.46). The correlation between the postlabelling results of laboratory 1 
and 2 was intermediate (0.51). 

Discussion 
These results are the first that show a correlation between estimated exposure levels 

to РАН  and the amounts of DNA adducts in white blood cels (see Farmer et aL, 
1987). The two assays differed in terms of estimated exposure levels: in the high 
exposure category, the adduct levels were five adducts/10' nucleotides in the 
immunoassay and two adducts/108 nucleotides in the postlabe]ling assay. This is 
interesting, as, on the one hand, the antibodies are raised against benzo[а]pyrene diol 
epoxide-modified DNA, but are known to cross-react with other PAl-modified DNA. 
Modification levels were determined from a standard curve for BPDE-I-DNA and may 
be overestimates of the actual levels. The 32Р-postlabelling assay on the other hand 

Table 3. Correlation coeliicients between antibody assay and 
the two эZР-poatlabеlliпg assays (laboratories 1 and 2) 

Antibody 	 Laboratory 2 
(log transformed) 	(score) 

Antibody (log transformed) 	— 	 0.70 (63) 
Laboratory 1 (log transformed) 	0.46 (23) 	 0.51 (26) 

Number of observations in parentheses 
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picks up spots of radioactivity on the basis of their migration on thin-layer 
chromatograms. These results may apply to many types of polycyclic adducts (Reddy & 
Randerath, 1986). 

The correlations between the results of antibody and post1abe1ling assays were 
relatively high —0.71 and 0.46 (with results of laboratories 2 and 1, respectively) . In 
fact, the correlation between the antibody assay and the two post1abe11ing assays was 
similar to that between the two postlabelling assays. There was generally a good 
agreement with the control values, which were at or below the level of detection in the 
two assays. There was, however, variation in the actual positive values recorded. 

The results as reported here suggest that the antibody and post1abeling assays can 
be used as dosimeters of human exposure to carcinogenic compounds. 
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Human lung DNA isolated from surgical specimens has been examined for the 
presence of polycyclic aromatic hydrocarbon-DNA adducts using both 3ZР-post-
labe11iпg and immuniIogical methods. Of 12 samples examined to date, five had 
detectable amounts of benzo[a]pyrene dioi epoxide-DNA adducts (BPDE-DNA) as 
determined by the enzyme-linked immunosorbent assay (ELISA), after iinmuno-
alfinity concentration. Values ranged from 3.5 to 11.5 fmol/mg DNA. When the 
same group of samples was analysed using the 32Р-postlabelling technique, adducts 
could be detected in all the samples examined. There was generally not a good 
correspondence between the two methods. The number of adducts measured by 
з2Р-Post1sbеШng ranged from 1-100 per 10 nucleotides, which is some two orders 
of magnitude higher than with the immunological method, indicating that the 
BPDE-DNA addict is probably not the major addict present in these samples. 

Materials and methods 

Chemicals 
DNA (calf thymus), sodium dodecylsulphate, Tween 20, DNase (type III), alkaline 

phosphatase (type I), protcinase K and nuclease P1 were obtained from Sigma 
Chemical Co. (Poole, Dorset, UK). Snake venom phosphodiesterase was purchased 
from Boehringer Corporation (London) Ltd (Lewes, Susseк, UK). Goat anti-rabbit 
alkaline phosphate conjugate immunoglobulin G was purchased from Miles Labora-
tories (Stoke Poges, Slough, UK). BPDE-DNA was prepared as described previously 
(Tierney et al., 1986). 

Human samples 

Samples were kindly obtained during thoracic surgery at the Bradford Royal 
Iпfimпary, Bradford, Yorkshire, UK, by consultant surgeons Mr learn and Mr 
Saunders, and stored at —20°C in sealed containers until transported to York. On 
arrival at York, samples were stored at —90°C until analysed. Smoking histories of the 
patients were taken when possible. 

Isolation and purification  of DNA 
Human lung samples were thawed and homogenized in 1% sodium dodecylsulphate 

1 mM EDTA with an Ultra-Turrax blender for 15 sec at full speed and then processed 

Э 
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Fig. 1. Protocol for recovering BPDE-DNA adducts ‚ј' 
ј  

Purified DNA 

F 
DNase I digestion 

1 
Immunoaffinity chromatography 

Г  
Elute with alkali 

1 
ELTSA 

as described by Martin and Garner (1986). The DNA content was determined by 
measurement of the absorbance at 260 am (1А2б0 = 50 ptg!ml DNA). Inc aliquot of 
this DNA was used for postlabelling studies and another for immaпoаffiпity concentra-
tion and ELISA. 

Preparation and use of BPDE-DNA antibody immunoafjlnity column and ELISA of 
retained material 
These steps were performed as described by Tierney et al. (1986) and are outlined 

in Figure 1. 

ЗгР-Posthbelling studies on purified human lung DNA samples 
32Р-Postlabelling was carried out on 4-µg samples of human lung DNA using the 

nuclease P1 digestion method of sensitivity enhancement (Reddy & Randerath, 1986), 
with minor modifications described elsewhere (Phillips et al., 1986). The limit of 
detection was calculated to be 0.2 adductsI1Os nucleotides (6 fmol/mg DNA). 

Results 
Immunoaffinity concentration and ELISA of purified human lung DNA samples 
In order to increase the sensitivity of immunoanalysis of DNA samples, we 

demonstrated previously that immunoaffinity concentration can be used (Tierney et al., 
1986). These studies showed that BPDE-DNA adducts could be concentrated from 
DNA samples using polyclonal antibodies against BPDE-DNA. A preliminary 
digestion with DNase I was necessary before applying the sample to the antibody 
column. Elution of the bound adducts was achieved with dilute alkali (Fig. 1). 

Taking this approach, we have examined DNA from 12 lung samples taken from 
individuals undergoing thoracic surgery. Table 1 gives ELISA results for the material 
bound to the immuпoafйimty column, i.e., that which can be eluted with alkali. Five 
samples contained anti-BPDE-DNA antibody inhibitory material; four of these 
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Table 1. InnnunoaIinity concentration and ELISA of human lung DNA 
samples and levels of `adducts' measured by the 32P-postlabelling method 

Sample 
по. 

Sex Age 
(years) 

Smoking 
history" 

BPDE per mg DNAb 
(fmol) (ELISA) 

Total 
packs 
smoked` 

No. of adducts/10$ 
nucleotidesd 
(ЭZP-pоstlabelkпg) 

Expt 1 	Expt 2 

1 M 51 S ND 5642 9 	2 
2 F 61 5 ND 14 924 15 	19 
3 F 64 5 ND ? 6 	7 
4 P 53 3 ND 24 024 8 	10 
5 M 49 S 3.5 10 920 76 	104 
6 F 42 S 12.0 2184 9 	18 
7 F 63 S ND 15 652 7 	4 
8 M 48 Fs 11.0 20 384 5 	3 

10 M 43 N5 ND — — 	4 
11 M 61 Ns ND — 3 	1 
12 F 78 ? 10.5 ? 2 	1 
13 F 59 FS 7.0 10 647 6 	1 

°s, smoker; F5, former smoker; N5, nonsmoker; ?, unknown 
5ND. not detected 
â1 pack,20 cigarettes 
One аддцсt/10r nucleotides =Э0fmo1/mg DNA 

`Sample lost 

samples were from smokers, while the fifth was of unknown smoking history. Taking 
calf thymus DNA through the procedure revealed no antibody inhibitory material. 

32Р-Postlabelling studies 
It was our original intention to examine the immuт aafflnity column-bound material 

using the 3гP-postlabelling technique. It was hoped that this concentration procedure 
would enable us to detect BPDE-DNA adducts more easily, since other adducts should 
have been lost during the immuno-concentration process. Unfortunately, it was found 
that chromatographic spots obtained from blank antibody columns masked any bound 
material. We therefore had to examine the purified DNA samples without preliminary 
imrnunoaffimty chromatography. The results of these analyses are set out in Table 1. 
Whereas samples 5, 6, 8, 12 and 13 had detectable anti-BPDE-DNA antibody 
inhibitory activity, samples 2, 4, 5 and 6 contained the most adducts measured by 
3гP-postlabeнing. 

Discussion 
There have been a number of published reports of use of antibodies to detect 

BPDE-DNA adducts in human cells (Perera et al., 1982; Harris et al., 1985; 
Shamsuddiп  et al., 1985; Haugen et al., 1986). Another procedure using 32P-post-
labelling has indicated the presence of polycyclic aromatic hydrocarbon adducts in 
human placenta, bronchus and trachea (Everson et al., 1986; Randerath et al., 1986) 
and in leucocytes (Phillips et al., 1986). 1n one published study (Everson et al., 1986), 
these two procedures were used in the same human samples. We report here that 
there is some correspondence between the two methods but that there appears to be a 
large difference in adduct levels estimated by the two procedures. 

With the antibody studies, some positive samples were obtained. Although our 
polyclonal antibody was raised against BPDE-DNA, we have some evidence that it will 
cross-react with other PAH-DNA adducts, such as those obtained with 7,12- 
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dimethylben[a]anthracene. Thus, the calculated adduct concentration may not be due 
solely to the presence of BPDE adducts. The adduct values we obtained differ 
significantly from those reported in other studies, being lower by at least one order of 
magnitude. This may be а  reflection of our immunoaf6rüty procedure, with which we 
can concentrate adducts and hence increase the sensitivity of ELISA. 

The finding that adduct levels in the 32Р-post1abel1ing studies were at yeast one 
order of magnitude higher is not surprising since benzo[a]pyrene may not constitute 
the major DNA-reactive component in cigarette smoke. The ЭzР-рostlabelling 
thin-layer chromatography maps showed a complex pattern of adduct spots, the 
majority of which have chromatographic mobilities distinct from those of BPDE-DNA 
adducts. In Table 1, we have set out an approximation of cigarette exposure on a per 
pack basis: in this limited study, no correlation could be seen between adduct level and 
packs smoked. Adduct levels at a particular point in time must be related not only to 
total exposure but also to DNA repair and cell turnover. It is not surprising, therefore, 
that no correlation is seen. 

In conclusion, further work is required to examine in more detail the correlation 
between 32Р-past1aьellmg and antibody methods. These preliminary results suggest that 
the techniques could be used for measuring exposure to carcinogens (Garner, 1985) but 
that efforts need to be concentrated on the use of Э2Р-pоstlabelling on immunoaffinity-
concentrated material. 
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BINDING EFFICIENCY OF ANTIBODIES TO DNA 
MODIFIED WITH AROMATIC AMINES AND 
POLYCYCLIC AROMATIC HYDROCARBONS: 
IMPLICATIONS FOR QUANTIFICATION OF 

CARCINOGEN-DNA ADDUCTS IN VIVO 

E. Kriek, F.J. Van 5choоtеn, M.J.X. lillebrand & M.C. Welling 

Division of Chemical Carciпogenesis, The Netherlands Cancer Institute, Amsterdam, 
The Netherlands 

Antibodies raised against the bovine serum albumin conjugates of N-(guanоsin-8-y1)-
N-2-аcеtуlаannоlluorenе  (Guo-8-АAF), the imidazole ring-opened form of N-
(guanоsin-8-yl)-2-amiпо4uorenе  (roGuо-8-AF) and the methylated bovine serum 
albumin complex of DNA modified with (f)trmans-7,8-dihydrоxy-anti-9,10-еpоxy-
7,8,9,10-tеtrahydrobепzo[а]pyrеnе  (BPDE) have been employed in a highly sensi-
tive enzyme-linked immunosorbent assay (ELISА) to determine their allinity for 
DNA modified with the corresponding carcinogens at various levels of modification. 
All antibodies recognized highly modified DNA more ейlсiеntly than DNA of low 
modification. This property, which may be common to all antibodies raised against 
carcinogen-DNA adducts, has to be taken into account when these antibodies are 
used to quantify carcinogen-DNA adducts in biological samples. Appropriate DNA 
preparations of low modification have to be used as reference compounds in 
immunoassays to allow reliable quantification of adduct levels in DNA from animals 
and human cells. 

A large number of polyclonal and monoclonal antibodies have now been developed 
to specific carcinogen-DNA adducts (Strickland & Boyle, 1984). These antibodies have 
been used in highly sensitive enzyme immunoassays to quantify adduct levels in DNA 
from animal and human tissues. With these techniques, it has been possible to 
determine adduct levels in the 0.1-1.0 fmol range with antibodies of high specific 
affinity. This high degree of sensitivity has led a number of laboratories to investigate 
the feasibility of using these assays to determine DNA adducts in human populations 
exposed to carcinogens (Poirier & Beland, 1987). We now report on (i) the binding 
efficiency of some specific antibodies to DNA with different levels of modification, 
(ii) the instability of specific adducts under conditions of heat denaturation of DNA, 
(iii) validation of the ELIDA for BPDE-DNA with DNA samples from mouse liver 
following treatment with [3Н]ВР, and (iv) determination of polycyclic aromatic 
hydrocarbon (PAH)-DNA adducts in peripheral blood lymphocytes from coke-oven 
workers. 

Antibody affinity 

AAF and derivatives . 
Iп  previous studies, we showed that our polyclonal anti-Guo-8-AAF antibody has 

highest affinity for the m000nucleoside dGuo-8-AAF (Van der Laken et al., 1982; 
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Table 1. Competitive inhibition of polyclonal antibody 
binding to AAF-DNA and roAF-DNA° 

Competitor 	Modification Amount of competitor (fmol) causing 
(pmoI/mg) 	50% inhibition of antibody binding5 

Апti-Gио-8-АAF Адti-roGuo-8-AF 

as AAF-DNA 5300 3.3 500 
ds AAF-DNA 5300 8.8 4000 

AAF-DNA` 5300 4.6 - 
ss AAF-DNA 200 12.0 - 
ds AAF-DNA 200 13.7 — 
ААF-DNА  200 2.2 

dliuo-8-АAF 2.4 - 
roAF-DNA 33600 — 6.7 
roAF-DNA 5000 -- 7.8 
riAF-DNA 600 9200 17.0 
roAF-DNA 43 74 
roAF-DNA 5 — 78 
sa AF-DNA 43 5500 845 

°ds, double-stranded; is, single-stranded; ro, ring-opened 
Enzyme immunoassays were perfonned as described previously (Krick et ы., 1984), 

except. that fluorescence values were read in а  Micrоflпor Reader (Dynatech Labora-
tones lise., Alexandria, VA, USA); lOfmul adduct/0.5пg DNA were coated per 
miootitre well; antibody dilution was 1:106 
`Enгупiadсaцy hydrolysed preparation (Kriek et ы., 1982) 

Kriek et a1., 1984). The antibody affinity for AAF-DNA was further studied with 
preparations of different modification levels. The results, presented iп  Table 1, clearly 
show that highly modified AAF-DNA is recognized more efficiently than AAF-DNA 
of low modification. The lower detection limit for dGuo-8-AAF is now 0.02 fшo1/ tg 
DNA (i.e., seven adducts per 109 nucleotides) and 0.1 fmol/.tg for AAF-DNA (35 
adducts per 109 nucleotides). Anti-Guo-8-АAF showed high cross-reactivity with the 
N-deacetylated adduct, dGuo-8-AF, but the affinity for DNA carrying this adduct 
appeared to be much lower (Table 1). For this reason, anti-Guo-8-АAF cannot be used 
to determine dGuo-8-АF in DNA with the same sensitivity as dGuo-8-АAF. 

It is now well documented that guanine-8-arylamine adducts are the major reaction 
products of aromatic amines in vivo (Kadlubar & Beland, 1985). Moreover, it was . 
shown that an important group of environmental contaminants, the nitro РАН, show 
the same target specificity as their amino analogues (Beland et a1., 1985) and also lead 
to the formation of guanine-8-arylamine adducts in DNA (Stanton et a1., 1985). 
Therefore, we wanted to develop a sensitive immunoassay for guanine-8-arylamine 
adducts in DNA without the requirement of prior enzymatic degradation. In previous 
studies, we demonstrated that dGuo-8-АF is easily converted into its guanine imidazole 
ring-opened form, rodGuo-8-AF (Kriek & Westra, 1980; Kriek et al., 1984). This 
appears to be a general reaction for guaпinе-8-arylamines, in which the nature of the 
aromatic hydrocarbon moiety is an important determinant (J. G. Westra et ai., 
unpublished observations). Our antibody, raised against roGuo-8-AF (Kriek et al., 
1984), was also tested for its affinity to roAF-DNA at different Ievels of modification in 
the competitive ELISA. The results, presented in Table 1, show that the 50% 
inhibition values are strongly dependent on the level of modification. The lower 
detection limit for roAF-DNA (1-50 fmоl/µg) is 0.3 fmоl/,ug DNA, equivalent to one 
rodGuo-8-АF adduct per 1О7 nucleotides. We found that AF-DNA is also converted to 
the guanine imidazole ring-opened form roAF-DNA upon heat denaturing at 100°C, 
whereas AAF-DNA is unaffected by this treatment. Interestingly, . this reaction is 



EFFICIENCY OF ANTIBODY BINDING 	 203 

Fig. 1. Competitive inhibition of anti-roGuo-$-AF antibody binding with AAF-
DNA, AF-DNA and roAF-DNA 
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Rabbit-produced antiserum against the bovine serum albumin conjugate of roGuo-8-AF. The mierotitre 
wells were coated with roAF-DNA (10 fmol/0.5 ng); antiserum dilution was 1:106. A, untreated, native 
AAF- and AF-DNA; B, AAF- and AF-DNA were heated in 2 M NaC) + 0.01 M sodium phosphate pH 7.4 at 
100°C for 15 min; C, AAF- and AF-DNA were heated in 0.1 N Nail at 75°C for 2h. 

dependent on the NaC1 concentration and proceeds much faster in 1M NaC1 than in 
0.141 NaC1 (phosphate-buffered saline). The formation of roAF-DNA at neutral or 
alkaline pH can be followed by ELISA using the апti-rоGuo-$-AF antibody (Fig. 1). 
Uпfortanаtely, the cross-reactivity of this antibody does not allow an accurate 
determination of small amounts of roAF-DNA (10% or less) in the presence of 
AAF-DNA when (biological) samples of low modification (1-10 fmol/fig) have to be 
analysed. 
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Table 2. Competitive inhibition of antibody binding to BPDE-DNA by 
various соmpetitогs 

Competitor Modification Amount of competitor (fmol) causing 50% inhibition 
(pmol/mg) 

Polyclonal antibodies Monoclonal antibodies 

F29 	F30 41D3 	ILE45 

ss BPDE-DNA 42000 4 	 9 5 	45 
ds BPDE-DNA 42000 105 	335 17 	- 
ss BPDE-DNA 0.1-4 17 	150 43 	100 
BPDE-dG — 370 	540 2000 	90 
$РI)Е  tetrols — >l0 	105 - 
ss CDE-DNA 30000 10 	 17 6 	- 
ss AAF-DNA 18 000 3000 	 105 100 	- 
ss AF-DNA 33 000 14 	— 23 	— 

°BPDE-tetrols, (ft )7$'8й'9е,10(a or ј3)-tеtГаhуdгоХу-7'89,1О-tеtГаl]уdгоьепсо[ејругепе ; CDE-DNA, 
DNA тодi ед  with (t )tтaпs-l,2-dihуdroxy-ап  i-3,4-ероху-1,2,3,4-tеtrahydrochryseпe such that the ma-
jor adduct is CDE-dG (Hodgson et ai., 1983); 5s, single-stranded; di, double-stranded. 
6MonосtоmI anti BPDE-dGMP was a gift from Dr R. A. Baan (Medical Biological Laboratory TNO, 
Rijswijk, The Netherlands) (Baan et v1., 1987). The microtitre wells were coated with denatured 
BPDE-DNA (15 fmоl/25 ng); antibody dilutions were, respectively, 1: 200 000 (F29 and F30), 1:100 000 
(41D3) and 1:10000 (П.Е4). The 50% inhibition values were taken partly from Van Sdroоtед  e1 aL 
(1987). 

Benzo[a]pyrene 
A number of polyclonal and monoclonal antibodies raised against BPDE-modified 

DNA (1-2%) were also tested in our ELISA to quantify BPDE-dG bound to DNA 
(Van Schooten et al., 1987). All antibodies showed а  high affinity for single-stranded 
BPDE-DNA but had lower affinity for double-stranded BPDE-DNA. There was no 
affinity for unmodified DNA. Using four different antibodies, we found that the 
antibody affinity for BPDE-DNA was also dependent on the level of modification: 
highly modified BPDE-DNA was recognized more efficiently than BPDE-DNA of low 
modification (Table 2). Even the monoclonal antibody raised against the mono-
nucleotide BPDE-dGMP had the highest affinity for BPDE-DNA of high modification. 
The affinity for the free moninucleoside BPDE-dG was much lower than that for 
BPDE-DNA, and no affinity was detected for the BPDE-tetrols. surprisingly, 
AAF-DNA, and particularly AF-DNA, cross-react with the anti-BPDE-DNA anti-
bodies, even though the majority of these adducts are at the C-8 position of guanine. 
We are currently investigating this phenomenon. 

DNA addicts in biological samples 
Kulkarni and Anderson (1984) demonstrated that in mice treated with [3Н]ВР, the 

major adduct in DNA from various tissues was [3Н]ВPDE-dG. Thus, the mousé would 
appear to be a suitable experimental animal for validating our ELISA for BPDE-DNA 
using [3Н]BPDE-DNA of low modification as reference compound. When sam les of 
[3Н]BP-DNA isolated from the livers of mice treated with different doses of [ HjBР  
were examined by competitive ELISR, the binding values calculated from the enzyme 
immunoassay were in good agreement with those from radivsdiviy measurements. A 
good coincidence was obtained between the inhibition curves for [ Н]BPDE-modified 
DNA and [эН]BP-DNA from mouse liver (Fig. 2). 

Using this inhibition curve as standard, we also examined a number of DNA 
preparations extracted from the peripheral lymphocytes of coke-oven workers and 
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Fig. 2. Competitive inhibition of anti-BPDE-DNA antibody binding with 
[3Н]BРDE-DNA (•) and [3Н]ВР-DNA . from the livers of mice treated with 
[3Н]ВР  (л) 
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Rabbit-produced antLierum against the methylated bovine serum albumin complex of BPDE-DNA. The 
micqotitre wells were coated with denatured BPDE-DNA (15 fшоl/25 ng); antiserum (F29) dilution was 
1:200000. Individually modified [3Н]BPDE-DNA preparations (range. 0.1-4 fmo1/(гg) were used as 
competitor (25 µg/well). Female BALB/c mice were injected intraperitoneaOy with a solution of [зН]ВР  in 
olive oil at dose levels of 4.0 (1), 2.0 (2), 0.8 (3) and 0.4 (4) imоl per mouse. 

unexposed controls. Among a group of 13 coke-oven workers, ten (77%) were found 
to be carrying significant levels of PAH-DNA adducts (range corresponding to 
0.2-1.2 fmol BPDE-deoxyguапme/µg DNA), whereas no such adduct could be 
detected in the unexposed control group. Our adduct values are in good agreement 
with those reported for a group of foundry workers (Perera et al., 1987). When urine 
samples were collected from the same groups of workers and analysed for the presence 
of 1-hydroxypyrene (fongeneelen et al., 1987; Bos & Jongeneelen, this volume), 
significant amounts were found in the urine samples from coke-oven workers but not in 
the urine of unexposed controls. 

Conclusions 
Antibodies raised against carcinogen-DNA adducts, or highly modified carcinogen-

DNA immunogens, recognize highly modified DNA more efficiently than carcinogen-
DNA of low modification (biological samples). This property has now been demon-
strated for three different antibodies, and may be common to all antibodies raised 
against carcinogen-DNA adducts. 

DNA preparations of low modification, obtained either in vitro by treatment of 
DNA with ultimate carcinogenic reactants, or from animal tissues following exposure 
to specific carcinogens, have to be used as reference compounds in immunoassays 
designed to quantify carcinogen-DNA adducts in human tissues and cells. 

Certain carcinogen-DNA adducts, e.g., guаninе-8-arylamines, are unstable to heat 
denaturing of DNA at neutral pH, forming the guanine imidazole ring-opened 
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derivatives as stable end products. In cases of instability of guanine-8-arylamines, it 
may be advantageous to develop immunoassays for the guanine imidazole ring-opened 
forms. 

A polyclonal anti-BPDE-DNA antibody has been employed successfully in a highly 
sensitive enzyme immunoassay to quantify BPDE-DNA and other PAH-DNA adducts 
of related structure in human cells. Although only small groups of individuals have as 
yet been studied, the data clearly show that levels of BPDE-DNA, arid possibly other 
PAH-DNA adducts, are significantly higher in groups of persons with a high exposure 
history. Enhanced PAH-DNA adduct levels seem to correlate with an enhanced 
excretion of 1-hydroxypyrene in the urine. 
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SYNCHRONOUS FLUORESCENCE 5PECTROPHOTOMETRY 
OF BENZOLa]PYRENE DIOL EPDXIDE-DNA 

ADDUCTS: A TOOL FOR DETECTION OF IN-VITRO 
AND IN-VIVO DNA DAMAGE BY 
EXP05URE TO BENZOta]PYRENE 

K. Vnhёkаngasl, O. Pelkonm1 & C.C. Harris2 

1 Department of Pharmacology, University of lulu, luta, Finland; and 2Laboratory 
of Human Carcinogenesis, National Institutes of Health, National Cancer Institute, 

Bethesda, MD, USA 

We have applied synchronous fluorescence spectrophotometry (SFS) to study 
benzola]pyrene diii epoxide (BPDE)-DNA adducts in biological samples. Adducts 
are measured as benzo[a]pyrene (BP) tetrols after acid hydrolysis, and give a peak 
at 374 urn of emission with a 34-nm wavelength difference. In vitro and in animal 
studies, there is а  positive correlation between the amount of adducts and the BP 
dose. In cell culture studies, the amount of adducts is increased by increasing both 
the dose of BP and the time of culture with BP. In preliminary human studies, 
BPDE-DNA has been found by SFS in placental DNA from some but not all 
smoking mothers and in blood cell DNA from some individuals in occupationally 
exposed groups. 

SFS was originally developed as a tool in analytical chemistry and was used to 
analyse, e.g., polycyclic aromatic hydrocarbons (РАН) in complex mixtures (Lloyd, 
1971; Vo-Dinh, 1978; Vo-Dinh & Martinez, 1981; Vo-Dinh, 1982). Later, it was 
applied to detection of BPDE-DNA adducts (V~h~kaпgas et al., 1985 a), aflatoxin 
metabolites and DNA adducts (Autrup et al., 1983; Harris et al., 1986) and 
7-methylbenz[с]acridine metabolites (Gill & Holder, 1986). 

Currently, we use SFS to detect BP-induced DNA damage both in vivo and in 
vitro, the main aim being to assess the method for biochemical epidemiology in human 
populations as а  measure of (i) РАН  exposure in smokers and in subjects exposed 
occupationally to PAIsand (ii) individual susceptibility to PAH-induced cancer. 

SFS for BPDE-DNA adducts 
In conventional fluorescence measurements, the spectra of РАН  are usually 

complex, with many peaks. 1д  synchronous spectra, where emission and excitation are 
scanned at the same time with a constant wavelength difference, only one peak 
emerges, if the 0-0 band difference (so-called Stokes shift) is used as the wavelength 
difference (see Vo-Dinh, 1982). 

Because DNA quenches the fluorescence from BPDE-DNA, we hydrolyse isolated 
and purified DNA samples with 0.1 M ICI for 3 h at 90°C, after which the samples can 
be analysed without further purification (VЫи  kangas et aL, 1985a). This way, 
DNA-bound HP moieties detach as tetro1s, and the fluorescence yield of the sample 
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Fig. 1. BPDE adducts measured by 5FS in cultured human peripheral blood 
lymphocytes 
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Lymphocytes were separated by gradient centrifugation and cultured with phytohaemagglutinm for two 
days, after which BP was added to a concentration of 1 1гМ. DNA was isolated from the cela 7 (e), 24 (c) 
and 48 (b) h after addition of ВР. Control cells (d, dotted line) were cultured for four days without BP. For 
comparison, a peak from DNA modified in vitro with BPDE is shown (a; lower background is due to a 
different scale). 

increases significantly. With 34 nm, delta lambda (the wavelength difference between 
excitation and emission) BP tetrols give one peak at 374 nm of emission (34f1 nm of 
excitation, Fig. 1). The fluorescence yield is in linear positive correlation with the 
amount of BР  moieties in the sample, and the standard curves for in-vitro modified 
BPDE-DNA and BP tetrol are similar (Vаhi3kaпgas et al., 1985b). 

Human studies in vivo 
In preliminary human studies, positive cases have been found by SFS in peripheral 

blood DNA from occupationally exposed people and in placental DNA from smoking 
mothers. However, none of the six smokers studied had BPDE adducts in their blood 
cell DNA (see Table 1). It is notable that only a minor proportion of persons in any 
group gave positive results. This finding is in contrast with immunochemical measure-
ments, which give a much larger proportion of positive samples (Harris et al., 1985; 
Haugen et al., 1986). 

Wide variability in the amount of adducts within the studied groups may reflect 
interindividual variation iп  BP-activating or DNA repair enzyme activities, as well as 
differences in exposure (see Viih~kangas & Pelkonen, 1987). 

Experimental studies 
Experimental systems used so far are presented in Table 2. In all of the systems, at 

least some samples gave positive results after BP treatment, SF5 giving the characteris-
tic fluorescence peak at 374 пт. 

in-vitro incubation with microsomes: The incubation conditions in these studies 
were those used by Pelkonen et al. (1978), and the medium consisted of the necessary 



210 	 VКHAKANGAS ET AL. 

Table 1. Human studies on BPDE-DNA adducts by SFS after 
environmental exposure 

РrоЬаЫе  source 
of exposure 

Tissue studied° No. of positives/ 
no. studied 

Reference 

Aluminium plant, PBL 1/30 Vshakangas et ai. 
smoking (1985а) 
Coke oven, PBL 10/41 Harris et al. (1985) 
smoking 
Coke oven, PBL 4/38 Haugen et aL (1986) 
smoking 
Smoking Placenta 5/Т1' Vkh5kangas et al. 

(unpublished) 
Smoking PBL 0/6 Viihiikangas et a2. 

(unpublished) 

PBL, peziplhcral blood lymphocytes 
0/31 nonsmokers were positive; smoking status was confirmed by plasma cotinine measurement 

cofactors, microsomes, 2 mg calf thymus DNA and 12 лmоl BP. The amount of 
microsomal fraction used varied from 0.1-4 mg microsomal protein in 1 ml incubation 
medium. The minimal amount of protein needed to detect BPDE-DNA adducts was 
less than 0.1 mg 3-mеthylcholaпthreпe-ипduced rat liver microsomes, 2 mg human 
placental microsomes and 2 mg human liver microsomes. 

Microsomes from some human placentas and livers were able to activate BP to 
BPDE-DNA, as measured by sFS. It is interesting that the microsomes able to activate 
BP in vitro were from tissues other than those containing measurable amounts of DNA 
adducts due to in-viva exposure. inly placental microsomes with high aryl hydrocar-
bon hydroxylase (AHI) activity activated BP to BPDE-DNA adducts in vitro; two of 
the placentas with adducts formed in vivo had Iow AHI activity (K. Viibiikangas, M. 
Pasanen & O. Pelkonen, unpublished). It is important to keep in mind that AHI 
levels provide only a general indication of the ability of а  tissue to metabolize BP, and 
in-vitro formation of measurable BPDE-DNA adducts is a more specific measure of BP 
activation. Whether BPDE-DNA adducts are found after in-vivo exposure depends on 
many additional factors, like DNA repair and the rate of cell proliferation. 

Cell culture studies: Both JEG cells (human trophoblastic cancer cell line) and 
cultured human peripheral blood lymphocytes (for culture conditions, see Karki et al., 

Table 2. Experimental systems in which measurabIe 
amounts of BPDE-DNA adducts are formed from 
added BP 

In-vitro incubation with microsomes from 
3-methy1cholaпthrеле-induced rat liver 
human placenta° 
human liver" 

JEG cells (human trophoblastic cancer ccli line) 
Cultured human lymphocytes 
Mice treated in vivo with BP; BPDE-DNA adducts found at least 

in epidermal DNA after skin painting 
in lung and liver DNA after intraperitoneal injection of $P 

°Only some of tise samples could activate BP. 
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1982) activated BP to BPDE-DNA adducts measurable by SFS when BP was added to 
the culture medium for 24 h. The response of JEG cells was dose-related, with a linear 
increase in the amount of adducts up to 1 iМ  BP in the culture medium (K. 
Viihhkaпgas, M. Pasanen & O. Pelkonen, unpublished). In preliminary lymphocyte 
cultures, there was an increase in the amount of adducts with time (Fig. 1). No adduct 
was found in human lymphocyte DNA when cells were incubated with BP and 
cofactors for 2 h, as for measurement of AHI (K. Vh~kangas, N.T. Karki & O. 
Pelkonen, unpublished). 

In-vivo studies in mice: Measurable amounts of BPDE-DNA adducts were formed 
iп  mouse epidermis after local treatment and in lung and liver DNA after in-
traperitoneal injéctions. There was a clear dose-response in the formation of the 
adducts. Interestingly, more BPDE-DNA adducts were formed in mouse lung than in 
liver, although the basal A}I}I activity was much higher in the liver (N. Bjelogrlic, O. 
Pelkonen & K. Viэh~kangas, unpublished); however, the inducibility of AHI in the 
lung was higher than in the liver. 

Conclusions 
SF5 for BPDE-DNA adducts is a simple and sensitive assay for BP-induced DNA 

damage. Theoretically, it is a more relevant measure of ВP activation than AI-11 
activity, which is a measure of hydroxylated metabolites of ВP (Nebert & Gelboin, 
1968; see also У hiikапgаѕ  & Pelkonen, 1987). With in-vitro modified BPDE-DNA, 
there is a linear, positive correlation between the amount of BP moiety in the sample 
and the fluorescence intensity (Viihakangas et al., 1985a). In-vivo mouse studies and 
cell culture studies show that the amount of BPDE-DNA is dependent on dose of BP; 
quantification by SFS should also be possible after exposure of humans in vivo. 
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Micronucleated peripheral blood lymphocytes were analysed in cytochalasm-B-
treated binucleated lymphocytes using cyto-centrifuged preparations. Increased num-
bers of nucronuclei were observed in lymphocytes of groups of workers from 
industry and hospitals potentially exposed to cyclophosphamide. The finding was 
independent of the age of the subjects, which was also correlated with micronuclei 
formation. 

Cyclophosphamide is а  known alkylating mutagen which requires metabolic 
activation (IARC, 1987а); it is considered to be an animal and human carcinogen 
(IARC, 1987b). The purpose of this study was to evaluate cytokinesis-block midi-
fication of the lymphocyte micronucleus assay (Fenech & Morley, 1985) as a biological 
index of worker exposure during industrial formulating and processing, drug manufac-
ture and packaging, and administration to hospital patients of cyclophosphamide. 

Initially, in-vitro treatment of cultured lymphocytes with the directly-acting 
intermediates produced during cyclophosphamide manufacture, CР  I (nornitrogen 
mustard) and CР  II (phosphoroxidichloride mustard), was found to produce significant 
increases in micronucleus induction at treatment concentrations as low as 5 tcМ  
(p = 0.001) aid 2.5 µМ  (p = 0.00001), respectively (Yager & Sorsa, 1987). Parallel 
cultures without cytokinesis block exhibited considerably less micronucleus induction: 
treatment with 5 ,uМ  CP I and 2.5 цM CР  ц  produced no detectable increase. Thus, 
the cytokinesis-block modification exhibits considerable advantages over the standard 
method with regard to increased statistical power and ease of analysis. 

Blood samples for analysis were collected from controls and workers at the three 
work sites described above. Epidemiological information and health and work histories 
were obtained from each participant, and environmental air sampling for cyclophos-
phamide was performed (Sorsa et al., 1987). Replicative indices as a measure of 
cytotoxicity were determined for each sample (Yager & Sorsa, 1987). 

Mean micronucleus counts for the four groups— control and three worker 
groups—are significantly different from one another (Table 1, analysis of variance, 
p = 0.05), the control group having the lowest mean value, smoking does not appear 
to have an effect on micronucleus induction, but age does, such that older people have 
higher lymphocyte micronucleus scores (Fenech & Morley, 1986). Figure 1 shows the 
mean micronucleus scores and the mean ages of the control group and the three 
worker groups. The groups differ in mean age, which would interfere with direct 
comparison of micronucleus means. Regression of log10 micronucleus on age (Fig. 2) 
for the entire data set showed that age has a significant effect on micronucleus outcome 

r 
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Table 1. Lymphocyte micronuclei among workers in cyciophosphamide 
production and manufacture, oncology nurses and controls 

Subjects 	Sex Age Smoking Employment Micronucleiь  Replication 
(years) status" time (years) index` 

Controls 
(n = 9) 

F 48 +++ - 10 1.80 
F 40 - - 10 1.67 
F 39 - - 11 1.88 
F 46 - - 12 1.54 
F 50 - 10 1.86 
М  27 - - 7 1.77 
M 31 +++ - б  1.77 
F 28 - - 12 1.95 
F 28 - - 9 1.85 

Меап ±SЕ  37.4+3.1 9.8±0.7 
Positive controld 

М  75 ++ - -77 1.57 
Chemical process workers 
(n = 7) 

1 38 - 15 7 1.67 
М  35 - 16 8 1.87 
M 25 ++ 2 6 1.85 
1 22 - 2 4 1.80 
F 41 - 11 17 1.70 
F 49 - 10 43 1.56 
М  31 - 11 6 1.81 

Mean t 8E 34.4 t 3.5 13.0 f 5.2 
Manufacturing workers 
(n = 12) 

F 43 - 2 16 1.74 
F 43 - 3 24 1.95 
F 61 - 2 25 1.56 
F 55 - 2 36 .  1.82 
F 52 - 4 6 1.89 
F 61 - 4 31 1.78 
F 41 - 3 7 2.00 
F 39 +++ 2 12 1.86 
F 47 - 3 9 1.68 
F 44 - 4 9 1.64 
F 46 +++ 4 15 1.42 
F 53 - 2 15 1.81 

Mean t SЕ  48.8+2.2 17.0±2.8 
Oncology nurses 
(n = 8) 

F 47 - 20 25 1.79 
F 41 + 18 40 1.75 
F 46 - 5 27 1.61 
F 45 - 5 18 1.60 
F 30 (+) 3 9 1.89 
F 59 - 15 20 1.64 
F 33 - 25 22 1.78 
F 45 - 20 19 1.79 

Mean f SE 43.3±3.2 22.5±3.1 

-, never smoked; (+), occasional (1-2 cigarettes per day); -I- 	ul0 cigarettes per day; ++, 
smoke 11-19 cigarettes per day; +++, smoke 20 cigarettes per day 
ЬSсогеd us 1000 binuclea ted lymphocytes (500 per duplicate culture) per sample 
`[(1 x % mononucleated cells) + (2 к  % binucleated cells) + (3 к  % cells з  binucleatcd)]/100. Obtained by 
scoring 200 cells (100 cells per duplicate culture) per sample 
dCancer patient treated with cyclophosphamide (2500 mg) 
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Fig. 1. Bar chart of groups analysed in this study of worker exposure to cyclo-
phosphaniide: control, drug manufacturing workers, chemical processing workers 
and oncology nurses 
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(ÿ7 = 0.452 + 0.0158 х„ p = 0.0001; correlation = 0.599). The data were then analysed 
using statistical analysis of covariance techniques (Snedecor & Cochran, 1974), so that 
the mean number of micronuclei for the control and worker groups could be compared 
in the absence of the inluence of age (Table 2). The untransformed mean of the 
control group was 9.8 f 0.7 micronuclei per 1000 binucleated cells, and that of the 
worker group was 17.3 ±2.2 (Table 1). Log transforming the data then gave 
ипад}usted means of 0.9791 for the control group and 1.1772 for the worker group 

Fig. 2. Regression of age in years on log10 micronuclei for all cases in the data set; 
ÿ; = 0.452 + 0.0158 х;, r = 0.599 
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This regression is significant at p = 0.0001. 
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Table 2. Group mean log micronucleus values adjusted to 
remove the effects of age 

Group 	No. Mean log micronuclei 	Adjusted mean log micronuclei 

Control 	9 	0.9791 	 0.9995 
Worker 27 1.1772 	 L151Вь  

°Regressiопs: control group: Y1; =0.8045+0.004б5 x;; worker group: у2; = 0.4230+0.0173 
х  ; then у' =}, + Б'(д  — 5) and variance (},) = уаr(ÿ,) + (x — _)2 var(1,), where ÿ, is tise 
adjusted mean log micronuclei for flic ith group, ÿ, is the mean log micronuclei of the ith 
group, x; is the mean age of the tUs group, and x is the overall mean age. Underlying 
analysis of covariance are certain assumptions that appear to be fulfilled by the log 
micronuclei data. 
ЬSigлificапtly different from control, t = 2.3685, df — 32, p = 0.01 

(Table 2). After adjusting the means to remove the influence of age, the adjusted 
control group mean was 0.9995 and the worker group mean was 1.1518, and the 
difference between the two was significant (p = 0.01). 

Conclusion 
Enumeration of micronuclei in binucleated lymphocytes on cytocentrifuged pre-

parations appears to provide increased statistical power and ease of analysis over the 
standard method. This study indicates that the increased numbers of micronuclei 
present in lymphocytes of groups of workers potentially exposed to cyclophosphamide 
in the three settings described are separate from the influence of age. To our 
knowledge, this is the first application of the modified micronucleus method to human 
monitoring; further studies encompassing larger numbers of observations and exposure 
data are needed to confirm this finding. 
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The 32P-pоstlabelliпg procedure has been used to detect styrene oxide (SO)-DNA 
adducts. Reactions of SO with DNA and dGMP in vitro produced adducts that 
were similar, indicating that dGMP was the primary base for modification in DNA. 
Two SO addicts were also detected in DNA isolated from lymphocytes of a 
styrene-exposed worker but not in DNA from an unexposed worker. These results 
indicate that 32Р-pоsbаbеlIiпg can be used for quantification of DNA adducts in 
workers exposed to styrene. 

Styrene is a commercially important chemical essential to the production of 
reinforced plastics. Occupational exposure to styrene occurs pnrnarily through inhala-
tion of the airborne vapour. Following inhalation, styrene is absorbed into the blood 
and metabolized to SO, primarily via P450 oxidation in the liver (World Health 
Organization, 1983), 

Styrene and 50 have been shown to be carcinogenic to rodents (reviewed by Huff, 
1984) and to induce sister chromatid exchanges and chroinosomal aberrations in human 
lymphocytes (Meretoja et al., 1977; Fleig & Thiess, 1978; Norppa et al., 1980, 1981). It 
is presumed for both chemicals that the genotoxic and ultimately carcinogenic species is 
SO, which has been shown to be mutagenic in prokaryotic test systems (Sugiura & 
Goto, 1981). SО  has been shown to arylalkylate the 7, 2, and 06 positions of guanosine 
reacted in vitro (Hemminki & Hеsso, 1984); 2- and 7-guanine adducts have been 
detected after reactions of DNA with SO (Savela et al., 1986); and 7-guanine adducts 
have been identified in the tissues of rats following administration of styrene (Вуыlt 
Nordqvist et al., 1985). 

These results suggest that occupational exposures to styrene may produce DNA 
adducts in lymphocytes and tissues of workers. Analytical methods have been 
developed that have the required sensitivity to measure DNA alkylation products in 
exposed workers; these are immunoassays (Harris et al., 1985; Shamsuddin et al., 
1985) and the 32Р-postlaьеlNлg method (Everson et al., 1986; Randerath et al., 1986). 
However, they have not yet been applied to the measurement of SO-DNA adducts. 
The purpose of this investigation was to apply the 32P-postlabelling procedure to 
detection of DNA adducts in lymphocytes of workers exposed to styrene. 

Reactions of 50 with dGMP and DNA 
SO was initially reacted with dGMP. 32Р-Post1abe1ling of the reaction mixture 

resulted in the detection of five SO-dGMP adducts (Fig. 1A) after two-dimensional 
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Fig. 1. Reactions of SO with dGMP (A) and сaif thymus DNA (B) in vi'To 

A 

2 

1 

B 

(;
5 

0.5 mg dGMP and 0.5 mg calf thymus DNA, dissolved in [ml 10 тМ  Tris-ICI pI 7.5 and 5l si (97%, 
Aldrich), were reacted at 37°C for 15h and then extracted twice with diethyl ether to remove unreacted $0. 
The concentration of DNA in the aqueous phase was measured by absorption at 260 пт. For the 
postlabelfing procedure, 1µg DNA was digested enzymaticaly to 3'-шoпопsс1eotidw, as described 
previously ($odelt & Rasmussen, 1984); 0.17µg digested DNA or dGMP was 32Р-postlabelled to form the 
5i32P-labelled 3',5'-писlеоtiде  diphosphate. Initial purification of the 32P-labelled adducts was by 
C-18-thin-layer chгоmаtograph, as described by Randerath et al. (1984), using 0.41 ammonium formate 
pH 6.0. Contact transfer of гР  radioactivity remaining at the origin of the C-18 plate to the pity-
ethyleneirnine (PEI) plate was as described by Randerath et al. (1984). Two-dirnensional separation of the 
adducts was performed on the PEI-ceцulоse plates. The solvent for the first dimension was 1.8 M Li formate, 
4.25 M urea pH 3.5, the solvent for the second dimension was 0.36 M LiC' 0.221 Tris, 3.81 urea pH 8.0, 
followed by a second chromatography with 1.7 M Naг1PO4 pH 6.0. The adducts were located by 
autoradiography at —70°C with XAR-5 0m (Kodak). The individual adducts were scraped into scintillation 
vials containing 5 ml Safety-Sоlvе, and radioactivity was determined by liquid scintillation counting. To 
determine radioactivity in the normal nucleotides, 1 µ1 of each 3гР-labelled sample was applied to PEI plates. 
The chromatograms were developed iп  1.51 ammonium formate pH 3.5 (D-1), and 0.31 (NH4)ZSO4 
pH 6.0 (D-2). The activities of the individual spots were determined by autoradiography, as described above, 
and collected for liquid scintillation counting. 
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Table 1. Reactions of styrene 
oxidea in vitro 

Adduct дОМРt DNA` 

1 	0.458 0.461 t 0.074 
2 	0.451 0.414±0.035 
3 	0.021 0.077±0.035 
4 	0.023 0.037±0.027 
5 	0.025 0.031±0.022 

°values expкessed as fiaction of total 
Mean of two determinations 

`Мeaп  t sD of 11 dateппinations 

separation of the adducts on polyethyleneimine-cellulose plates. Adducts 1 and 2 were 
formed in approximately equal amounts, and together accounted for 91% of the total 
modification (Table 1). Adducts 3-5 were relatively minor products, each representing 
less than 10% of the total modification. Similar treatment of 50 with dAMP revealed 
two adducts formed at levels that were very low compared to those produced by 
reaction with dGMP (data not shown). Reaction of SO with cICIP and cITIP did not 
produce adducts detected by the postlabelling procedure. 

Reaction of calf thymus DNA with 50 also produced five adducts, as detected by 
the 32Р-pоstlabешng procedure (Fig. 1B). Again, two major products (adducts 1 and 
2) accounted for 88% of the total modification (Table 1). The level of DNA 
modification was proportional to the 50 concentration (data not shown). 

The chromatographic behaviour of adducts and levels of modification shown in 
Figure 1 and Table 1 indicate that dGMP is the primary site of DNA modification. This 
is consistent with investigations of S0-guanosine adducts (Heтminki & Hesso, 1984) 
and of s0-DNA adducts (Savela et al., 1986). The principal DNA adduct noted by 
Savela et al. (1986), at the 7 position of guanine, accounted for 80% of the products 
formed. This is similar to the sum of adducts 1 and 2 defected by the postlabeцing 
assay, which accounted for 90% of the products. 5iпce 50 is expected to react by an 
SN2 mechanism, which gives predominantly 7-guanine alkylation products, adducts 1 
and 2 may be isomers of 7-guanine-SO alkylation products formed by opening of the 
epoxide ring at the а  and ј9 positions. Further work is in progress to assess the 
structures of these adducts. 

We have tentatively identified adduct 3 as ОЬ-(2-hуdroxy-2-pheпylеthyl)-
deoxyguanoaine-3',5'-bisphosphate. This identification was based upon comparison 
of the chromatographic behaviour of adduct 3 with that of О6-(2-hydrокyphеnуl-
еthуl)-2'-dеохуguanosinе-3'-monophosphate, which we synthesized. Only one 06 
adduct was detected by 32Р-postlabсшng instead of the expected two (Hemmniki & 
Hessо, 1984). This may be due to conversion of the ОЬ-(2-hydrокy-1-pheпylethyl)-
deoxyguanosine to ОЬ-(2-hydroxy-2-pheпylethyl)deoxyguanоsiпe under the alkaline 
conditions used for the postlabeiling procedure (Moschel et al., 1986). Adducts 4 
and 5 may represent SO adducts at the N2 position of guanine, but further work is 
required for a positive structural identification. 

Lymphocytes of a worker exposed to styrene 
Having applied the postlabelling procedure to SO adducts produced in vitro, we 

were interested in detecting 50 adducts in workers occupationally exposed to styrene. 
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Fig. 2. 3ZР-РostlabeШng analysis of DNA from A, a styrene-exposed worker and B, 
an unexposed worker 

A 

4 
~â7 • 

Lymphocytes were isolated from 10 ml of venous blood by centrifugation on a Ficol-1-P gradient (Pharmacia 
Laboratory Separation). DNA was isolated by a previously described procedure (Sode11 & Banerjeе , 1976). 
The 32Р-post1abe1ling and separation procedures were performed as described in the legend to Figure 1, 
except that 300 цСY AT? were added to the postlabelling mixture. 

The results of a single determination are reported here for a styrene-exposed worker 
and an unexposed worker. Both individuals worked in a facility where reinforced 
plastics were manufactured; the exposed worker had been cmpioyed for eight years in 
the production department, where styrene-containing resins were sprayed into open 
moulds; the unexposed worker had been employed for two years in the shipping 
department, which was outdoors and away from the manufacturing area. The 
eight-hour, average air concentration measured for the exposed worker on the day of 
Ыоод  collection was 96 ppm; the exposure of the unexposed worker, although not 
measured, was presumed to be low. 

Following isolation of DNA from the two workers' lymphocytes, the 32Р-post-
labe11ing procedure was applied. DNA from the exposed worker contained products 
(Fig. 2A) corresponding to adducts 1 and 2 from the in-vitro modifications described 
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previously for dGMP and DNA. The extent of formation of adducts 1 and 2 was 
22 x 10— . No SO-DNA adduct was detected in the DNA from the unexposed worker. 

This application of the З2P-postlabеlliпg procedure is apparently the first observa-
tion of DNA adducts in a worker exposed to styrene. The sensitivity of the method is 
currently being enhanced, and lymphocytes from additional workers are being analysed 
to determine the levels of SO-DNA adducts at various intensities of styrene exposure. 
Such s0-DNA adducts could be responsible for the observed increase in chromosomal 
aberration frequency in workers occupationally exposed to styrene (Meretoja et al., 
1977; Fieig & Thiess, 1978). 
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Single-strand breaks (SSB) were determined by means of the DNA unwinding 
technique in peripheral lymphocytes of styrene-exposed workers and referents. A 
slight increase in $SВ  was observed among exposed subjects in comparison with a 
control group of olice workers. A correlation was found between SSB, the excre-
tion of mandelic acid and the concentration of styrene glycol in blood. The present 
work suggests that the DNA unwinding technique can be used for screening workers 
exposed to genotoxic compounds. 

Styrene occurs at high concentrations in certain work places, and there is evidence 
that it is carcinogenic in animals (Huff, 1984). For the main reactive metabolite of 
styrene, styrene-7,8-oxide, there is sufficient evidence of carcinogenicity to animals 
(IARC, 1985), and it has been detected in the blood of animals exposed to styrene 
experimentally. Low levels of this epixide have also been demonstrated in experimen-
tally exposed volunteers and in occupationally exposed workers (Wigaeus et al., 1983). 
The evaluation of the risk of late effects associated with exposure to styrene has 
therefore become an urgent problem. 

Several studies have shown that workers exposed to high concentrations of styrene 
in the reinforced plastics industry have an increased frequency of structural chromoso-
mal aberrations in their peripheral lymphocytes (World Health Organization, 1983). 
Some investigations have also indicated that sister chromatid exchanges (5СЕ) and 
micronucleus levels are elevated after exposure to styrene (Camuni et al., 1982; World 
Health Organization, 1983). 

Exposure of mice to styrene causes a dose-dependent increase in the level of SSB in 
the DNA of the kidney (Walles & Оrsén, 1983); in other organs, SSB levels correlated 
with the binding of styrene-7,8-oxide to DNA (Byfalt-Nordgvist et al., 1985). 

The purpose of this investigation was to study SSB in DNA from the lymphocytes 
of styrene-exposed workers and to compare this approach with other methods for 
biological monitoring of genotoxic compounds. The complete study includes analysis of 
the following endpoints: chromosomal aberrations, SСЕ, micronuclei, covalent binding 
to macromolecules, styrene oxide and styrene glycol levels in blood, and mandelic acid 
levels in urine. In this paper, only the results on SSB, styrene glycol and mandelic acid 
are reported. 

Blood and urine samples were collected at the end of a working shift from workers 
exposed to styrene in a plant where large containers were manufactured from 
unsaturated polyester resins. All of the exposed .workers were laminators. Oflice 
workers outside of the plant were chosen as referents. 
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TabIe 1. Levels of SSB (-log Fos) and concentrations of 
mandelic acid and styrene glycol, duration of employment 
and smoking habits of nine styrene-exposed workers and 
eight referents 

-log F» Mandelic Styrene Duration of Cigarettes Duration of 
acid 	glycol 	employment per day 	smoking 
(mM)° (цМ)ь 

 (years) 	 (years) 

0.07 <1 <0.6 5 25 15 
0.13 8.7 1.6 3 15 16 
0.15 21.5 4.5 12 18 30 
0.14 9.5 3.2 5 15 20 
0.11 14.4 1.9 3 20 15 
0.09 9.1 4.0 3 15 12 
0.19 6.3 2.2 0.5 20 12 
0.18 16.5 3.2 15 20 20 
0.11 <1 0.9 8 0 0 
0.11 <1 <0.6 0 40 13 
0.10 <1 . 0.6 0 0 0 
0.075 <1 <0.6 0 2 11 
0.12 <1 <0.6 0 10 25 
0.07 <1 <0.6 0 10 6 
0.09 <1 <0.6 0 0 0 
0.075 <1 <0,6 0 20 17 
0.11 <1 <0.6 0 13 24 

°Detection limit, 1.0mM 
bDetection limit, 0.бцМ  

Levels of SSB (in nine workers and eight referents) were determined by the DNA 
unwinding technique (Ahпstrёm & Erixoп, 1973), as modified by Wa11es and Erixon 
(1984), using lymphocytes isolated by Fico11-Paque (Pharmacia line Chemicals, 
Uppsala, Sweden). Styrene glycol was analysed by gas chromatography, essentially as 
described by Duverger-van Bogaert et al. (1978). MandeIic acid was determined 
according to the method of Eпgstгёm and Rantaneri (1974). The results of measure-
ments of SSB, styrene glycol and mandeLic acid are presented in Table 1, together with 
data on duration of employment aid smoking habits. 

The mean concentrations of styrene glycol in blood (2.4 t 0.5 цmol/1) and of 
mandelic acid in urine (9.6 f 2.3 mmol/1) indicate that the exposure levels were of the 
order of 50-190 ppm (see Wigaeus et al., 1983). The two parameters of exposure were 
strongly correlated, as might be expected. 

The mean levels of SSB, expressed as the negative logarithm of the fraction of 
double-stranded DNA (-log FDS), in exposed workers and referents were 0.13 and 
0,09, respectively. A Wilcoxon two-sample (two-sided) test gave p = 0.06 (one-sided 
test gave p c 0.05) for a difference between the groups. A multiple regression analysis 
demonstrates that SSB levels are correlated to mandelic acid concentrations in the 
urine and to styrene glycol levels in the blood (Fig. 1). Duration of employment and of 
smoking (cigarettes/day x duration of smoking), tested as covariatex in the analysis, 
did not explain the variation in SSB levels. 

In an earlier study, the SSB levels in lymphocyte DNA from exposed workers were 
not significantly increased over the background level observed in referents. In that 
case, the air concentration of styrene was about 20 ppm, and the average urinary 
excretion of mandelic acid by exposed workers was 1.8 mM (unpublished). 
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x?tig. 1. Level of SSB expressed as —log FDs, where г  = the ratio of the 
amount of double-stranded DNA and total amount of DNA, as a function of 
concentration of mandelic acid ш  urine for nine exposed workers and eight re-
ferents. The regression Une is: y = 0.096 + 0.003 x; r = 0.63. B, Level of SSB as а  
function of concentration of styrene glycol in blood. The regression line is: y = 
0.095+0.014x, r=0.61. 
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Each point represents one person, except for the following points, which consist of values for two persons: 
0.07, 0; 0.11, 0; 0.075, 0. 
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The present study has shown that the DNA unwinding technique can be applied to 
lymphocytes of occupationally exposed workers. The method is simple, fast and 
sensitive and could provide a convenient alternative to the commonly used approaches 
based mainly on time-consuming chromosome analysis. Analysis of chromosomal 
aberrations, SCE and micronuclei from the the same blood samples are in progress and 
will provide comparative data. 
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OF VINYL CHLORIDE 
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NMRI female mice were exposed to 100, 250 and 500 ppm vinyl chIoride (VC). Cell 
nuclei were prepared from the liver, and single-strand breaks (SSB) were deter-
mined by the DNA unwinding technique. Haemoglobin (Hb) was isolated from the 
blood, and the degree of alkylation was determined as a measure of in-vivo dose 
by means of a gas chromatography-mass spectrometry (GC-M5) technique. A 
maximum level of SSB in liver DNA aid of adduct levels of lb was reached at 
500 ppm, indicating that saturation of metabolic activation of VC had been 
achieved. The results demonstrate that VC induces SSB in liver DNA of mice in a 
dose-dependent manner and that about 80% of the damage is repaired within 20 h. 

VC is mutagenic and carcinogenic in various species and has been shown to be an 
occupational hazard to workers in the production of polyvinyl chloride (IARC, 1979). 
VC is metabolized to chloroethylene oxide and chloroacetaldehyde, both of which 
introduce the 2-oxoethyl adduct onto nucleophilic sites in macromolecules. Chioro-
ethyiene oxide is the main alkylating intermediate in vivo (Osterman-Golkar et al., 
1977), and it has been suggested that it is rеsponsiЫе  for the carcinogenic potency of 
VC (Bolt, 1986). 

The rates of adduct formation in blood proteins such as lb and in DNA (in liver or 
in other organs) are proportional (Ehrenberg & Osterman-Golkar, 1980). Measure-
ments of adduct levels in lb therefore provide a measure of adduct levels in DNA 
(Osterman-Golkar et al., 1976, 1977). 

When a number of alkylation products undergo repair, transient SSB occur, which 
can be quantified with high sensitivity. SSB are thus not a primary event but can be 
used as an indicator of remaining DNA damage in repair studies. It has been shown 
that VC induces SSB in DNA in different organs of mice (Wales & Holmberg, 1984). 
The purpose of this investigation was to study the induction and persistence of DNA 
damage (SSB) in liver DNA of mice after exposure to VC. In parallel, alkylation 
products of lb were determined. 

NMRI female mice inhaled VC at 100, 250 and 500 ppm for 24 h. Groups of mice 
were exposed at 250 ppm for 2, 4, 6 and 8 h. The performance of the experiments is 
described by Wa11es and Holmberg (1984). In all cases, S5В  were determined 1h after 
termination of the exposure. In a separate experiment, the rераir of DNA damage was 
studied by determining SSB levels 1 h and 20 h after termination of the exposure at 250 
and 500 ppm. 

Cell nuclei were prepared from liver, and 55В  were determined by the DNA 
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Fig. 1. Levels of sSB°, expressed as —log Fоsь, as a function of VC concentration 

100 	200 	300 	400 	500 	600 

VC (ppm) 

Length of exposure was б  h/day for 4 days; mice were killed 1h thereafter. Mean values t sE are. shown 
°In the expeгiцпent5 presented in Figure 1, Figure 2 and Table 1, the amount of DNA after hydroxylapatite chromatography 
was determined by means of the duorochrome DAPL Iп  the experiment presented in Table 2, Hoechst 33258 was used as 
Iluorochromu, which gives somewhat lower values of SSB. 
F05 = the ratio of the amount of double-stranded (Ds) DNA and the total amount of DNA 

unwinding technique (Ahnstгёш  & Erixon, 1973), as modified by Walks and Erixon 
(1984). Cell nuclei were incubated in а  buffer (0.1 M NaC111 mM EDТA/2 mM 
EQTA/0.02 M Tris-HCl, pH 7.6) (Cohen & Prabhakar, 1983) for 2 h at 37°C in order 
to optimize the yield of SSB. 

lb was isolated and reduced with sodium borohydride to transfer the 2-oxоethуl 
adducts to 2-hуdrокyеthуl adducts, according to the method of Svensson and 
Osterman-Golkar (1987). The samples were then subjected to total hydrolysis, 
followed by isolation of alkylated products of histidine, NT-(2-hydrоxyethyl)hisodипe. 
Derivatives for GC-Ms were prepared and analysed as described by Calleman et al. 
(1978). 

The level of SSB increased with VC concentration (Fig. 1). The value at 500 ppm is 
slightly higher than, or equal to, that at 250 ppm, indicating that saturation of 
metabolic activation of VC is reached at 500 ppm. The adduct levels in lb at 250 and 
500 ppm (Table 1) are nearly the same. 

The SSB levels increased with time for 2-8 h at 250 ppm (Fig. 2); a plateau was 
reached between 4-8 h of exposure. In another experiment, the levels of SSB at 20 h 
were compared with those at 1 h after exposure (Table 2). The levels of SSB after 20h 
were greatly diminished, indicating that about 80% of the DNA damage had been 
repaired. Thus, the plateau value obtained in the former experiment may be 
interpreted as a steady state between induction and repair of DNA damage. 

Discussion 
The ratio between liver DNA alkylation (7-guanine) and lb alkylation 

(NT-histidine) has been established in experimental animals (CBA mice) after 
inhalation of radiolabelled VC (Osterman-Golkar et al., 1977). On the basis of this 
ratio, alkylation of liver DNA has been calculated from the present data, and the 
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Table 1. Comparison of induced SSB in liver DNA and degree of alkylation of 
lb and liver DNA after exposure of mice to VC 

VС  level" —л  log FDSь'° 	Binding to lb 	Binding to DNA 	—л  lоg Fns 	a 
(ppm) 	 (nmol N~-OЕtHis/ 	(пmо] 7-OEtQua/ 	DNA binding X 10 

g Hb)' 	 g DNA)e 

100 	0.06 	 5.4 	 5 	 120 
250 	0.12 	 40 	 36 	 33 
500 	0.17 	 36 	 33 	 52 

°Length of exposure was 6 h/day for four days; animals were killed 1 h after termination of exposure. 
— л  log FDS = —log F05tусt — ( — log FD5(солтгп») 

`3aе  legend to Figure 1, footnote a 
dN`-OЕtНis, NT histidine 
`DNA alkylation was calculated using the ratio NT-OEtlis (lb) to 7-OЕtGua (liver DNA) from animal (CBA 
mice) experiments in which radiolabelled VC was used (Osterman-Golkar et QL, 1977), assuming that the S5B 
level was the result of the exposure during the last day, with a possible contribution (--25%) from previous 
days. 

SSB-inducing efficiency has been expressed as the ratio —O log FDS/nmol 7-(2-
oxoethyl)guanine per g DNA (see Table 1). The corresponding ratio between SSB 
induction and 7-guanine alkylation has been determined for other agents: for methyl 
methanesulphonate, styrene and urethane, the quotients were 19 x 1о-4, 23 x 10-4 and 
21 x 10-4, respectively (S. Wa11es et al., unpublished data). 

With respect to induction of mutations (in Escherichia tali Sd-4), compounds that 
introduce a 2-oxoethy1 adduct (chloroethylcue oxide and chloroacetaldehyde) are 
considerably more effective than simple monofunctional alkylating agents such as 
methyl methanesuiphonate (Hussain & Osterman-Golkar, 1976), when compared per 
alkylation of guanine at Об  (assumed to be a critical lesion) or, as above, per alkylation 
of guanine at 7. Also, in carcinogenicity tests of chloroethylene oxide (Zajdela et al., 
1980; see also Barbin & Bartsch, 1986), VC (carcinogenicity data from Maltoni et al., 
1984), and possibly also urethane (carcinogenicity data from 5chmhl et al., 1977), all 
of which introduce the 2-oxoethyl adduct, seem to be more potent than, e.g., methyl 

Fig. 2. Levels of SSBа  (—log FD5У' as а  function of length of exposure (h) to 
250 ppm 

0.3 

4 
Т1те  (h) 

Animals were killed 1 h after termination of exposure. Mean values f sЕ  are shown. 
°See Figure 1, footnote a 
See Figure 1, footnote b 
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Table 2. Levels of SSB 1 and 20 h after exposure to 
VC (mean values ± SE) 

VC level Length of exposure Time to recovery —log Fns° 
(ppm) 	(h) 	 (h) 

250 6 1 0.19+0.01 
250 6 20 0.10±0.003 
500 6 1 0.19±0.02 
500 6 20 0.09±0.002 
Control 0.07 t 0.006 

'see Figure 1, footnotes e and b 

methanesulphonate (see larbin & Bartsch, 1986). The high mutagenic efficiency of 
2-oxoеthylatiпg agents may be related to the secondary reactivity of the 2-oxoethyl 
adduct and the possibility of forming etheno rings in DNA bases (Singer et al., 1987) or 
other types of cross-links (Scherer et al., 1986; Svensson & Osterman-Golkar, 1986). 

The present study indicates that SSB determination may be a sensitive method for 
evaluating potential carcinogenic risks for a particular organ. Even after 2 h exposure 
to 250 ppm VC (500 ppm-h), the SSB level is significantly higher than the normal 
value. It is also interesting that the SSB level is restored to almost the normal level 
after 20 h, although SSB are still present. The significance of S5B levels in terms of 
tumour induction must be elucidated in further studies. 
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Volunteers were exposed to toluene and o-xylene for 4 h at 300 mg/rn3 and 
350 mg/rn3, respectively, in an exposure chamber. Urine voided during and after the 
exposure was analysed for S-hепzyl-N-асеty1сysteinе  (toluene mercapturic acid) and 
S-(o-methуlЬеnzyl)-N-aсetуkystemе  (o-xy1e"e mercapturic acid). The amount of 
S-(o-methylbеnzyl)-N-аcеtykystemе  found in unie after exposure corresponded to a 
metabolic yield of less than about 0.01% of the total uptake. No S-benzy1-N-
acetylcysteine was found. Thus, determination of specific rnercapturic acids after 
exposure to toluene or o-xylene can hardly be used for genotoxic monitoring. 

Spеctrophotomеuic determination 0f thioethers (mercapturic acids or S-substituted 
N-acetylcysteines) has been used as an indicator of risk for genotoxic exposure in a 
number of studies, such as that of Malonova and Bardodej (1983). Van Doom n et al. 
(1980) reported data from animal studies which indicated a relatively high yield of 
S-beпzyl-N-аcetykysteiпe and S-(о-methylbеmyl)-N-acetykysteine after exposure to 
toluene and о-xyleпе, respectively. 

We now report on the determination of these two mercapturic acids after 
experimental human exposure to toluene or o-xylene. 

Analytical methods 
S-Bervzyl-N-acety1cysteine and S-(o-methylbeпzyl)-N-acetykysteine (Fig. 1) were 

synthesized according to methods reported by van Bladeren et a1. (1980) and Van 
Doom et al. (1980). The analysis was performed by running acidified 10-ml portions of 
urine samples through Waters C18Sep-Pak. The cartridge was eluted with 0.01 M HC1, 
benzene and chloroform : acetic acid (99:1). The chloroform fraction was evaporated to 
dryness, redissolved in methanol and analysed by high-performance liquid chromatog-
raphy (HPLC). The identities of the compounds were confirmed by gas 
chromatography-mass spectrometry (GC-MS), as reported by Norstгёm et al. (1986). 

Determination of toluene and o-xylene in exhaled air and blood and urinary 
determination of hippuric acid aid o-methylhippuric acid were performed as reported 
by Wа11èп  (1986) and Norstrбm et al. (1988). 

' To whom correspondence should be sent 
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Fig. 1. Structures of the two mercapturic acids, 5-benzyl-N-acety1cysteine and 
5-(o -methylbenzyl)-N-acety1eysteine 
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Exposure studies 
Two experiments with different volunteers were performed in . a thermostatted 

exposure chamber with continuous monitoring of solvent air concentration. (For 
further details, see Nystrom et a1., 1988.) Four persons, two smokers and two 
nonsmokers, were chosen from among 26 spray-painters who had taken part in a 
previous study on toluene. In the study on o-xylen, six healthy, nonsmoking men with 
no previous history of occupational exposure to organic solvents, took part. 

Determination of mercapturic acids 
The sensitivity of the method used in this investigation was 2 ng/'l and 1 ng/l for 

5-beniyl-N-acatу1уateiriе  and S-(о-methylЬenzyl)-N-acetyltystein, respectively, when 
using the 'PLC method. The coriesponding sensitivities for the GC-1s method were 
0.5 and 0.3 ng/ 1 urine, respectively, corresponding to 1 uтоl thioether/mmol 
creatinine (HPLC) and 0.25 cmоl thioether/mmol creatinine (GC-Ms) for S-bnizyl-N-
acetylcystеine. These are well below the detection limit for the spectrophotometric 
method, with which Aringer et al. (1984) found typical background values of about 
3 imоl/mmоl creatinine for nonsmokers on a standardized diet. 

Urine samples from toluene-exposed persons were analysed, but no S-benzyl-N-
acetylcysteine was found either in samples voided immediately after exposure or in 
samples voided 3 h later. Three hours after exposure to o-xylene, trace amounts of 
s-(o-methylbenzyl)-N-acetylcysteine were found in urine samples. The levels found 
were very low (0.2 цтоl/mmоl creatinine), but analysis by GC-MS-multiple-iоп  
detection revealed that the three typical fragments at rIz = 105 (100%), 176 (14%), 
222 (12%), and the molecular ion at riz = 281 (1%) were present in all samples (Fig. 
2). These amounts are just above the detection limit and correspond to a metabolic 
yield of about 0.01% of the total uptake of o-xylene. 

Conclusions 
Iп  contrast to the results reported from animal studies by Van Doom et al. (1980), 

humans exposed to the industrial solvents toluene and o-xylene excreted no or very little 
mercapturic acid. Excretion of thioethers or mercapturic acids is considered to 
be an indicator of exposure to genotoxic compounds and, thereby, an estimate of risk 
for occupational cancer. At least for these two solvents, it has not been possible to 
demonstrate the usefulness of mercapturic acid determination for this purpose, but 
further studies will be carried out on other compounds. 
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Fig. 2. GC-MS-multiple-ioп  detection of a 'mie sample from an o-xylene-exposed 
person 
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Advances in our understanding of the mechanisms of chemical carcinogenesis are 
now being applied to improve the quality of prospective risk assessment. The 
contribution of Ehrenberg and his colleagues (at the University of Stoekholm) 
probably represents the most comprehensive application of mechanistic knowledge 
to this held during the past 20 years. The strategic approach developed by the 
Swedish group was based on the identification of dilierences between man and 
experimental risk models in factors that determine the relationships between ex-
posure and biological response aid the development of methods to compensate for 
these differenсеs. Many of the critical stages in chemical carcinogenesis and the 
cellular determinants of these stages have now been identified. As a first step in 
seeking to improve risk assessment, Ehrenberg introduced the target dose concept, 
in which the doses of carcinogens penetrating to the cellular target (DNA) are 
determined. This approach provides an improved basis for determining exposures to 
carcinogenic agents and also for compensating for species differences in factors such 
as metabolism that determine the relationships between exposure dose and the dose 
at the critical target. The target dose concept is now widely accepted and has led to 
the development of new biomedical monitoring techniques, based, for example, on 
the measurement of haemoglobin adducts, which are now being applied to detect 
and identify genotoxic hazards. The introduction of the target dose concept has led 
to significant improvements in the quality of prospective risk assessment. Further 
improvements necessitate procedures to compensate for differences between man 
and prospective risk models in factors that determine subsequent stages of the 
carcinogenic process. Ehrenberg has proposed that the rad-equivalence approach 
may be of value in this respect. Its application has accurately predicted the 
incidence of leukaemias in occupational cohorts which had exposures to ethylene 
oxide in common. The possible general applicability of this approach is discussed. 

During the last 20 years, the emphasis in cancer research has increasingly been 
placed on the study of mechanisms, with the aim of developing rational scientific 
methods for treatment and prevention. Epidemiological evidence indicates that a high 
proportion of human cancers is caused by environmental factors, including chemicals of 
industrial and natural origin (Higginson & Muir, 1979). Effective methods to identify 
and evaluate such agents are essential for the prevention of cancer. So far as is 
possible, these methods should be prospective in order to minimize human contact and 
avoid introducing new carcinogens into the environment and the work place. 

Until the mid 1970s, the qualitative identification of human carcinogens and 
estimations of carcinogenic potency were based almost exclusively on the results of 
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long-term carcinogenicity studies in laboratory animals. However, marked quantitative 
and apparent qualitative species differences in response to chemical carcinogens 
cautioned against direct extrapolation to man (Wright, 1981). In extreme cases, such 
species differences in response could reduce even the qualitative prediction of human 
carcinogens to the level of a lottery. 

Fortunately, research during the past 20 years into the mechanisms of chemical 
carcinogenesis has provided a sound basis for developing improved procedures to 
detect human carcinogens and evaluate the risks to man. Several important, broad 
tenets have been established over this period, due principally to the pioneering work of 
Brookes and Lawley (1964), J.A. and E.C. Miller (1969) and Ames et al. (1973). In 
particular, mutagenic action, i.e., the capacity to induce transmissible alterations in 
DNA structure, is now viewed as fundamental to the operation of most chemical 
carcinogens and has led to the classification of such agents as 'genotoxic' (Ehrenberg et 

aL. 1973). DNA is regarded as the key (primary and critical) target of genotoxic 
carcinogens, although many chemicals classified as genotoxic are in fact precursor 
agents requiring metabolic conversion into reactive forms (electrophiles) in order to 
undergo chemical reaction with DNA. Primary products of these reactions are 
generally promutagenic or lethal. Among these products, DNA base adducts have 
been singled out for special attention, not only because of their mutagenic propensity, 
which can vary markedly according to the structure of the adduct, its location and 
persistence in DNA, but also because of the sensitivity and specificity of the techniques 
available for their analysis (Randerath et al., 1981; Hemminki & Randerath, 1987; 
reviewed by Watson, 1987). 

The acceptance by the scientific community of a sequential mechanism linking 
electrophilic reactivity of chemicals or their metabolites with the induction of primary 
chemical damage to DNA, leading to mutation and cancer, fuelled the development of 
a diverse series of short-term genotoxicity assays — mainly in-vitro assays — for the 
prediction of carcinogenic activity. The. relative simplicity and low cost of these in-vitro 
assays has permitted widespread application in screening for environmental and 
occupational mutagens and carcinogens and in the prescreening of new products, e.g., 
drugs and agrochemicals. 

The most successful of the early in-vitro genotoxicity assays were those designed to 
detect mutation at specific loci in bacterial cells and mammalian somatic cells or 
chromosomal damage in cultured somatic cells. These tests are considered to be only 
qualitative in terms of their value in predicting carcinogenic activity. Cursory analysis 
might suggest that a purely qualitative determination of carcinogenicity is ац  that is 
required. Thus, it is generally accepted that human contact with chemical carcinogens 
should be minimized (irrespective of potency). Unfortunately, however, these qualita-
tive tests are fallible. Major discrepancies have been reported in the qualitative 
correlation between the results of in-vitro genotoxicity studies and conventional 
carcinogenicity studies, and these discrepancies have led to concerns about the value of 
the in-vitro tests as qualitative indicators of carcinogenic hazards (Tennant et al., 1987). 
Nevertheless, the evidence that genotoxic action is critical to the initiation of chemical 
carcinogenesis is very strong. 1t is, therefore, extremely important to understand the 
limitations of in-vitro genotoxicity assays and the reasons for the poor correlation with 
carcinogenicity data. These reasons fall into three distinct categories, which are not 

1 DNA adducts and generalized DNA damage may also be induced by indirect mechanisms, e.g., uni the 
generation of reactive oxygen species (Ames, 1983; Kasai & Nishimura, 1986). Indirect genotoxic action may 
also occur as a consequence of effects on DNA replication or repair functions. 
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necessarily mutually eкclusive: 
(1) Differences between the in-vitro model and intact animals, e.g., man, in factors 

that determine the relationships between exposure dose of a genotoxic chemical aid a 
specific genotoxic effect, e.g., point mutation, can have profound effects on the 
expression of genotoxicity in the two systems and are likely to give rise to both 
`false'-positive and 'false'-negative results in vitro (ICPEMC, 1982). These factors 
include enzyme-mediated bioactivation and detoxification pathways, the fidelity of 
DNA repair and DNA replication and the rate of DNA repair relative to cell (DNA) 
replication (Wright, 1983). 

(2) The failure of in-vitro genotoxicity assays to respond to nongenotoxic car-
cinogens or to endogenous or exogenous factors, e.g., promoting agents, that influence 
the progression of initiated cells into malignant tumours gives rise to 'false'-negative 
results in vitro and is, undoubtedly, a major reason for discrepancies in the qualitative 
correlation between the results of in-vitro genotoxicity assays aid in-vivo car-
cinogenicity studies. 

(3) It is important to recognize that the resolving power of experimental car-
cinogenicity studies (and epidemiological studies) is very poor and does not permit 
measurement of carcinogenic effects at a level that may be considered acceptable from 
the standpoint of human risk, i.e., about 10-6/уеиг  (Silbergeld et al., 1987). Indeed, 
the difference between the limits of detection and the required sensitivity usually 
exceeds a factor of 104. The higher resolving power of in-vitro genotoxicity assays often 
permits the detection of genotoxic action at doses/exposures below the limits of 
detection of long-term carcinogenicity studies and may therefore give rise to apparent 
'false' positives. Consideration of the higher sensitivity of the in-vitro assays in the light 
of the inadequate sensitivity of carcinogenicity bioassays and evidence that genotoxic 
action precedes and is predictive of carcinogenicity suggests that such 'false' positives 
should not be dismissed lightly. The introduction of new, highly sensitive genotoxicity 
assays, e.g., postlabelling assays (Randerath et al., 1981), will undoubtedly lead to 
increases in the occurrence of so-called `false'-positive results in the future. 

Strategies to improve hazard detection and risk assessment 
By the mid 1970x, in-vitro genotoxicity assays were becoming widely used as 

qualitative tests for the prediction of carcinogenic activity. The results of in-vivo 
carcinogenicity studies in higher animals were employed as reference standards for 
judging the performance of the genotoxicity assays. In-vivo carcinogenicity studies 
were also preferred for the quantitative evaluation of carcinogenic risks. However, as 
discussed above, interpretation of both classes of assay is subject to uncertainties and 
errors. 

Several groups, including Ehrenberg and his colleagues at the University of 
Stockholm, recognized these deficiencies in the available risk models and sought to 
develop approaches to solve the problems of interpretation. Some of the groups 
adopted aspects of Ehrenberg's approach or developed these independently; however, 
none has analysed the problems in greater depth or developed such a comprehensive 
approach to deal with them as the Ehrenberg school (Osterman-Golkar et al., 1970; 
Ehrenberg, 1974; Ehrenberg et al., 1974; Ehrenberg, 1976; Osterman-Golkar et al., 
1976; Calleman et al., 1978; Ehrenberg, 1978; Segerbёck et al., 1978; Ehrenberg, 1979; 
Ehrenberg et al., 1983; Osterman-Golkar, 1983; Osterman-Golkar et al., 1983; 
Tёrngvist et al., 1986а,Ь). 

Ehrenberg focused his attention on genotoxic hazards and determined that the 
principal requirements were: (i) to develop sensitive and reliable analytical procedures 
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to identify specific genotoxic hazards to man in the environment; and (ii) to develop 
methods for the quantitative assessment of the genetic arid carcinogenic risks posed to 
man by exposures to genotoxic chemicals. Initially, the Swedish group placed emphasis 
on the second objective, being guided by the notion that, in order to provide effective 
protection to man, the methods that were needed to detect and monitor human 
hazards (objective 1) must ideally be sensitive enough to permit detection at an 
acceptably low level of risk. Such procedures could then be used to investigate and 
place in order of priority the hazards, as outlined recently by Garner (1985). 
Quantification of risk to man is essential in order to achieve these goals. 

Quantitative risk assessment 
Prospective assessment of carcinogenic risks to man must necessarily be based on 

quantitative dose-response relationships (risk data) obtained in experimental 
species/models. As we have seen, this approach necessitates extrapolations (to low 
doses and from experimental species to man) that are subject to major quantitative and 
even apparent qualitative errors (Wright, 1981). In. order to improve the quality of 
prospective risk assessment, it is necessary to compensate for differences between the 
model and man in factors that determine the quantitative relationships between 
exposure or received dose and the biological effect or response (Wright, 1981, 1983). 
The effective implementation of such a strategy places a heavy requirement on 
mechanistic knowledge, and the approach developed by Ehrenberg and his colleagues 
is based on current perceptions of the nature of chemical carcinogens and the 
mechanism(s) of chemical carcinogenesis. 

A schematic representation of the principal events or stages in chemical car-
cinogeriesis is given in Figure 1. Each of these stages is strongly influenced and often 
determined by host-dependent factors, which may vary according to cell type, tissue, 

Fig. 1. A carrent view of the principal stages and determinants of chemical 
carcinogenesis 
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individual, strain and species. In seeking to reduce the errors in extrapolating 
experimental estimates of risk to man, it is important to correct for species differences 
among these systémic factors (and general extrinsic factors) — particularly those factors 
which exert a major influence on the carcinogenic process. 

The target dose concept 
As an initial step in seeking to improve the quality of prospective risk assessment, 

Ehrenberg et al. (1974) were the first to propose that a new dose concept should be 
developed to provide a measure of the dose of ultimate genotoxic agent that penetrates 
to the DNA of tissues or cells. They further suggested that such tissue or target (DNA) 
dose (Lee, 1976) could be determined by measuring either the primary products of 
reactions between the genotoxic agent and DNA or an alternative dose monitor, e.g., 
Ыood proteins such as haemoglobin (Osterman-Golkar et a1., 1976; Calleman et al., 
1978). Determination of target dose in the experimental risk model and man would 
compensate for differences in metabolism and related toxicokinetic and toxicodynamic 
factors that determine the quantitative relationships between exposure dose and dose 
of the ultimate toxicant delivered to the target (molecule) (Fig. 1). Thus, the concept 
may usefully be applied to improve the extrapolation of experimentally determined risk 
data, i.e., dose-response data, and may also lead to an improved definition of 
individual risk. The measurement of target dose in man may, therefore, be viewed as 
an approach towards risk monitoring rather than as an alternative to exposure 
monitoring. 

As previously noted, measurements of the amounts of DNA adducts in tissues or 
cells provide a basis for determining the doses of ultimate reactive forms of genotoxic 
chemicals delivered to their key target. The rate constants of the reactions that lead to 
the formation of the specific adducts and the rates of repair (removal) of these adducts 
must also be determined in order to transform values of the amounts of adducts into 
estimates of target dose (Wright, 1981). 

Assessment of target (DNA) dose in man 
In general, radiolabelled genotoxic agents may be used for determining the 

amounts of specific DNA adducts in the tissue or cells of laboratory organisms. Such 
direct methods cannot be applied in man. Ehrenberg and his coworkers (1974, 1983) 
proposed that indirect dose monitors be developed to determine the doses of genotoxic 
chemicals delivered to DNA in inaccessible tissues, e.g., human tissues. There are two 
main possibilities: (i) DNA adducts can be determined in accessible tissues or body 
fluids, e.g., white blood cells, sperm, placenta or skin; and (ii) the corresponding 
protein adducts, e.g., with plasma albumin or haemoglobin adducts, can be measured. 
The problem with such indirect approaches is one of validation. Thus, although the 
quantitative relationship between dose delivered to DNA in the target tissue and to the 
dose monitor can be determined in laboratory organisms, these relationships cannot 
normally be determined in man. Consequently, in considering man, reliance must be 
placed on the use of experimentally determined coefficients relating doses of genotoxic 
agent delivered to the target and to the monitor. 1n order to justify this approach, it is 
necessary to demonstrate that such coefficients are not subject to significant species 
differences. 

Ehrenberg and his colleagues have investigated a variety of dose monitors, 
including plasma proteins. The latter may be especially useful with certain genotoxic 
agents, e.g., aflatoxin 11. Overall, the Swedish group favoured haemoglobin as a tissue 
dose monitor, largely because of its availability and relative abundance and also 
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because of the stability of haemoglobin adducts (Osterman-Golkar et al., 1976; 
Segerb~сk et al., 1978) and the longevity of red blood cells, which permit integrated 
dose measurements (Моцiпsоn, 1983). 

Haemoglobin has been thoroughly validated for use as an indirect tissue DNA dose 
monitor in the case of ethylene oxide (Ehrenberg et al., 1974; SegerЬ  ck et al., 1978; 
Wright, 1983) and methyl methanesulphonate (Frei & Lawley, 1976). Somewhat more 
limited validation data have been obtained for vinyl chloride, certain aromatic amines 
and polycyclic hydrocarbons (reviewed by Ehrenberg et ai. • 1983 and Neumann, 1984). 

Analytical methods 
Haemoglobin contains a number of nucleophilic centres which undergo reaction 

with electrophiles. Usually, the principal targets are the sulphydryl group of cysteine 
residues, the N1 and N3 atoms of histidine residues and the amino groups of the N-
terminal valine residues of the а'- and (3-chains. Ehrenberg and coworkers have 
developed specific and generic gas chrorпatographу-mass spectrometry (GC-MS) 
techniques to detect, identify and quantify adducts at all of these centres. These 
methods have been applied in experimental carcinogenicity studies and in human 
epidemiological studies, e.g., to investigate the hazards posed by exposures to ethylene 
oxide. The initial approaches were based on the analysis of histidine adducts 
(Osterman-Golkar et al., 1983) and revealed, for the first time, the presence of 
`background' alkylations (methyl, ethyl, 2-hydroкypropyl and 2-hydгoxyеthyl groups) 
in the haemoglobin of rodents and humans who had not knowingly been exposed to 
genotoxic chemicals or their precursors. The initial GC-MS methods were laborious. 
However, the Swedish group has now developed an improved and simplified proce-
dure, based on the analysis of N-terminal valine adducts, which is suitable for routine 
application (Tdrngvist et al., 1986a,b). Iп  this new assay, the adducted N-terminal 
valine residues are cleaved by application of a modified Edman degradation and 
analysed by GC-MS. 

The initial findings of alkyl residues in the haemoglobin of 'un exposed' humans and 
rodents have been confirmed and extended both in Ehrenberg's and other laboratories 
(Osterman-Golkar, 1983; Wright, 1983; Van Sittert et al., 1985; Wraith et al., this 
volume). These alkyl groups are undoubtedly introduced by exposure to alkylating 
chemicals of endogenous or environmental origin. Methods with a sensitivity sufficient 
to permit the detection of the corresponding adducts at the level of DNA are being 
developed. Э2Р-Postlabelling techniques show great promise in this respect and have 
already been successfully applied to detect `background' alkylations iп  the DNA of 
rodents and man (Watson, 1987). The 32Р-postlabelling techniques are particularly 
suited to the determination of higher-molecular-weight adducts in DNA. Some 
modifications are required to obtain similar sensitivity in the assay of low-molecular-
weight adducts. Thus, at this stage of their development, the techniques for the 
determination of protein adducts and DNA adducts are largely complementary 
(Silbergeld et a1., 1987). 

Applications to identify human carcinogens 
On the premise that causal links have been established between primary chemical 

damage in DNA and the induction of mutation and cancer, the detection of covalent 
DNA damage in man provides qualitative evidence of exposure to a carcinogenic 
hazard. The detection of covalent protein adducts may also signify exposure to 
chemical mutagens or carcinogens (Ehrenberg, 1980; Hemminki & Randerath, 1987). 
Biological tests, e.g., the determination of chromosomal abenations or micronuclei, 
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may also furnish evidence of human exposure to a carcinogenic hazard. However, the 
detection limits of the latter tests do not permit the determination of levels of risk that 
may be acceptable from a sociopolitical standpoint, e.g., 10 6lyear (silbergeld et al., 
1987), and do not therefore provide a totally acceptable prospective risk indicator in 
man. Furthermore, these biological procedures per se cannot be used to identify 
specific environmental hazards. 

. The new analytical procedures for the determination of DNA and protein adducts, 
however, provide selective approaches to the detection and quantification of specific 
primary reaction products. These methods arc, therefore, potentially of great value in 
assisting in the identification of agents responsible for the initiation of human cancers 
and, undoubtedly, will become widely used for this purpose. Furthermore, it is now 
possible to develop and validate human tissue preparations in vitro for application in 
screening new chemical products for genotoxic activity towards ran (Huckle et al., 
1986; Watson et aL. this volume). 

The very high resolving power of these methods suggests that they may have 
prospective value as qualitative indicators of human carcinogenic hazards in vivo and 
in vitro. However, qualitative applications may not be practicable. Thus, it seems likely 
that the resolving power of these analytical chemistry techniques will permit the 
determination of adducts with a sensitivity exceeding that required for the determina-
tion of acceptable risks (10-6/year). Iпдеед, the detection limits often exceed one 
adduct per cell. It seems unlikely, therefore, that such procedures can be applied in a 
purely qualitative mode — at least in a regulatory sense. Quantification of the risks is 
essential. 

Limitations of the target dose approach 
The great sensitivity of the new procedures for determining DNA and protein 

adducts, i.e., GC-1s, postradiolabelling and immunochemical assays (for a review, see 
Hemminki & Randerath, 1987), permits applications in assessing tissue DNA doses of 
genotoxic agents at low environmental or occupational levels in both man and 
laboratory animals. The target dose approach is designed to compensate for cellular, 
tissue, individual, strain and species variations in metabolism and related factors that 
determine the rates of formation of key lesions (Fig. 1). By compensating for such 
differences between test models and man, the determination of target dose improves 
the translation of experimental risk data to man and provides a better definition of 
individual risks. However, in order to improve further the quality of prospective risk 
assessment, it is necessary to develop procedures to correct for differences between 
experimental models and man with respect to systemic and general extrinsic factors 
that determine the progression, firstly, of key lesions into (cancer) mutations and, 
secondly, of the initiated cells into malignant neoplasms (Fig. 1). Ehrenber and his 
colleagues have suggested that the determination of rad-equivalent values for the 
induction of forward mutation by genotoxic chemicals may be of value in achieving 
these objectives. 

The determination of rad-equivalence 
Several authors, including Ehrenberg, have suggested that penetrating ionizing 

radiation may be used as a reference standard to estimate genetic risks posed by 

z Ehrenberg (cf. 1980) defines a rad-equivalent as the (target) dose, expressed in concentration x time (e.g., 
M x h), of an alkylating agent producing the same response as 1 rad of low linear-energy transfer radiation 
in the low-dose region of the dose-response curve in forward mutation systems. 
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exposures to genotoxic chemicals. However, the Swedish group was alone in 
developing effective practical approaches needed to overcome major theoretical and 
practical problems and test the validity of the approach. The Swedish proposal was 
regarded as highly controversial and led to much discussion and criticism (reviewed by 
Golberg, 1986 and ICPEMC, 1983). Most of this criticism is unfounded and is due to 
superficial analysis that fails to take due account of two essential points. The first point 
is that the assessment of tissue (or cellular) DNA dose is an essential requirement of 
the pproасh (see footnote). The second point is that the proposal is addressed 
specifically to the determination of low levels of risk, including the determination of 
risk at a level which may be considered acceptable. Indeed, for reasons discussed 
below, it is probable that the approach would fail when applied to determining risks 
(effects) equivalent• to those posed by the relatively high doses employed in 
experimental carcinogenicity studies. 

The prospective risk model proposed by Ehrenberg and his colleagues is based on 
the quantitative determination of the respective capacities of low doses (defined as 
target DNA dose) of the test chemical and acute y-radiation to induce the same genetic 
effect (in both qualitative and quantitative terms) ш  the same experimental species or 
system. In-vitro bioassays to detect, e.g., gene mutation, are preferred because of their 
high resolving power and practicability. In this way, the capacity of a defined target 
dose of a genotoxic chemical to induce a defined level of genetic damage in a particular 
organism can be expressed in terms of rads. 

Rad-equivalence —mutational risks 
The value of experimentally determined rad-equivalance values for mutation hinges 

on whether or not they can be usefully applied to correct for species differences in the 
concerted operation of all of the factors, e.g., DNA repair and replication, which 
determine the quantitative relationship between key lesions, e.g., specific DNA 
adducts, and mutations. In order to be effective in this respect, the relative mutagenic 
potencies of unit target doses of radiation and the test chemical must be constant over 
the dose range(s) of interest. As pointed out by Hathway (1982) in his generally 
favourable critique, the concept of rad-equivalence stems from the linear (target) 
dose-mutation response, initiated by both radiation and chemical substances. The 
resolving power of in-vitro bioassays permits the determination of biological responses 
in the relatively low target dose range where there is a reasonable expectation for 
linear target dose-response relationships. However, a second and crucial requirement is 
that the experimentally-determined rad-equivalence values for mutation must have 
extrapolative value, i.e., the rad-equivalence value determined for a particular 
genotoxic chemical in a given experimental species must have a similar numerical value 
in other species, including man. 

Rad-equivalence values for the induction of mutations have been determined for a 
number of intrinsically reactive, moriofunctional alkylating agents in a variety of 
biological systems, including bacteria, plants and experimental mammals in vivo and in 
vitro (Ehrenberg et al., 1974; Ehrenberg, 1976, 1978; Calleman, 1984). The best 
studied example is ethylene oxide. The rad-equivalence value obtained for a given 
alkylating agent was approximately the same (within a factor of two) in each of the test 
systems. On the basis of this evidence, Calleman et al. (1978) concluded that there was 
no reason to presume that a value for rad-equivalence established in these very 
different test systems would be different in man. 

The results obtained in these validation studies are entirely consistent with the 
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theoretical expectation that the key damage inflicted at the target (DNA) is a linear 
function of the target dose of both radiation and the alkylating agents used in these 
studies. Since DNA repair and replication are also important quantitative (and 
qualitative) determinants of mutation, it may be inferred that the influence of these 
processes in determining the progression of the radiation- and chemical-induced key 
lesions (to mutation) is proportionately constant in the experimental species employed 
in these studies and, presumably, in man. There is no obvious reason why such findings 
and conclusions should not apply to other classes of genotoxic chemicals; however, as 
implied earlier, the operation of a low capacity, adduct-specific repair function or the 
induction of a chemical- or radiation-specific repair function at low doses would give 
rise to errors. 

The fact that risk coefficients have not been established for radiation-induced 
mutation in man precludes the application of rad-equivalence values (mutation) to 
estimate heritable risks to man. However, risk coefficients have been developed for 
radiation-induced cancer in man. 

Rad -еqиivаlегсе  — carcinogenic risks 
In applying the rad-equivalence approach to assessing cancer risks, it may seem 

important to use experimental rad-equivalence values determined for the induction of 
cancer rather than of mutation. The aim would be to correct for the influence of all 
factors that determine the progression of key lesions to (cancer) mutations and of the 
initiated cells to malignant neoplasms (Fig. 1). However, this approach would be very 
costly, and it may also be confounded by any promoting action of the test chemical 
and/or radiation at the relatively high doses needed to produce measurable car-
cinogenic effects. It would be difficult, if not impossible to correct for variable 
(nonhnear) influences of this type. 

The need to employ a rad-equivalence value determined for cancer rather than for 
mutation is dependent upon whether or not mutageiiic activity is the prime deter-
minant of the carcinogenicity of the test chemical. It is to be expected that any intrinsic 
promoting activity of a genotoxic agent such as ethylene oxide would be very low at 
low doses, i.e., initiating activity would be expected to predominate. Contingent, 
therefore, on the essentially random nature of genotoxic processes induced by 
chemicals and radiation and on a common basis for initiation, i.e., mutation in a 
specific set or family of genes or their regulators (oncogenes), it would seem reasonable 
to suggest that, at low doses, cells that had been initiated by exposure to either 
radiation or genotoxic chemicals would be subject to the same general promoting and 
modulating influences that act within an individual. On this basis, rad-equivalence 
values for mutation may be used in conjunction with an estimate of tissue DNA dose of 
the alkylating chemical in individuals at risk to estimate human cancer risks by 
reference to human radiation risk coefficients. 

Experimental evidence to support the view that the rad-equivalence approach may 
compensate for differences between man and laboratory organisms with respect to 
general promoting pressure aid other factors that determine the progression phase of 
carcinogenesis (Fig. 1) is currently lacking. Experimental approaches are complicated 
by a number of factors, including the difficulty in ensuring that promoting agents are 
devoid of geriotoxic activity. Nevertheless, experiments are in progress to determine 
whether the rad-equivalence value for cell transformation by ethylene oxide remains 
constant when the promotional pressure on СЗН  10Т1/2 cells is increased by the 
addition of a phorbol ester (A. Kolman, personal communication). 
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Application of the rad-equivalence risk model 
The risk model developed by the Ehrenberg school has been applied to predict 

human cancer risks posed by exposures to ethylene oxide (Ehrenberg et al., 1974; 
Caileman et al., 1978). The quantitative risk estimates were based on experimental 
rad-equivalence values for genotoxic potency determined in a wide range of ex-
perimental models. The results of this prospective analysis were consistent with the 
incidence of leukaemias observed in occupational cohorts which had exposure to 
ethylene oxide in common (Hogstedt et al., 1979a,b, 1984; Hogstedt, this volume). 

Conclusions 
As noted previously, the risk analysis developed by the Ehrenberg school is based 

on current perceptions of the mechanism(s) of chemical carcinogenesis (Fig. 1). 
Research is providing increasingly refined and penetrating insights into this process, 
and the risk model is sufficiently adaptable to accommodate these advances. For 
example, the development of techniques to determine mutation spectra (Thi11y, 1985) 
and mutation at the same loci in experimental species and man should provide a basis 
for improving current understanding of the relationships between target dose, primary 
DNA damage and mutagenic action and on the relationships between mutation and 
cancer. 5uch methods may provide a more direct approach to compensate for 
differences in factors that determine species susceptibility to genotoxic chemicals than 
is offered by the rad-equivalence approach. At present, however, the determination of 
rad-equivalence values for genotoxic action appears to provide a valuable approach for 
evaluating heritable and cancer risks posed by exposures to genotoxic chemicals. 
Furthermore, the attendant biomedical monitoring techniques, i.e., GC-MS deter-
mination of protein adducts, developed by the Swedish group provide both specific and 
generic methods that may be applied in epidemiological studies in combination with 
postradiolabelling techniques to detect and identify chemical initiators of human 
cancer. 
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DOSIMETRY OF ETHYLENE OXIDE 

s. Osterman-Golkar 

Department of Radiobiology, University of Stockholm, Stockholm, Sweden 

Studies by the group of L. Ehrenberg on dosimetry and dose-response relationships 
of genotoxie compounds have been centred around ethylene oxide. This paper gives 
a review of these studies — from the early work on mutation induction in barley to 
the development of procedures for dosimetry and risk estimation for humans. 

The key position of adequate concepts and measurements of dose in studies of geno-
toxic effects of chemicals was recognized early on by L. Ehrenberg at the Department 
of Radiobiology, 5tockholm University (Osterman-Golkar et al., 1974; Ehrenberg et 

a1., 1974) and has since been a governing idea in research at this department. Our 
studies have concerned low-molecular-weight alkylating agents, and particularly 
ethylene oxide (EO). EO is of interest as a representative of an important class of 
genotoxic compounds (epoxides), and in its own right, since it is formed in vivo 
through metabolic activation of ethene, a general contaminant in the environment. 
Further, EO is used in industry and occurs as the sole genotoxic agent in certain work 
environments. Studies by the Ehrenberg group, aimed at estimating the risk of late 
effects associated with exposure to this compound, are presented in Table 1; a brief 
description of the methods used in these studies to measure (or estimate) chemical 
doses is given. The expression of chemical dose (in target tissues) in terms of radiation 
dose equivalents (for the purpose of risk estimation) is discussed in other papers in this 
volume (A. Kolman et ai.; A. Wright). 

Definition of dose 
Dose has by dellnition the dimension intensity of exposure x time of exposure; e.g., 

for radiation, rad h-1 x h = rad. In the case of chemicals, concentration (C) is the 
intensity parameter, and dose (D) has thus the dimension concentration x time: 

D 
 = I

C дt. 	 (1) 
r 

The cellular target for a genotoxic agent is DNA (see Brookes, 1966). The dose of 
concern is accordingly the dose in the environment of DNA, usually denoted as the 
target dose (see Ehrenberg et al., 1983). 

The level of critical lesions in DNA is proportional to the target dose (see below). 
Theoretically, a dose based on levels of critical lesions and their persistence can be 
defined; however, the target dose is an endpoint that may be estimated or measured by 
chemical methods. It is also the dose concept closest to a radiological dose. 

г  
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Table 1. Review of studies essential for the assessment of risks for genotoxic 
damage in ran of EO (and ethene); nonexhanstive and with emphasis on work by 
L. Ehrenberg and cbwоrkers on dosimetry and dose-response relationships 

1948 Original finding of geno toxic (mutagenic) activity of El in Rapoport (1948) 
recessive lethal mutation assay in Drosophila melanogaster 

1956 Dose-response curves for chlorophyll mutation, toxicity Ehrenberg et al. (1956, 1959) 
and sterility established in greenhouse and field tests with 
barley 

1959 Early work of L. Ehrenberg and A. Gustafsson on use of Ehrenberg & Gustafsson 
radiation and chemical mutagens in plant breeding focused (1959) 
attention on the risks to human health. An overview of 
chemicals in the environinent that could carry a genetic risk 
was submitted to the National Board of Health in Sweden. 
This overview had some impact on the awareness of risks 
associated with exposure to chemicals. 

1959-1961 The managers of a factory in Sweden became concerned Ehrenberg & Hinhstrdm (1967) 
about the potential `radioгnimetic effects of EO, and a 
haematological investigation was initiated. A significant 
lymphocytosis (apart from one case of leukaemia) was 
observed among El exposed personnel. Similar effects had 
been observed during the 1920s and 1930s in radiological 
workers frequently exposed to radiation. Increased frе- 
quencies of chromosomal aberrations were found in a 
group of subjects exposed in an accident in 1961. 

1960 Concepts of mutagenic effectiveness (mutagenic Ehrenberg (1960) 
response/unit dose) and mutagenic efficiency (maximum 
mutation yield attainable; limited, e.g., by cytotoxicity) 
introduced 	 ' 

1965-1970 Basic work on reaction kinetics of alkylating agents (alkyl Osterman-Golkar et a1. (1970). 
methanesulpbonates) and their biological action in barley; See also Turtdczky & Ehren- 
agents characterized with respect to their absolute reac- berg (1969) 
tivity and their s-value (selectivity in reactions with Swain & 5cott (1953) 
nucleophilic atoms of different strength; generally O c N c 
5). The usefulness of the s-value as a descriptor of an 
alkylating agent was put forward; lows generally being 
linked with high mutagenic efficiency. The mutagenic 
effectiveness at low doses of the compounds was found to 
be proportional to their rate of reaction with certain sites of 
DNA with a low reactivity. 

1968 EO proved to be a powerful chromosome breaking agent in Moutschen-Dalцпen et al. 
barley; compared with alkylating agents of several other (1968) 
classes, epoxides arе  effective inducers of chromosomal 
aberrations. This may be a general feature of 2-hydroiy- Waltes & E.hrenberg (1968); 
alkylating agents, as indicated by chemical and biological Lindgren etal. (1976) 
comparisons with corresponding 2-шеthохуаlkylnting 
agents. 

Experiments are currently being pursued to study the Naslund, current work 
mechanism on a molecular basis. Ahnstr6m, current work 

1974 Amount of covalent binding to proteins was used to Ehrenberg et al. (1974) 
determine tissue doses (defined according to Eq. 1) in mice 
exposed to radiolabclled El. The study showed that EO is 
rapidly distributed in the body, giving approximately the 
sanie dose in different organs. The in-vivo half-life was 
estimated as 9 min (i.e., the rate constant of elimination, ?, 
is 4.6 h-1). 
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Table 1—(Continued) 

Binding to DNA was demonstrated in liver and spleen 

Allowing for the difference in alveolar ventilation between 
mouse and man and assuming that a tissue dose of 
1 mM x h El in man is equivalent to 80 rad low linear 
energy transfer (LET) radiation (provisional estimate from 
experiments in barley), the genetic risk associated with 
work at 5 ppm EO for 40 h wk-' was estimated as 4 rad-
equivalents wk-z (i.e., 0.13 ppm during working hours 
would correspond to 100 mrad wk-') 

In radiological protection, the recommended limit of 
occupational risk corresponds to whole-body exposure to 
5 rad у-1 (100 mrad wk-') of low LET radiation. 

The occupational standard for EO in Sweden is 20 ppm 

1975 	Haemoglobin was suggested as a monitor molecule for 
dosimetry of e1ettzophi1ic reagents in animals and man 

International Commission on 
Radio1ogica1 Protection (1977) 

Swedish Board of Occupa-
tional Safety & Health (1974) 

Osterman-Golkar et a1. (1976); 
see also Osterman-Golkar 
(1975) 

Experiments with a variety of genotoxic compounds have 	See Osterman-Golkar et al. 
demonstrated that the extent of haemoglobin binding is 	(1983) and Segerbdck (1983) 
quantitatively related to binding to DNA in different 
tissues. Available data for EO show a dose-independent, 
constant ratio between DNA and haemoglobin alkylation. 

1978 	Monitoring and risk assessment of occupational EO cx- Caileman et al. (1978); see 
posure. Adducts to histidine in haemoglobin were deter- also review on epoxides by 
mined by means of amino acid analysis and gas Ehrenberg & Hussain (1981) 
chromatography-mass spectrometry. The data were con- 
sidered to be in agreement with the fast elimination of 
EO from tissues 	= 46 h-1) found in mice. Exposure at 
1 ppm for 1 h (1 ppm x h) would, based on tissue doses 
and available values for the rad-equivalence of EO, 
correspond to 10 mrad y-radiation. An adjustment of the 
threshold limit value of EO to 0.25 ppm would thus be 
implied. 

1978, 1981 	The occupational standard in 5weden was adjusted to 5wedish Board of Occupa- 
10 ppm and subsequently to 5 ppm. In new premises, air tional Safety & Health 
concentrations below 1 ppm should be aimed at. (1978, 1981) 

1977-1987 	The formation in vivo of EO from ethene was demonstr- Ehrenberg et ai. (1977) 
ated in mice after exposure of the animals to "С-lаbе11ед  
ethene and determination, by radioactivity measurements, 
of hydroxyethylated amino acid residues in haemoglobin. 

In comparative experiments with EO and ethene, includ- Segerbдck (1983) 
ing measurements of binding to haemoglobin and to 
DNA in various organs of mice, activation of ethene to 
El was confirmed. At low air levels of ethene, about 
8% of the amount contained in the alveolar air was 
absorbed and metabolized to El. 

1984 	A method to quantify alkylated N-terminal valine re- Tбrngvist et a1. (1986а); 
sidues in haemoglobin by a modified Edman degradation Jensen et al. (1984) 
technique using pentalluorophenyl isothiocyanate was de- 
veloped. In this procedure, alkylated valines are cleaved 
off in the coupling medium, allowing the modified amino 
acids to be separated from the rest of the protein. 
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Table 1—(Continued) 

The present detection limit, about 10 p001 
hydroxyethylvaline/g haemoglobin is sufficiently high to 
allow measurements of exposure to EO, even at levels 
that may be considered acceptable. 

Haemoglobin from a group of workers in an EO plant 	Farmer et al. (1986) 
was analysed for both histidine and valine adduct levels. 
A good correlation was observed between the two 
determinations. 

A raised level of hydroxyethylation of N-terminal valine 	Tdrnqvist et al. (1986b) 
of haernoglobin from smokers was demonstrated. The 
effect was tentatively attributed to ethene in the smoke 
and was quantitatively compatible with expectation based 
on the amount of ethene inhaled and on the kinetics of 
metabolic activation of ethene to ethene oxide in ex-
perimental animals. The magnitude of the tissue dose of 
EO suggests that this agent is a major contributor to 
smoking-associated cancer risk. 

1987 	Studies on workers occupationaly exposed to ethene 	Current work; see also 
suggest that the efficiency of the conversion of ethene to 	Tdrnqvist (this volume) 
EO in man is lower than in experimental animals. This 
favours alternative explanations (see above) of the raised 
N-(2-hydroxyethyl)valinе  levels in smokers, one pos- 
sibility being increased production and/or oxidation of 
ethene through oxidative processes caused by smoking. 

The geno toxic effectiveness of EO compared with that of 
y-radiation was measured by induced transformation of 
СЗН  10Т1/2 mouse embryo libroblasts. The resultant 
value of the quality factor, Q = 80 rad/mI x h, is com-
patible with earlier data for mutation and other endpoints 
in various test systems. The result justifies this value of 
the quality factor, to be used in risk estimation of 
exposure to EO or its precursor, ethene, on the basis of 
human doses monitored by haemoglobin adducts and 
cancer risk coefficients established for y-radiation. 

Hussain (1981); D. 5egerбhck 
et al. (unpublished); Koirnan 
е1 al. (this volume) 

Estimates of cancer and leukaemia risk, based on the 	Calleman et al. (1978); 
1978-1987 	rad-equivalence approach, are compatible with epide- 	Hogstedt et al. (1979а,6); 

miologica1 data. 	 Hogstedt (this volume) 

Dose determinations in experimental systems 

In-vitro systems 
In bacteria and suspended cells, near equilibrium is rapidly attained with (un-

charged) low-molecular-weight compounds. In such cases, the dose may be approxi-
mated by the time integral of the concentration in the medium during the time of 
treatment. With certain restrictions, evaluated in work with radiolabelled compounds 
(Wales, 1968), the same reasoning may be applied to plant seeds. 

The dose of reactive compound, RiХ, in a medium, assuming first-order kinetics, 
may be computed according to the equation 

D = ~R~X]a (1— е-k ~, 	 (2) 
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which is a solution of Eq. (1), where [RгX]° is the administered initial concentration in 
a single application (or the total applied concentration in repeated treatment), and k' is 
the first-order rate constant for elimination of the compound. When the time of 
treatment is short compared to 1/k' (1/k' is the mean life span of the molecules in the 
reaction mixture), Eq. (2) is simplified to 

D=[R~X]° xt, 	 (3) 

and, in the case of a total decay of the compound, to 

D = [RIX]°/k'. 	 (4) 

For several of the standard compounds used in mutation experiments (including 
EO), sufficient information on the reaction kinetics is available to allow the calculation 
(or estimation) of k'. Dosimetry of e1ectrophi1ic compounds in in-vitro assays may also 
be based on measurements of product yields (see below). 

In-vivo systems 
The dose of RIX in a tissue is determined by the rates of uptake from the 

environment (formation in tissues), metabolic and chemical reactions, transport and 
excretion (see Ehrenberg et ai., 1983). Variations in concentration of REX can only 
exceptionally be followed. 

The rates of formation of reaction products RAY; with tissue nucleophiles Y; are 
determined by the respective rate constants k,; for the reaction RIX + Y; — R1Y; + X 
and the concentration of АгХ  ([R;X]), 

д[RE Y;]/dt = kRгХ] X [Y;]; 	[RrY~] «[Y;]• 	 (5) 

Integration gives 

[RГY,]/[Y;] = k,; f[REX]  dt = k,; X D; 	 (6) 

i.e., the degree of modification (alkylation, etc.) of Y, is proportional to the dose. А  
measurement of stable reaction products in suitable tissue macromolecules (see Table 
1; Ehrenberg et ai., 1974) thus gives a direct measure of dose. In laboratory 
experiments in which the high resolving power of radioactive labelling can be used to 
advantage, it is most straightforward to determine a chemical change in DNA. 

Dose determination in man 
Dosimetry of electrophilic agents in man by determination of reaction products in 

(adducts to) macromolecules is based on the general principles discussed above, 
although restricted to specimens that can be obtained without inconvenience to 
investigated persons, such as proteins or DNA in blood. Haemoglobin was introduced 
as a monitor molecule for several reasons, particularly its availability in large quantities 
and its long life span, which permit the determination of doses accumulated over 
months (Osterman-Golkar et al., 1976). The methods currently available for adduct 
measurement are reviewed elsewhere with respect to their applicability and sensitivity 
(Farmer et al., 1984; Neumann, 1984; Ehrenberg et al., 1986; Farmer et al., 1987). 

Doses in target tissues must be estimated on the basis of dose in blood and dose 
distribution in experimental animals (Ehrenberg & Osterman-Galkar, 1980). An 
important issue in this context is the establishment of steady-state adduct levels during 
long-term exposure, and the relation of these adduct levels to dose. 
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Accumulated adduct levels as a measure of dose 

With chronic or intermittent exposure, a steady-state adduct level is attained when 
the rate of disappearance of adducts is equal tithe rate of their formation (see Eq. 6): 

k-F,[RFY,]5s = keт[R~X][Y1]• 	 (7) 
The steady-state adduct level may then be written 

[RLY!]ss _ kгl[R(X] _ a 	 (8) 

[Y1] 	k-r, 	k_ гd ' 	 O 

where [RIX] is the average Ievel of the ultimate carcinogen and a is the increment of 
the adduct level per unit time. The relation between a and dose per unit time is given 
by Eq. 6 (see Ehrenberg et al., 1986). 

As a function of the constant life span of erythrocytes (t; --40 days in mice, 426 
days in man) and of stable haemoglobin adducts, the building up of a steady-state 
adduct level follows a particular kind of kinetics (see Osterman-Galkar et al., 1976; 
Ѕеgегbiiсk et al., 1978). The steady-state level attained at t = t is 

[R~Y1] , = а  X ter 	 (9) 

[Yiј 	2 

Ethylene oxide 
EO is an alkylating agent with a relatively low reactivity in neutral solution (see 

Ehrenberg & Hussain, 1981). The first-order rate constant, kH20, for hydrolysis at 37°C 
is 9.1 x 10-Э  h-1, i.e., the half-life in pure water is 76h (1112 = 0.693/k,0). The rates of 
reaction with buffer components and other nucleophilic groups, Y,, may be estimated 
roughly using the Swain-Scott linear free-energy relationship (Swain & Scott, 1953): 

log (k /k120) = s X п, 	 (10) 

where k and k120 ( k 20 /[Н2о1) are second-order rate constants for reaction with Y 
and water, respectively, s is 0.96 for E4 (see Osterman-Golkar, 1975), and n is a 
measure of the reactivity of the nucleophile. The rate constant for disappearance of 
EO from, e.g., a 0.1 M phosphate buffer pi7 may accordingly be estimated as (using 
пнzрo4 = 2.2 and п  ч  - = 3.52 in Eq. 10) 

k' = k 0 + kнzPоы  [HгРGа  ] + kнroâ-[НРО4-] 
= 9.1 ж  iо  + 0.05 х  0.02 + 0.05 ж  0.4 = 0.03 h 1. 	 (11) 

In in-vitro assays with treatments of short duration (K1/k'), the concentration of 
EO may be considered constant (losses due to evaporation have to be avoided), and 
Eq. 3 applied for a calculation of dose. 

EO is soluble in both water and organic solvents. It is readily absorbed from 
alveolar air (see Calleman et al., 1978) and rapidly distributed in the body, giving 
approximately the same dose iп  different organs (as demonstrated in experimental 
animals through determination of binding to DNA; see Segerbfick, 1983, 1985). The 
animal (human) body may be treated as one compartment and the rate of elimination 
from the tissues estimated from 

D = [EO]°/), 	 (4a) 

where ) is the first-order rate constant for the elimination (sum of first-order rate 
constants for all processes leading to the disappearance of EO from the tissues) and 
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[El]0 is the accumulated level of EO absorbed or generated from a precursor (е.g., 
ethene), respectively. 

Values of estimated from absorbed/injected amounts of EO and adduct levels in 
DNA or haemoglobin (Eqs. 7 and 4a) in experimental animals [A = 4.6 and 2.5 h-1 in 
male and female CВA miсе, respectively, ° 4.2 in Fischer rats and 1.3 in dogs (direct 
determination; lards et al., 1982); Osterman-Golkar et al., 1976, 1983] indicate 
moderate differences between sexes and species. The h-value for man is difficult to 
assess due to uncertainties in the estimates of uptake of EO ([ЕG]°). 1~-Values in the 
range 1-50 h-1 have been recorded in different studies (S. Osterman-Golkar & E. 
Bergmark, unpublished). Since, within each study, there seems to be a reasonable 
agreement between estimated exposure level and observed haemoglobin adduct levels, 
probаыу  only part of this variation can be ascribed to a true variation between 
individuals with respect to clearance rates of EO. 

Using a probable value of (4.6 h-1), a ventilation rate of 0.21 kg-1 пiiп-1 and the 
rate constant for reaction of EO with N-terminai valine in lb [k~; = 0.45 x 
10-41(g Нb)-1 hu1; Ѕеgегыiсk, 1985], the adduct level in N terminal valine, 
accumulated during long-term exposure to, e.g., 1 ppm EO during working hours, may 
be estimated as 1.6 nmol (g Нb)-1 ([R;Y1]5, x /[Y1] = (kq x [RIX] x t)/(R x 2); see 
Eqs. 9, 6 and 4a). This value exceeds the present detection limit by two orders of 
magnitude (see Table 1; Tбrngvist et al., 1986a). The practical possibilities for 
estimating occupational exposure are, however, limited by the background levels found 
in unexposed subjects [0.01-0.1 nmol (g lb) -1 in nonsmokers and 0.2-
0.7 nmol (g lb)-1 in heavy smokers; see Table 1; Tбгngvist et al., 198бb], probably 
originating mainly from ethene. 

The life span of DNA adducts in white blood cells is not known. A rough estimate 
(Eq. 7) of the concurrent adduct level in DNA may be based on average repair rates in 
animal tissues (k_u 0.06 and 0.03 h-1, respectively, for elimination of 7-hydroxy-
ethylguaпine from DNA in liver and kidney and 0.03 for OЬ-hydгoxуethylguanine in 
liver in the mouse; Segerbck, 1983 and current work) and the raté constant for 
reaction between EO and guanine-N-7 in DNA [k~; = 1 x 10-4 (g DNA)-1 h-1; Ehren-
berg et al., 1974]. The resulting adduct level, 10_$ mot (mol DNA-P)-I, is outside the 
scope of presently available methods for analysis of adducts of low molecular weight. 

Comments 
Experience on human health effects associated with exposure to EO is accumulat-

ing. A method to monitor tissue doses of this compound correctly offers the possibility 
of linking the risk of late effects of a chemical agent to dose. Such a dose-risk 
relationship would be useful not only for risk assessment of exposure to EO and its 
precursor ethene but might also serve as a standard for risk assessment of other 
alkylating agents/metabolites. Better data on exposure dose are needed to establish a 
more reliable relationship between exposure dose and target dose. 
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ESTIMATION OF THE CANCER RISK OF 
GENOTOXIC CHEMICALS BY THE 
RAD-EQUIVALENCE APPROACH 
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The genotoxic effectiveness of ethylene oxide is compared with that of y-radiation, 
as measured by induced transformation of СЭН  10Т1/2 mouse embryo fibroblasts. 
The resultant value of the quality factor, Q 80 rad/mI X h, is compatible with 
earlier data on mutation and other endpoints in various test systems. This quality 
factor can thus be used to estimate the risk of exposures to ethylene oxide or its 
precursor, ethene, on the basis of human doses monitored by haemoglobin adducts. 

Target dose of ultimate niutagens/cancer initiators as a basis for risk estimation 
The probability (P) that a genotoxic effect (mutation, cancer initiation) will occur 

depends primarily on the cumulative frequency of critical changes (`molecular dose', 
Dmoiec) in the DNA of target cells. The critical changes have not yet been identified for 
many genotoxic agents, and it is therefore preferable to relate the risk of such 
chemicals, RIX, to the target dose, Dtarg, i.e., the time integral 

Dteгg = ј- [RtХКt) dt 	 (1) 

of the concentration ([А~Х]) of ultimate mutagens/initiators (RZX) in the vicinity of the 
nuclear DNA of the target cells (Ehrenberg et al., 1983). Dtarg is proportional to Dmоtе~: 

Dmoicc 
= ([R` — DNAcпt]1 	= 	

(2) 
]~i,crit X Dtarg~ 

[DN ciii 1аccum  

where DNACdI denotes sites in DNA, changes in which lead to an increased probability 
of effect, and k~ сr;t is the second-order rate constant for reaction of RгХ  with these 
sites. The dimension of Dtarg is concentration x time, e.g., mM x h, but this dose may 
also be expressed in other units, e.g., the (cumulative) frequency of some specific 
DNA adduct that is suitable for measurement. 

Most target organs are not accessible to direct monitoring of Dtazg. Measurement of 
the `tissue dose' or blood dose, D 1, by measuring levels of adducts to blood proteins 
[haemoglobin (lb), plasma proteins] or to DNA of leucocytes may give an indirect 
determination of Dtarg. For several agents, the levels of DNA adducts have been found 
to be proportional to the levels of the corresponding lb adducts, i.e., Dtarg a ~ы  
(Neumann, 1983; Murthy et al., 1984). If a one-compartment model applies for the 
distribution of R,X, Dtarg will be approximately equal to Db,, as indicated for ethylene 
oxide in experiments with mice (Segerbck, 1983). When homogeneous distribution 
cannot be assumed, the ratios Dtarg : Dbl in humans must be estimated from experiments 
with тоdеl animals. 
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Risk model 
Dose monitoring in humans, with derivation of the target dose as a measure 

proportional to the frequency of critical changes in DNA, eliminates, or decreases, 
uncertainties about interspecies differences in rates and patterns of metabolism, 
especially the bioactivation and detoxification of chemical carcinogens. The probability 
that a critical DNA change will lead to а  tumour is determined by a number of factors 
that cannot at present be measured in human individuals or populations. According to 
the multistage model of carcinogenesis, initiation and promotion, and possibly further 
mutational steps during progression (Iversen & Iversen, 1982;. Hennings et al., 1983), 
are assumed to be essential events. In addition, a number of hereditary and acquired 
factors and conditions exert modifying influences on the probability of disease 
development. These include the efficiency of DNA repair, which shows great variations 
between individuals, between organs and tissues and between genes within the 
genome, and is a primary determinant of the probability that critical DNA damage will 
lead to initiation. 

At the high doses used ш  experimental carciriogenesis, and especially in car-
cinogenicity tests in laboratory animals, an initiatior (R;X, or its precursor, A() often 
exerts not only initiating and other mutagenic events but also promoting and modifying 
effects. However, at low doses, a genotoxic agent usually acts as an initiator 
(mutagen), interacting with promoting and modifying conditions that occur for reasons 
other than exposure to the initiator (von Bahr et al., 1984). To the extent that tumour 
development requires two (or more) mutations or related events — as in Knudson's 
(1971) two-mutation hypothesis — it seems unlikely that, at low doses, a genotoxic 
agent causes more than one of these events; the others are probably components of the 
load of factors of different origin, collectively called here `promoting and modifying 
factors'. Denoting these factors Рp[0, cancer risk is determined by 

Pear(Dtarg) = Pni(Dtarg) . Pрго ' 	 (3) 

where Dig is the target dose. There is at present no method for determining Р  in 
human populations. The rad-equivalence approach (Ehrenberg, 1979, 1980), however, 
can be used to obtain an implicit estimation of Рpr0 by expressing the genotoxic 
effectiveness of an agent relative to that of y-radiation, the environmental factor for 
which cancer risk coefficients, k, , are best known. Assuming linear dose-response 
relationships for initiation by y-radiation and by chemicals i (see Ehrenberg et al., 
1983), we obtain 

Рcaп(Dv) = РIП~(Dr) . рО  ° k,• x D,, 	 (4) 

and 

Pcan(D;) = kY(Iаd-1) X Q m1VI hI X Dt(тМ  h), 	 (5) 

where Q= is the relative genotoxic effectiveness of i. 
A number of observations support the idea that dose-response curves for mutation 

and related phenomena are dominated, at low doses or dose rates, by a linear 
component with no zero-effect threshold (Ehrenberg et al., 1983). [In principle, the 
model does not require that initiation depend linearly on target dose (of chemical or 
y-radiation), only that the respective dose-response curves, Р,,,(Dt g) (in Eq. 3) and 
Р;1' (D,) (in Eq. 4), have the same shape.] Even if, in some cases, some other dose 
function applies in the low-dose range, addition to a background dose of the sanie or 
related agents would probably lead to linearity of the response to dose increments from 
a genotoxic agent i (see Crump et cal., 1976). 
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Linearity of dose-response curves has the important consequence that the collective 
risk from exposure to i becomes a Iiпear function of the mean target dose, D;, in a 
population of size N (see Ehrenberg et al., 1983): 

Riskcoll(Dtаg) = k,, x Q; x D; x N cases. 	 (6) 

Determination of the qualify factor, Q 
The genotoxic effectiveness, b~, of an agent i was defined as the response increment 

per dose unit (Ehrenberg, 1960) in the range of low doses where dose-response curves 
approach linearity: 

Р(DH ) — a = bLD, +.. 	 (7a) 

With a similar expression for the response to y-radiation in the same biological system: 

Р(Dу)—a=bуD+..., 	 (7b) 

the relative genotoxic effectiveness, or quality factor (Q;), for i, with acute y-radiation 
as the standard agent, is defined as the ratio of (linear low-dose components of) slopes 

Qt = b3/bу• 	 (8) 

Q, expresses the y-radiation dose which, at low doses, gives the same response as the 
chemical target dose 1 roI h. Q, thus has the dimension (radiation dose unit)! 
(chemical dose unit), e.g., rad/mMh. 

A main reason for considering Q, useful for estimating human cancer risk according 
to equations (5, 6) is the finding, in studies of certain model compounds (see 
Ehrenberg, 1979), that Q for forward mutation and related effects induced by a given 
alkylating agent i is approximately the same in various test systems, extending from 
bacteria and plants to mammalian cells and intact mammals, indicating that Q, would 
apply also in man (see below). 

The approximate constancy of Q, over phyla of organisms is illustrated in Table 1 

Table 1. The quality factor, Q (rad/mM X h) for ethylene oxide in 
different biological test sуstеmsa 

Test system 	 Q 	Reference 

Chinese hamster v79 cells, hprt mutation 
Escherichia coli 9д-4, forward mutation 
5аiтопеllа  typhimurium 8У-3, 

forward mutation 
E. coii K-12, prophage induction 
Barley seeds, forward (chlorophyll) 

mutation 
Mouse tibrobtasts, сец  transformation 

of СЗН  lOTi /2 cells 
Mouse 

dominant lethal mutations 

sister chiomatid exchanges in 
spleen lymphocytes 

Rat 
dominant lethal mutation 

micronuclei 

°From D. Segerbsck et al. (unpublished) 

	

40 	Segerb~ck et a1. (1987) 

	

120 	Hussain (1981) 

	

120 	Hussain (1981) 

	

80 	Hussain & Ehrenberg (1975) 

	

125 	Ehrenberg et a1. (1974) 
(90-160) 

	

80 	This study 

	

120 	Appelgren et al. (1977) 
(60-200) 

	

60 	Segегьасk et a1. (1987) 

	

140 	Embree (1975) 
(70-200) 

	

80 	Ешьгев  (1975) 
(20-160) 
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Fig. 1. Dose-response curves for transformation by y-radiation and ethylene oxide 
in С3Н  10Т1/2 cells. The quality factor, Q, is calculated from the slopes of the 
curves (b1, б  ,), eq. (8) 
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by data for ethylene oxide (from Segerыиck et al., 1987). Iп  the in-vitro tests, the target 
doses were considered to be equal to the doses in the medium, as corroborated by 
measurement of the rate of formation of 7-(2-hydroxyethyl)guanne in DNA. In the 
in-vivo test for sister chromatid exchanges in spleen cells, the doses were monitored by 
measuring lb and DNA adducts. The doses in the experiments of Appeigren et al. 
(1977) and Embree (1975) with mice and rats, respectively, were assumed to be equal 
to doses measured in separate experiments with these species. In the study of barley 
seeds, treatment was at 21°C, and the value of Q for ethylene oxide was therefore 
recalculated to reaction rates at 37°C. 

To the list of test systems can now be added СЗН  i0T1/2 mouse embryo fibroblasts, 
with an observed endpoint, cell transformation, that is assumed to be relevant to 
carcinogenesis. This endpoint gives a value of Q for ethylene oxide, -80 rad/mI h, 
which is compatible with other test data. Figure ] illustrates how Q = Ь; /by was 
determined in one experiment. Data from repeated experiments will be published 
elsewhere. 
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Seientilic and technicaI aspects of the rad-equivalence procedure for risk estimation 
Objections to the rad-equivalence approach for risk estimation have included the 

fact that y-radiation and the chemicals with which it has been compared act by 
different mechanisms and the DNA lesions they produce are repaired by different 
repair functions. However, except for dose-response functions, application of the 
rad-equivalent does not require equality in mechanisms of cancer initiation or mutation 
(see Bridges, 1973). With respect to DNA repair, it is not required that the lésions 
produced by y-radiation and a chemical be repaired by the same enzymes, only that 
(efficiency of repair of DNA lesions induced by RiХ)/(efficiency of repair of DNA 
lesions induced by y-radiation) constant in systems used for determination of Q, and 
in human target cells (Ehrenberg et al., 1983). It is possible that polymorphisms in 
DNA repair capacity within human populations might lead to variation in individual 
risks around a mean value that is hopefully reflected by the model as given in equations 
(5, 6). 

These requirements are similar to those that apply when quality factors are used in 
the risk management of ionizing radiation with biological effectiveness deviating from 
that of y-radiation (see International Commission on Radiological Protection, 1977). It 
should further be stressed that the rad-equivalence model is designed for the estimation 
of risks at doses or dose rates (i.e., in-vivo concentrations) so low that the (mostly 
nonspecific) promoting and modifying influences (e.g., through induction or saturation 
of repair or through immunosuppression) are negligible. 

Under these conditions, it seems permissible to assume that given promoting and 
modifying factors affect an initiated (mutated) cell to the same extent, irrespective of 
whether initiation (mutation) was induced by y-radiation or by a chemical. In terms of 
Eq. (7), Eq. (4) may be written 

PсапlDУ ) — a — 17Y ' ypro ' DY . 	 (4ci) 

Рpro in Eq. (5) is thus implicitly estimated through the equality 

ьr ' 1 Pro`kY . 
	 (4b) 

Application and epidemiological cont'innation 
Occupational exposure to ethylene oxide at an average level of 1 ppm during 

40-h/week leads to steady-state levels of approximately 1 amol N-(2-hydroxyethyl)-
vаliпе  or Nт-hydroкyethylhistidine per g lb, corresponding to an annual dose of 
0.12 mМ  h or 10 rad-equivalents. Since ethylene oxide is the sole or predominant 
genotoxic agent in many work premises the — considerable — cancer risk estimated to 
be associated with exposure to ethylene oxide could be confirmed, at least to the order 
of magnitude, in epidemiological studies of the incidence of leukaemia (Calleman et 
al., 1978; Ehrenberg & Hussain, 1981). The finding by Hogstedt et al. (1986) of eight 
cases of leukaemia among 733 exposed persons, corresponding to a ten-fold increase 
over expectation, is in good agreement with the prediction from Eq. (6) (data to be 
published). It should be stressed that exposures have mostly been too recent to permit 
epidemiological confirmation of the risks of solid tumours, also predicted to be 
initiated by ethylene oxide. 

Unexposed persons exhibit background levels of hydroxyethylations in lb (van 
Sitten et al., 1985; T6тqvist et al., 1986а) associated with exposures to tobacco 
smoking (Tdrngvist et al., 1968b), urban air pollution, passive smoking and en-
dogenous production (Tirngvist, this volume). According to current work, the average 
level in the adult population is of the order of 0.1 nrnol N-(2-hуdmкуethуl)va1iпe/g lb. 
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To the extent that this level originates from ethylene oxide — with ethene as precursor 
(Ehrenberg et al., 1977; Tёrngvist et al., 1986b) — the associated cancer risk might 
amount to some 5-10% of the present incidence in 5weden. This estimate still contains 
large uncertainties of various kinds. It shows, however, the importance of assessing 
cancer risks from hydroxyethylating compounds and other low-molecular-weight cancer 
initiators. 
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In 1959, Dr Lars Ehrenberg and а  coworker warned the Swedish authorities that 
ethylene oxide, a common chemical, constituted а  potential cancer hazard. Twenty 
years later, the First epidemiological study and case reports were published indicat-
mg an increased cancer risk after occupational exposure to ethylene oxide. An 
updating of three small Swedish cohorts comprising 709 employees revealed 33 
deaths from cancer whereas 20 were expected from rational average rates. The 
excess was due mainly to an increased risk of stomach cancer in one production 
plant and an excess of blood and lymphatic malignancies in all three cohorts. The 
results are in accordance with the results of clastogenic, animal and short-term tests 
and support Professor Ehrenberg's hypothesis, formulated 28 years ago. 

Ethylene oxide has been produced commercially since the First World War and is 
an important intermediate product in the chemical industry. It is also used for 
sterilizing medical products, hospital equipment and food, In 1981, about four million 
tonnes of ethylene oxide were used in the USA, western Europe and Japan. In 1983, 
the US Occupational safety and Health Administration estimated that 80 000 US 
workers were directly exposed to ethylene oxide and that another 144 000 were 
incidentally exposed (IARC, 1985). 

In 1959, Dr L. Ehrenberg aid Professor A. Gustafsson submitted a report, on their 
own initiative, to the Swedish National Board of Health entitled Chemical mutagens: 
their uses and hazards in medicine and technology' with warnings of the potential 
cancer hazards of ethylene oxide, a directly acting epoxide and an alkylating agent, as 
well as of certain other chemicals. They stated that `Especially well clarified with 
regard to their mutagenic properties are the substances that contain epoxy and epimino 
groups. The simplest chemically are the ethylene derivatives (ethylene oxide and 
ethyleneimine). The mutagenic effects of the substances were demonstrated originally 
by the Russian investigator Rapoport in the fruit fly and have since been confirmed in a 
number of plant and animal species. ... considerable medical risks exist in the 
manufacture of these epoxides and epimino compounds, as well as in working with 
them. Protection to the worker must therefore be given special attention.' 

Ethylene oxide was then widely tested and gave positive results in most test systems 
(Ehrenberg & Hussain, 1981), but, in spite of all these results, no case report or 
epidemiological or animal carcinogenicity study was published before 1979, when we 
reported two cases of leukaemia and one case of morbus Waldenstгёm (a malignant 
lymphoma) among a small group of workers exposed to ethylene oxide (Hogstedt et 

al., 1979а). 
The importance of this small cluster would not have been obvious if the strong 

mutagenic and clastogenic potential of ethylene oxide in various organisms and species 

—265--- 
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had not been known. Thus, experimental results indicating that ethylene oxide was a 
carcinogen preceded the first case reports of cancer by several decades. 

In cooperation with Professor Ehrenberg, we performed a retrospective cohort 
study of production and maintenance workers in the chemical factory originally 
investigated in 1959-1961 by cytogenetic analyses (Ehrenberg & Наllstrбm, 1967). The 
follow-up of 89 ethylene oxide operators revealed a significant excess mortality 
compared with national statistics, due mainly to increased mortality from tumours, 
especially three cases of stomach cancer and two of leukaemia, as well as from diseases 
of the circulatory. system (Hogstedt et al., 1979b). The workers had been exposed to 
other chemicals in the production of ethylene oxide, but the results gave further 
support to the hypothesis that ethylene oxide is a carcinogen. 

The results of an updating through 1982 of the two Swedish cohorts and an 
additional group of ethylene oxide-exposed production workers in southern Sweden 
have since been published (Hogsted( et al., 1986). Altogether, eight cases of 
leukaemia, compared with 0.8 expected, and six cases of stomach cancer, compared 
with 0.65 cases expected, had occurred. 

This paper presents results from a further extended follow-up of the three small 
Swedish cohorts. 

Study groups and methods 
For this updating, we have excluded persons employed for less than one year; the 

total study group thus comprises 539 men and 170 women. Of these, 167 operators and 
repairmen, all mel, had been employed in the old production plant in Ôrnskбldsvik in 
northern Sweden, where ethylene oxide was synthesized by the chlorohydrin method. 
Another 322 men and 19 women had been employed in the new production plant in 
Stenungsund in southern Sweden, where ethylene oxide is produced by the direct 
oxidation process in which ethylene is oxidized to ethylene oxide using oxygen. A 
further 151 female and 50 male nonchemical factory workers have been employed in a 
plant in Hallsberg where hospital equipment was sterilized. These workers were 
exposed to ethylene oxide vapours leaking from large sterilized boxes stored for weekly 
periods in the factory ball. 

Everyone ever employed in the two plants in Stenungsund and Hallsberg with 
exposure to ethylene oxide for more than one year was included. However, the cohort 
from Ôrnskбldsvik consisted only of those who participated in the cross-sectional study 
performed by Ehrenberg and coworkers in 1959-1961. Many more had been exposed 
in this plant, but the earlier personnel records were not complete. As all the subjects 
were actively working and were interviewed in about 1960, the work histories are of 
high quality. 

The same methods of follow-up and calculation of expected numbers from national 
rates by the person-year method were applied. Details of methods, work and exposure 
assessments are given in earlier publications (Hogstedt et al., 1979a,b, 1986). 

The study period for mortality now includes 1985 aid that for cancer incidence 1983 
(later records are not available from the Cancer Registry). The follow-up has therefore 
been extended by three and two years, respectively. 

Results 
A total of 85 men and women had died, compared with 79 expected from the 

national rates; 33 had died from cancer, with 20 expected, and there was an excess of 
eight stomach cancers and six leukaemias (Table 1). 

In men in all three industries, there was a distinct increase in the risk for stomach 
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Table 1. Mortality among 709 ethylene oxide-exposed men and 
women in three Swedish industries 

Cause of death Length of employment 

1-9 years .10 years All 

Obs Exp SMR Obs Exp SMR Obs Exp SMR 

All causes 39 	37.4 104 46 41.1 112 85 78.5 	108 
Neoplasms 17 	9.5 	179 16 10.2 157 33 19.8 	167 

Stomach 4 	0.8 482 6 1.0 577 10 1.8 546 
Blood and lymphatic 5 	1.0 500 4 1.0 417 9 2.0 459 
Leukaemia 3 	0A 769 4 0.3 1250 7 0.8 921 

SIR, standardiгed mortality ratio 

cancer (10 observed, 1.7 expected) and leukaemia (4 observed, 0.6 expected). 
Furthermore, a doubled risk was noted for cerebrovascular diseases (9 observed, 4.9 
expected) but not for ischaemic heart disease (Table 2). There is no obvious relation 
between length of employment and risk for stomach cancer, but most of the 
leukaemias occurred in the subgroup exposed for more than ten years. 

Most of the excess mortality derives from the plant in Оrnskёldsvik (Table 3). The 
continuously exposed operators had a large excess of cancers, but the drastic excess of 
stomach cancer is now also evident among maintenance workers with intermittent 
exposure to ethylene oxide, as well as to many other chemicals. During the last three 
years, three fatal cases of stomach cancer have occurred in this small group (0.1 
expected). Only one case of stomach cancer has been observed outside the 
Огnskdldsvik plant. 

Another fatal case of lymphatic tumour (reticular-cell sarcoma) his occurred in the 
Stenungsund plant, and an incident case of polycythaemia vera has been found in the 
Hallsberg plant (Table 4). 

Table 2. Mortality among 539 ethylene oxide-exposed men in three industries 

Cause of death Length of employment 

1-9 years '10 years All 

Obs Exp SMR Obs Exp SIR Obs Exp SMR 95% confidence 
interval 

All causes 33 31.3 	105 44 39.1 	112 77 70.5 109 0.9-1.4 

Neoplasms 12 7.0 171 14 9.4 148 26 16.5 158 1.0-2.3 
stomach 4 0.7 597 6 1.0 608 10 1.7 602 2.9-11.1 

Lung 1 1.3 	77 0 1.8 	0 1 3.1 32 0.0-1.8 
Blood and lymphatic 3 0.8 380 3 0.9 330 6 1.7 354 1.3-7.7 
Leukaemia 1 0.3 322 3 0.3 880 4 0.6 611 1.7-15.7 

Circulatory system 13 13.5 	96 24 20.0 120 37 33.5 110 0.8-1.5 

Ischaemic heart diseases 8 9.8 	82 16 14.4 	111 24 24.2 99 0.6-1.5 

Cerebrovascular diseases 4 2.0 205 5 2.9 172 9 4.9 185 0.8-3.5 

Respiratory system 2 1.3 	159 1 1.9 	52 3 3.2 95 0.2-2.8 

Violent deaths 5 5.4 	92 2 3.3 	61 7 8.7 80 0.3-1.6 



Г  

268 	 HOGSТЕDТ  

Table 3. Mortality among ethylene oxide-exposed male opera-
tors and repairmen and unexposed chemical industry workers 
in ÜrnskЫdsvik, 1962-1985 

Cause of death Operators Repairmen Both Unexposed 
(89) (78) (167) (66) 

Obs Exp Obs Exp SMR Obs Exp SMR 

All causes 34 25.0 23 24.2 115 16 15.5 103 
Neoplasms 14 6.1 6 5.8 168 3 3.6 83 

Oesophageal 1 0.1 1 01 755 0 0 0 
Stomach 5 0.6 4 0.6 707 1 0.4 263 
Leukaemia 2 0.2 1 0.2 703 0 0.1 0 

Cerebrovascular diseases 5 1.8 2 1.9 189 2 1.1 179 

Since the initial cluster at Hallsberg, 37 incident cancer cases have been reported in 
the three cohorts, with 27 expected. Seven more lymphatic and blood . malignancies 
have been observed (2.2 expected), five of them leukaemias (0.8 expected). 

Comments and evaluation 
The prolonged follow-up of Swedish ethylene oxide-exposed cohorts, comprising 

most of the ethylene oxide-exposed people in Sweden, supports the conclusion of an 
increased cancer risk associated with exposure to ethylene oxide. In these cohorts, the 
risk for leukaemia is increased five to ten times, while the risk for tumours of the 
lymphatic system appears to be more moderately increased. The large number of 
cytogenetic studies that have demonstrated increased numbers of chromosomal 
aberrations aid sister chromatid exchanges at low-level exposure to ethylene oxide 
(‚ARC, 1985) indicate that the lymphatic and haematopoietic system is particularly 
sensitive to the genotoxic effects of ethylene oxide. 

The dramatic excess of stomach cancer seen in the Ôrnskdldsvik plant seems to be 
of the same magnitude among full-time exposed operators as among intermittently 

Table 4. Cases of blood and lymphatic malignancies in workers in three industries 

Tumour Year Year Year Ethylene oxide Sex 
(ICD 8) born died diagnosed exposure° 

200.6 Reticular-cell sarcoma 1927 1983 1983 Production (S) 1974-1982 I 
202.2 Primary tumour in lymphatic tissue 

(macroglobulinaemia Waldenstrdm) 1918 1976 1974 Sterilizer (H) 1968-1976 M 
204.1 Chronic lymphocytic leukaemia 1918 1965 1959 Operator (0)1941-1965 M 
204.1 Chronic lymphocytic leukaemia 1916 1973 1972 Repairman (0)1942-1973 M 
205.0 Acute myelogenous leukaemia 1940 1979 1977 Sterilizer (H) 1968-1976 F 
205.0 Acute myelogenous leukaemia 1934 1982 1976 Repairman (3) 1963-1982 M 
205.1 Chronic myelogenous leukaemia 1921 1977 1972 Sterilizer (H) 1968-1976 F 
205.1 Chronic myelogenous leukaemia 1923 1979 Operator (Ô) 19434959 M 
207.0 Acute leukaemia (not otherwise 1913 1971 1971 Operator (0)1942-1944 M 

specified) 
207.0 Acute leukaemia (not otherwise 1923 1979 1979 Sterilizer (H) 1969-1972 F 

specified) 
208.0 Polycythaemia vera 1916 - 1982 Sterilizer (H) 1968-1971 F 

S, Stenungsund; H, Hallsberg; O, OrпskЫdnv k 
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exposed repairmen. This fact, and the absence of stomach cancer excess in the other 
plants, indicates that other chemical exposures play an important role in combination 
with ethylene oxide in the excess risk for stomach cancer. 

Iп  our earlier publications on the Оrnskёldsvik cohort, we began calculating 
expected numbers of deaths 10 years after the first day of exposure to take into 
account the induction latency time' (Hogstedt et al., 1986), which caused some 
concern. The rationale for this procedure was to cover the fact that only those who had 
survived the 1940s and 1950s could still be employed in 1959 and therefore included iп  
the exposed cohorts. Several persons might already have been dead if there had been a 
serious cancer risk operating with a short induction time. No induction latency 
requirements have been applied in this updating, as the procedure had very little 
iniluence on the results and might have confused some readers. 

Morgan et al. (1981) reported a retrospective cohort study on 767 men employed 
between 1955 and 1977 for at least five years and `potentially exposed to ethylene 
oxide' in an outdoor reaction system at a chemical plant in Texas, USA. In the total 
cohort, 46 deaths occurred compared to 80 expected on the basis of US vital statistics; 
11 malignant neoplasms were observed, with 15.2 expected. Excesses were found for 
pancreatic cancer (3 observed, 0.8 expected) and Hodgkin's disease (2 observed, 0.4 
expected), but no death from leukaemia was found. According to the authors, only a 
ten-fold or greater increase in the risk of leukaemia deaths is likely to have been 
detected in this study, and the exposure was low; the study was thus inconclusive. 

Thiess et al. (1981) reported a mortality study of 602 male active and former 
employees who had worked for six months or more in an area of alkylene oxide 
production in the Federal Republic of Germany, and had been exposed to ethylene 
oxide and propylene oxide, as well as other chemicals. Four stomach cancers (2.7 
expected), one case of myeloid leukaemia (0.15 expected) and one case of lymphatic 
sarcoma were observed. 

An increased frequency of spontaneous abortions was correlated with exposure to 
ethylene oxide among Finnish hospital staff engaged in sterilizing instruments 
(Hen'minki et al., 1982). 

Both the epidemiological and the toxicological data (IARC, 1985) strongly indicate 
a causal relation between ethylene oxide and the induction of malignancies, even at 
low-level and intermittent exposures. This should be seriously considered by industry 
and regulating authorities, as Professor Ehrenberg suggested 28 years ago. 
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A novel immunochemical approach has been developed to monitor humai' ex-
posures to ethylene oxide (EO). The method exploits the interaction of EO with 
the amino function of the N-terminal valine residue of the a-chain of human 
haemoglobin (lb). Antibodies were raised against the adducted valine in the form 
of the N-terminal tryptic heptapephde and have been used to develop a sensitive 
radiouimmunosssay (RIA) for the adducted heptapeptide. This method has been fully 
validated against a gaas chromatography-mass spectrometry (GC-Ms) method and 
has been applied to the monitoring of EO exposure in a group of sterilization 
workers. 

Molecular dosimetry techniques are now widely employed to provide improved 
estimates of exposure to gevotoxic agents. Iп  experimental species, the main focus has 
been on the application of such techniques to determine tissue DNA doses. However, 
human DNA is generally inaccessible for experimental purposes, and therefore indirect 
assessments of human DNA doses of genotoxicants are valuable. 

Human exposure monitoring 
The benefits of measuring Hb adducts to estimate DNA doses were first suggested 

by Osterman-Golkar et al. (1976) . The validation of such an approach must be based, 
of necessity, on correlations determined in experimental species. Inhalation studies iп  
rats exposed to 14С-EO indicate a rapid absorption and equilibration of EO throughout 
the tissues (Wright, 1983). The results of these studies are consistent with the view that 
lb would be an effective tissue DNA dose monitor for EO exposure. 

Peplide approach 
An immunochemical procedure was developed to provide a specific, sensitive and 

rapid assay for use in the biomedical monitoring of EO exposure. The principal adducted 
amino acids formed in human lb by reaction with EO are N-(2-hydroxyethyl)vxlino 
(а - and /i-chain), N1-(2-hydroxyethyl)histidine, N3-(2-hydгохуеthyl)histidinе  and S-(2-
hydroxyethyl)cysteine. The possibility of developing antibodies against the adducted 
amino acids was judged to be low as their small molecular size offers only limited 
autigemcity. An alternative approach was to raise antibodies against a peptide from 
human lb which contained an EO-adducted amino acid. The peptide selected was the 
N-terminal heptapeptide released from the n-chains of human lb by the action of 
trypsin (Fig. 1). 
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Fig. 1. Hydroxyethylated Val-Leu-Ser-Pro-Ala-Asp-Lys 
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The N-terminal heptapeptide released from the a-chain of ethylene oxide-treated haemoglobin by trypsin 
hydrolysis 

The adducted heptapeptide and the unmodified analogue were synthesized 
chemically. Both peptides were analysed by high-performance liquid chromatography 
and were homogeneous on two different stationary phases. Iп  addition, fast atom 
bombardment-mass spectrometry of both peptides gave (M + Н)+ ions consistent with 
the required molecular weights. 

Radioimmunoassay development 
The hydroxyethylated (HOEt) peptide was radioiodinated at the amino group of 

the C-terminal lysine using the conjugation procedure developed by Bolton and Hunter 
(1973). This radioactive tracer was used in the optimized RIA and to monitor 
incorporation of the HIEt peptide during preparation of the iromunogen. The blEt 
peptide was coupled to horse albumin using 1-ethyl-3-(3-dimеthylamiпo-
propyl)carbodiimide, resulting in approximately 16 mol adducted peptide per mol 
immunogee. Four rabbits were immunized, and antisera from one animal demon-
strated sufficiently low cross-reactivity when tested against the non-IlEt peptide, 
native human lb and the peptides from trypsin-hydrolysed lb, to be useful for the 
development of an RIA. The cross-reactivity results indicated that it was possible to 
quantify the liFt peptide in the presence of a 106-fold excess of the non-H0Et 
peptide. During development of the assay, attempts were made to analyse native lb 
treated with El; however, very low recoveries indicated that the antibody was capable 
of binding the IlEt peptide only after its release by trypsin hydrolysis. Additional 
assessments cf specificity indicated that the antibody bound equally well to the 
equivalent HOEt peptide from rat lb. This was probably due to the sequence 
homology of the first three amino acids of the a-chains of human and rat lb (also 
rabbit, mouse arid chimpanzee lb). In contrast, the antibody did not bind the 
analogous propylene oxide adducted peptide, indicating high specificity for the HIEt 
modification. 

The lower limit of detection of the optimized RTA was 25 fmol!50 tl sample, 
which in conjunction with the cross-reactivity data gave an overall sensitivity of 
0.14 p001 IlEt peptide/g globin. 

Biornonitormg study 
The RIA was validated in a study of hospital workers potentially exposed to El. 

Samples of blood were obtained from a group of operatives employed in El 
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Fig. 2. Levels of a-chain N-(2-hydroxyethyl)valiпe 
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Background levels of a-chain N-(2-hydгoxyethyl)vahпe ranged from 0.14-4.44 nmot/g globin ю  samples 
from the unexposed group, the mean level being 0.25 nmol/g giobin (SD, 0.09 n =14). Samples from 
potentially exposed operatives gave conesponding values ranging from 0-11-1.51 nmol/g globin, the mean 
level being 0.58 iimol/g globtn (SD, 0.37; n =17). 

sterilization of medical equipment and supplies. Blood samples were also obtained 
from a group not involved in sterilization work. Test and control samples were 
analysed using the RIA procedure and were also analysed independently using a 
GC-MS method for N-(2-hydroкyethyl)valine reported by Tdrnqvist et al. (1986). 
Significaпt differences were found between potentially exposed workers arid the 

Fig. 3. Comparison of RIA and GC-Ms results 
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The linear regression conelation coefficient was 0.97, with a slope. of 0.64 and a y intercept of 0.07; dashed 
line, theoretical line of agreement. 
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unexposed control group (Fig. 2). Background levels of hydroxyethylation were also 
found in the unexposed group, in agreement with earlier findings (Calleman, 1986). 
The independent GC-MS analysis gave results that were in very good agreement with 
the RIA data (Fig. 3). 

Conclusions 
A novel, sensitive, specific immunochemical biomouitoring method for EO 

exposure has been developed. The RIA has been validated against an existing GC-MS 
method, and the two widely differing analytical methods showed very good agreement. 
At the outset of this study, it was anticipated that the N-terminal valine residues of the 
а- arid (3-chains of lb would display similar reactivities towards EO, but the 
correlation shown in Figure 3 indicates that this may not be the case. Therefore, in 
order to calculate the EO dose reaching lb, it will be necessary to establish the 
kinetics of interaction at the a- and /3-centres. 

The observation of background levels of hydroxyethylation of lb suggests the 
possible occurrence of the corresponding adducts as a background' in DNA. The 
origins and significance of background alkylations are under investigation. 
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A simple analytical method has been developed for the determination of specific 
urinary thioethers. Mercapturic acids present in urine are krst de-acetylated enzyma-
tically or by acid hydrolysis. Cysteine conjugates thus formed are reacted with o-phthal-
aldehyde and mercaptvethano1, yielding fluorescent derivatives, which are further 
separated by high-performance liquid chromatography (HPLC) in a reverse-phase 
system. The method is applicable to the determination of the following thioethers: 
2-hydroxyеthylmеrcарtusic acid (N-acetyl-S-2-hydтохуеthyl-L-cysteirce; lIA), 
carboxy ethylurercapturic acid (N-acetyl-S-carboxymethyl-L-cystеiпe; CAMA) and 
2-cyanoethyhmercapturic acid (N-acetyl-S-2-cуanoеthyl-L-cysteinе; CYMA), and the 
corresponding cysteine conjugates, s-2-hydгoxyethyl-L-cysteiпе  (HCYs), S-2-cаrbоху-
methyl-L-cysteine (CACYB) and S-2-cyaпoеthyl-L-сystеinе  (CYCYS). The excretion 
pattern of these thioethers in rats exposed to acrylonitrile and various rodents 
exposed to ethylene oxide is reported. Thioether excretion can be dependent on 
species and route of administration. The analytical procedure may prove to be 
applicable to the biological monitoring in humans of exposure to acrylonitrile, 
ethylene oxide, vinyl chloride, 1,2-dibгomoethanе  and 1,2-dichloroethane. 

А  conunon route of elimination of electrophilic compounds is via their conjugation 
with glutathione arid the resulting excretion of urinary thioethers in the form of 
mercapturic acids or cysteine conjugates (Chasseaud, 1979). Complementary to the 
traditional nonspecific urinary thioether assay (van Doom n et al., 1981), methods to 
determine specific thioethers have been judged to be of considerable interest as 
potential tools for monitoring human exposure to specific carcinogenic and mutagenic 
agents (Berlin et al., 1984). We report here the use of a novel analytical method for the 
determination of specific urinary thioethers derived from acrylonitrile and ethylene 
oxide in rodents. 

Analytical method 
The method is based on the HPLC separation and fluorescence detection of 

thioethers after chemical derivatization. Mercapturic acids present in urine are first 
de-acetylated enzymatically or by acid hydrolysis. The resulting cysteine conjugates are 
reacted with o-phthalaldehyde and mercaptoethanol, yielding fluorescent derivatives, 
which are further separated by HPLC in a reverse-phase system. Cysteine conjugates 
present in urine can be analysed without the de-acetylation step. 

Details of the determination of lIA, HCYS, CAMA and САСУS have been 
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Fig. 1. Representative HPLC chromatogram of rat urine 
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Rat exposed to acrylonitrile (6-h inhalation at 100 ppm, 24-h urine). Urine sample treated as described in 
Methods section. Column: Supe1cosil LC-18, 150 x 4.6 mm; flow rate, 1 m1/min; injection volume, 10 µ1. 
Fluorescence detector set with a 338-nm band pass filter for excitation and a 425-nm long-pass filter for 
emission. IS, fluorescent derivative of internal standard; 1 and 2, fluorescent derivatives of 5-2- 
hydroxyethyl-L-cysteiлe and 5-2-cyanosthyl-L-cysteine, respectively 

reported by Gériп  and Tardif (1986) and by Tardif et al. (1987). Details are given here 
only for the analysis of CYMA. 

CYMA in urine is de-acetylated by incubation (30°C, 90 min) of 1 ml urine with 
1 ml (1800 units) of an acylase 1 (Grade 1, sigma) solution (pH 7.0, phosphate buffer). 
Proteins are precipitated by addition of 400 µ1 of a 0.2% (vol/vol) mercaptoethanol 
solution in methanol to 100 ц1 incubation mixture. After centrifugation, 20 ц1 of the 
supernatant solution are mixed with 100 tl o-phthauldehyde-mercaptoethanol reagent 
(Turneil & Cooper, 1982). During the subsequent 'PLC analysis, the composition of 
the mobile phase changes linearly from 0 to 10 mjn from solvent А  (20% methanol, 
78% 0.2 M sodium acetate in water, 2% tetrahydrofuran) to 56% solvent А  and 44% 
solvent B (80% methanol, 19.5% 0.21 sodium acetate in water, 0.5% tetrahydrofu-
ran), then to 100% solvent B at 12.5 min, to return to 100% solvent А  at 14.5 min to 
be held constant until 17 min from injection (see footnote to Fig. 1 for other details). А  
calibration curve is prepared with synthesized CYMA obtained by mixing equimo1ar 
amounts of acrylonitrile and N-acetyl-L-cysteinc in alkaline water (r .p., 117°C). 
L-Homoserine is used as an internal standard and is added to urine samples as 250 il 
of a 2 тМ  solution in water. The standard curve for CYMA is linear (0.1 to 3 тМ). 
Within-day coefficients of variation (n = 5) were 2 and 4% at 1.6 and 0.2 mM; while 
day-to-day coefficients of variation (five days) were 2.7 and 7.3%. The detection limit, 
delined as three standard deviations of blank, was 3 riM. The method allows the 
simultaneous determination of CYMA and CYСYS. 
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Speciбc thioether determination in rodents exposed to acrylonitrile or ethylene oxide 
Excretion of specific thioethers following exposure of various rodents to ethylene 

oxide has already been reported by Gérin and Tardif (1986) and Tardif et a1. (1987). 
We report here on excretion in rats exposed to acrylonitrile by various routes of 
administration. 

Groups of five adult male Sprague-Dawley rats were administered intraperitoneally 
or intravenously through the caudal vein 0.1 m1/100 g body weight of a solution of 
acrylonitrile dissolved in saline, for a total dose of 15.0 mg/kg. Urine was collected 
over 24 h from animals placed in metabolism cages. 

In inhalation experiments, a group of five rats was exposed to acrylonitrile at a 
target concentration of 100 ppm for б  h and urine collected over 24 h following removal 
from the exposure chamber. The experimental design was as described by Rouisse et 
aL (1986). All exposed animals excreted both CYMA and lIA; the amounts 
(цmo1/kg t SD) excreted in 24h were: 113 t 12 (i.p.); 97 f 12 (i.v.); 12.5 t 2.7 (inh.) 
for CYMA and 11.1±0.9 (i.p.); 15.0±2.7 (i.v.); 24.2±3.7 (inh.) for lIA. Even 
though no absolute comparison is possible between the inhalation and injection 
techniques, the results indicate that the amounts of the two thioethers excreted can 
vary greatly with the route of administration. 

Determinations performed without the deacetylation step indicated no detectable 
amount of the corresponding cysteine conjugates. None of the thioethers could be 
detected in control animals. These results confirm those of van Bladereri et al. (1981) 
on the simultaneous excretion of the two mercapturic acids by acrylonitrile-treated 
rats. 

Experiments with ethylene oxide-treated rodents (Tardif et al., 1987) indicated 
previously the influence of species on specific thioether excretion: three of the 
thioethers investigated were excreted by mice, one by rats and none by rabbits. (See 
Tahie 1 for combined results on acrylonitrile and ethylene oxide.) 

Table 1. Specific 24-h urinary thioether 
excretion (% administered dose) of 
rodents treated intravenously with 
ethylene oxide or acrylonitrile 

Thioether Ethylene oxide 	Acrylonitrile 

Rats° Mice Rabbits° Ratsd 

HMA 	30.8e 8.3 ND' 	5.3 
HCXS ND 5.8 ND NI) 
CACYSD ND 1.9 ND —" 
СYMА  — — — 34.4 

°20 mg/kg (o5) 
20 mg/kg (n = 10) 

`20 mg/kg (n = 3) 
а15 mg/kg (n = 5) 
`Average % of the administered dose excreted iii 24 h 
fND. not detected 

hNо  cатЬoxymethytmercapturic acid detected 
—, not investigated 
No S-2-cyaпоethy1-L cysteiпe detected in acrylonitrile- 
treated rats 
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Conclusion 

The analytical method described allows the determination of a number of specific 
thioethers potentially related to exposure to acrylonitrile and ethylene oxide in man. 
Some of these thioethers have been measured as important metabolites in the urine of 
exposed rodents. The specific thigether excretion pattern has been shown, however, to 
be dependent on species and route of administration. The analytical procedure 
presented is simple, specific and has a limit of detection in the range of 10-5 M. It may 
also prove to be applicable to the biological monitoring of human exposure to 
acrylonitrile, ethylene oxide, vinyl chloride, 1,2-dibromoethane and 1,2-di- 
chloroethane. 
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2-HYDROXYETHYLATION OF HAEMOGLOBIN IN MAN 
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Exposure of humans to 2-hуdгоaryеthyIabng agents, such as ethylene oxide, results 
in the formation of N-(2-hydrоxyetЬyl)vаline (HOEtVa1) at the N-terminal amino 
acid of haemoglobin. A novel method using gas chromatography-mass spectrometry 
(GC-MS) has been used to monitor the presence of this adduct in smokers and 
control subjects, and dose-response relationships were investigated between 
HOEtVal in haemoglobin, number of cigarettes smoked per day and plasma 
cotinie levels. 

2-Hydroxyethylvtion of histidine 
In the pioneering work of Osterman-Golkar et al. (1976), the concept of using 

alkylated haemoglobin as a dosimeter for exposure to alkylatiog agents was first 
evaluated using mice treated with two simple alkylating agents — N-nitroso-
dimethylamine and ethylene oxide. For the latter compound, the adducts 1- and 
3-(2-hydroxyethyl)histidine (HOEtHis) were identified in the protein hydrolysates. The 
same adducts, and also S-(2-hydroxyethyl)cysteine (HOEtCys), were found in the 
haemoglobin of mice exposed to ethylene, indicating that ethylene oxide is produced 
metabolically from this olefin (Ehrenberg et al., 1977). More detailed, later studies 
by Segerbасk (1983) characterized the spectrum of hydroxyethylated adducts in the 
haemoglobin of mice treated with ethylene and ethylene oxide, aid showed that the 
two compounds give similar proportions of the major alkylated amino acids, confirming 
the intermediacy of ethylene oxide in the metabolic pathway of ethylene. Thus, 
determination of hydroxyethylared amino acids in haemoglobin may be used to 
monitor exposure to either of these compounds, and there has been sustained interest 
in the use of this technique for human monitoring in view of the known mutageoicity 
and possible human carcinogenicity of ethylene oxide. 

The validity of the technique was first established with experiments on rats exposed 
to controlled concentrations of ethylene oxide, using determinations of 3-HOEtHis as 
the dose monitor (Ostennan-Golkar et al., 1983). An almost linear dose-response 
relationship was observed. The alkylated amino acid was determined in acid-
hydrolysed globin after purification by ion-exchange chromatography and derivatiza-
lion to the N,O-bisheptafluorobutyryl methyl ester. Quantification was done by 
GC-MS selected-ion monitoring, using the tetradeuterated analogue of 3-HOEtHis as 
internal standard. The analytical procedure was satisfactory for analyses down to 
0.5 nmol/g globin, although the method is rather tedious and time-consuming. Despite 
this, it has been used in three studies to monitor humans exposed occupationally to 
ethylene oxide (Ca1ieman et al., 1978; Van Sntert et al., 1985; Farmer et al., 1986). In 
the investigation of Van Sittert et al. (1985), on 32 plant workers and 31 controls, no 
difference was observed in the HOEtHis levels in globin; but in the more limited study 
of Farmer et al. (1986), a partial correlation of HOEtHis levels with ethylene oxide 

—279-- 
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exposure was observed. 0f particular note is the presence of low (about 1 nmol/g 
globin) levels of 3-HOEtHis in the globin of control personnel. This background is of 
unknown origin and limits the sensitivity of the method for the determination of low 
levels of exposure. 

2-Hydroxyethylation of valine 
A major breakthrough in the analytical procedure came with the work of Tbrngvist 

et al. (1986а), who developed a rapid method for isolating a derivative of the 
hydroxyethylated N-terminal amino acid of haemoglobin (HOEtVal) by a modified 
Edman degradation. In addition to N0EtHis and HOEtCys, HOEtVat is a major 
alkylation product in hydrolysates of globiri from humans exposed to ethylene oxide 
(Farmer et al., 1986), and its background levels are lower (normally Iess than 
100 pmol/g globin) than those of 3-HOEtHis. Furthermore, the modified Edman 
degradation procedure allows the handling of larger amounts of protein (i.e., greater 
sensitivity of HOEtVa1 determination), without introducing excessive contamination 
into the analysis. Results obtained from HOEtVal determinations were consistent with 
HOEtHis levels in ethylene oxide-exposed individuals (Farmer et al., 1986). Iп  a 
separate study, HlEtVaf levels were shown to be greater in the haemoglobin of 
smokers (389 f 138 pmol/g, mean f SD) than in nonsmokers (58 f 25 pmol/g, mean f 
SD) (Тбrngvist et al., 1986b). 

The product from the modified Edman degradation used for the NOEtVal 
determination described above was the pentafluorophenylthiohydantoin derivative of 
HOEtVal (IiEtVal-PFPTI), which was quantified by Tgrпqvist and co-workers 
using GC with negative chemical ionization МS. We have now further modified the 
procedure, improving the GC properties of HOEtVa1-PPPT1 by eliminating its 
possible chromatographic adsorption at low concentrations during GC-1s analysis. 
This was achieved by reacting the product with N, 0-bis(triтethylsilyl)-
trifluoroacetamide to yield the trimethylsilyl ether derivative of HOEtVal-PFPTH. The 
structure of this compound and its analogue labelled with four deuterium atoms is 
shown in Figure 1. Quantification was done by electron impact selective ion recording 
of its molecu]ar ion (riz 440), using the deuterated analogue as internal standard 
(т‚z 444). The electron impact mass spectrum of the trime thylsilyl ether derivative of 
HOEtVa1-PFPTH is shown in Figure 2. 

A further alteration to the method of Tvrngvist et al. (1986а) involved the use of a 
falling-needle type solid injection device to introduce the аnalytiGal sample into the GC 
capillary column. This has the advantage over on-column liquid injection of protecting 
the capillary column from contamination by nonvolatile by-products, which can cause 
deterioration in GC column performance. In addition, it allows a much larger fraction 
of the sample extract to be analysed by GC-1s, improving the sensitivity of the assay. 

Fig. 1. Structure of the trimethylsilyl ether derivative of HOEtVa1-PFPTH (A) and 
of its d4-1abelled analogue (B) 
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Fig. 2. Electron impact mass spectrum of the trimethyisilyl ether derivative of 
HOEtVal-PFPTH (HOEtVa1-PFPTH-TMSi) 
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Linear calibration curves were obtained (see Fig. 3) for the analysis of mixtures of 
varying amounts of hydroxyethylated globin with a fixed amount of internal standard 
(d4-hydroxyеthуlated globin containing 72.3 ртоl d4-HOEtVа1). 

Blood samples were drawn into heparinized tubes from a group of cigarette 
smokers (n = 17) and nonsmokers (n = 13). The erythrocytes were centrifuged, washed 
three times with isotonic saline, lysed and the supernatant from the lysate treated with 
1% HC1 in acetone to precipitate the globin. Aliquots of 50 mg globin were taken for 
analysis of HOEtVal. Typical selective ion monitor traces from the analysis of 

Fig. 3. Calibration curve for the analysis of HOEtVal in globin 
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d4-Labelled glohin internal standard, containing 72.3 p of dq-HOEtУаI, was added to aliquots (50 mg) of 
human globin containing 0-19 pmoi added unlabelled HOEtVa1. The endogenous content of the globin was 
1.75 pmoi. The ratio of the peak heights for the molecular ions of the do and d, trimethубsilyl ether derivative 
of HOEtVal-PFPTH is linearly related to the amount of unlabelled adduct in the globin. 
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Fig. 4. Selective ion monitor trace (riz 440, 444) for the analysis of HOEtVa1 in 
the globiп  from а  smoker (30 cigarettes/day) (A) and from a nonsmoker (B) 
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The smoker's globin contained 501 pmoi/g HOEtVal. GC-Ms analysis: Carlo Erba HRGC 5160 GC linked 
to a VG Analytical 70-70 F double focusing M5; 25m x 0.32 mm sE-s2 fused silica capillary; column 
temperature: 100°C/niin, then programmed at 30°C/min to 280°C; Ms source temperature: 225°C; electron 
energy, 70 eV 

haemoglobin samples from a smoker and from a control subject are illustrated in 
Figure 4. 

Widely used alternative indicators of tobacco smoke intake are levels in plasma, 
saliva or urine of cotinine (a major metabolite of nicotine) (IARC, 1986). In contrast 
to data obtained by monitoring HOEtVal, which give an estimate of smoke exposure 
over the lifetime of the globin molecule (120 days in man), cotmine levels give an 
indication of the most recent daily exposure levels (plasma half-life, 20--30 h). We have 
developed a method for estimating cotinine in plasma based on capillary GC with 
nitrogen-phosphorus detection. Plasma was chosen as the most appropriate biological 
fluid for this estimation in view of its ready availability as a by-product from the 
work-up procedure for globin preparation. The plasma was extracted with methylene 
chloride after the addition of alkali and the internal standard 2-methyl-4-пitroaniline. 
Samples were analysed on an OV-1-coated fused-silica capillary column using split]ess 
liquid injection. Quantification down to levels of 5 ng/ml plasma was possible using this 
assay procedure. The plasma cotinine and haemoglobin HOEtVal Ievels determined in 
blood samples taken from 17 subjects who smoked two to 30 cigarettes per day are 
presented iп  Table 1, and a comparison of the HOEtVal levels and smoking intensity is 
presented in Figure 5. These data clearly demonstrate that there is a relationship 
between the extent of smoking and production of HOEtVal in globin (r2 =58.7%; 
p C 0.01). However, comparison of HOEtVal and cotinine values shows a less 
significant level of correlation (rZ = 34.4%; p c 0.05). It should be noted also that one 
sample that contained an unexpectedly low level of HOEtVal on the basis of a linear 
relationship between cigarettes smoked and globin alkylation (subject ni. 8, Table 1) 
also had a depressed plasma cotinine concentration. This discrepancy could be due to 
interindividual variations in smoke inhalation characteristics. 

Conclusion 
The source of the 2-hydroxyethyl group in HOEtVal is unknown, although both 

ethylene oxide and its metabolic precursor ethylene are present in cigarette smoke 
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Table 1. Content of HOEtVa1 in haemo-
globin (Hb) and of cotinine in plasma 
from cigarette smokers 

subject Average no. IOEtVa1 	Cotinine 
no. 	cigarettes 	(pmol/g lb) (ng/m1 

smoked/day 	 plasma) 

1 2 44 <5 
2 3 3B 16 
3 5 175 153 
4 6 118 152 
5 10 258 101 
6 10 248 171 
7 10 129 364 
8 10 42 19 
9 10 297 472 
10 10 212 248 
11 10 304 429 
12 20 159 174 
13 20 225 114 
14 20 329 196 
15 25 347 192 
16 30 377 352 
17 30 501 279 

(about 5 zg and 250 ug per cigarette, respectively; Binder & Lindner, 1972; Elmenhorst 
& Schultz, 1968). Cigarette smoke also contains N-nitrosodiethanolaniine at amounts 
up to 36 ng in noпfilter cigarettes and 24 ng in filter cigarettes (Hoffmann et al., 1984). 
N-Nitrosodiethanolan'ine is known to 2-hydroxyethуlate nucleic acids (Fancily et al., 
1987) and could therefore be a further precursor for the hydroxyethylation of valine 
residues in haemoglobin. N-Nitrosodiethylamine is another constituent of cigarette 
smoke, with levels up to 2.8 ng in unfiltered cigarettes and 7.6 ug in filtered cigarettes 
(Hoffmann et al., 1984). We have recently demonstrated (I. White, P.B. Farmer, E. 
Bailey, B.J. Passirigham, unpublished) that this nitrosamine also yields HOEtVa1 at 

Fig. 5. Content of HOEtVal (mean values) in the haemoglobin of smokers 
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The smoking habits of the individuals shown are given in Table 1. 
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the N-terminal position of haemoglobin following its administration to rats. However, 
it clearly cannot make a major contribution to the HOEtVal levels in cigarette smoke. 

The smoking-related increase in globin HOEtVal levels determined in this study is 
114 pmol/g globin per ten cigarettes/day, which compares well with the earlier 
reported value of 110 (T~rпgvist et al., 19861,). Of particular interest in this study, 
however, is the demonstration of measurable levels (mean, 57.4; range, 23.8-
105.7 pmol/g globin) in nonsmoking control subjects (n = 13). The precision of the 
method was examined by analysing globin from three nonsmoking individuals: the 
mean background levels of HOEtVal (tsD) were 42.5 f 7.3, 47.4 t 12.8 and 
59.2 t 5.3 pmol/g globin (n = 6). It would be of great interest to study the contribution 
to these background levels of other sources of hydroxyethylating agents in the diet and 
the environment (e.g., urban pollution, sidestream tobacco smoke). Such investiga-
tions may require further improvements in the precision and accuracy of determina-
tions at low levels. 
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IMMUNOCYTOCHEMICAL ANALYSIS OF DNA 
ADDUCTS IN SINGLE CELLS: A NEW TOOL FOR 

EXPERIMENTAL CARCINOGENESIS, CHEMOTHERAPY 
AND MOLECULAR EPIDEMIOLOGY 

E. Scherer, J. Van Benthem, P.M.A.B. Terheggen, E. Vermeulen, 
H.H.K. Winterwerp & L. Den Engelse 

Division of Chemical Carcinogen esis, The Netherlands Cancer Institute, Amsterdam, 
The Netherlands 

The immunocytochemieal staining of carcinogen-DNA adducts by a double 
peroxidase-anti-peroxidase (PAP) method is critically described. It is a powerful 
new tool for the investigation of the initial processes of chemical carcinogenesis -
such as metabolic activation of carcinogens, and modilïcation/repair of DNA—at 
the level of indi'idual, putative target се11 types. It is the method of choice if the 
cell populations are too small for determination of adducts in isolated DNA, or if 
information on the tissue distribution of DNA damage is needed. Advantages of the 
peroxidase staining endpoint over immunoluoresceuce are its stability on storage of 
slides and the possibility of evaluation by a conventional microscope. First attempts 
to gиanti1y staining intensity by microdensitometric equipment are described. 

Since our first publications on the double PAP immunocytochemical method for the 
visualization of carcinogen-DNA adducts in tissue sections (Heyting et al., 1983; 
Menkveld et al., 1985), several steps have been changed in order to improve the 
sensitivity and tissue preservation. In the present communication, we describe and 
comment on the currently used protocol and report on attempts to quantify the 
immunocytochemical staining intensity. 

Mounting of tissue specimens for immunocytochemistry 
Tissues to be compared are mounted on the same block and frozen quickly by 

placing the aluminium tissue holder on dry ice. Blocks are packed in aluminium sheet 
and stored at — 80°C until cut. Although freeze substitution techniques can be used 
(Menkveld et al., 1985), we have concentrated on cryostat sections for practical 
reasons. 

Coating of microscope slides 
Precleaned slides (ColorFrost, Menzel, Federal Republic of Germany) are used 

without further purification. Slides are coated with 0.5% egg albumin (in demineralized 
water, 60 ц1 for 2.6 x 6cm), quickly dried on a hot metal plate (60°C), baked overnight 
at 80°C, and stored at room temperature. The relatively thick ovalbumin layer is 
necessary to prevent loss of sections during treatment with sodium hydroxide. 
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Cutting of cryostat sections 
Sections of 5-10 цт  are thawed on ovalbumin-coated slides and quickly dried in a 

stream of air. The dry sections (packed back-to-back in aluminium sheet) are stored at 
—80°C. When sections are removed from the freezer, condensation of water should be 
avoided, and the sections must be processed immediately. 

Buffers and media used 
Phosphate-buffered saline (PBS): 140 mM NaC1 in 10 тМ  phosphate buffer pH 7.4; 

RNase buffer: 10 mM Tris, 10 ml EDTA, pH 8.0; incubation medium: 10% normal 
goat serum (inactivated at 56°C, 20 min) in PBS containing 0.04% Triton X-100; wash 
buffer: 50 тМ  Tris, 150 mM NaC1, 0.25% gelatine, 5 mM EDTA, 0.05% Triton X-100, 
pI 7.4; 3,3-diаminobепzidine (DAB) buffer: 50 тМ  Tris-ICI, 10 тМ  imidazole, 
pI 7.5; DAB reagent: DAB buffer containing 0.05% 1202, 0.5 mg/m1 DAB • 4 IC! 
(Sigma, St Louis, MO, USA) 

Pretreatment of cryostat sections 
Dry sections are placed for 45 min in dry methanol containing 0.3% 1202, 

rehydrated in decreasing concentrations of ethanol in demineralized water (90%, 60%, 
30% 120), placed in RNase buffer for 5 min and incubated for 1h at 37°C in RNase 
buffer containing 200 ug/шl RNase A (bovine pancreas Type 1-A; Sigma) and 50 U/mI 
RNase Ti (from Aspergillus oryzae; Boehringer, Mannheim, Federal Republic of 
Germany). RNase A is predigested at 70°C for 20 min at a stock concentration of 
40 mg/ml in PBS. Sections are then washed in demineralized water and placed for 
1 min in 40% ethanol, followed by 10 min in 50 mM Nail in 40% ethanol. 
Subsequently the sections are rinsed briefly in 40% ethanol and in 5% acetic acid in 
40% ethanol (essential to neutralize remaining NaOH), carefully washed with 
demineralized water, placed for 5 min in wash buffer, and rinsed in PBS. 

The methanol/НгОZ step serves to inactivate endogenous tissue peroxidase and 
fixes the section. Attempts to use aldehyde fixation were unsuccessful, as modified 
nuclei could no longer be stained immunocytochemically. The RNase step might be 
omitted in view of the high sensitivity of RNA to alkali and the alcoholic Nail step 
which follows. until now, the alkali step has proven to be essential for good 
unmuтюсуtoсhemiсal results. This may be related to observations that all thе  
antibodies we have used show a much higher affinity for single-stranded than for 
double-stranded DNA. Another explanation might be that the DNA is made more 
accessible by removal of part of the nuclear proteins. It is a critical step, since sections 
may be lost if the slides were not really clean on coating or the layer of ovalbumin was 
too thin. In the original protocol, this step was carried out for only 30 sec in aqueous 
70 mM Nail; however, Feulgen staining indicated a considerable loss (about 70%) of 
DNA. An additional argument was that penetration of the section would be far from 
complete in 30 sec. At lower aqueous alkali concentrations and longer incubation 
times, the loss of DNA was diminished, but the immunostaining intensity also 
decreased dramatically. We therefore tried alcoholic Nail solutions; the ethanol 
concentration was tested between 20 and 70%, at incubation times of up to 30 min. 
According to Feulgen staining, DNA loss was acceptable (0-20%) at ethanol 
concentrations .30%; immunostaining intensity decreased at ethanol concentrations 
.60%. We chose 40% ethanol since both small and large nuclei in the rat liver proved 
to be optimally accessible to immunostaining at that concentration. For quantitative 
immunouytochemistry, it remains to be examined whether the optimal Nail 
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conditions depend on the concentration of DNA in nuclei, on the cell type, or on a cut 
nuclear membrane. 

When formamide (50 to 100%, 50°-80°C, 10 min) was used instead of Nail to 
denature DNA, no immunostaining was obtained. Because of the acid sensitivity of 
many DNA modifications, we did not incorporate a IC! step (Wynford-Thomas & 
Williams, 1986; Yang et al., 1987) in our staining procedure. 

Incubation with immunoreagents 
Incubations are performed in drops of immunoreagent on horizontally placed 

slides; spreading of the drop over the slide is prevented by drawing а  rim of vacuum 
grease around the section; drying out of the section is avoided by incubation in 
moisture chambers. This type of incubation gave good results in semiquantitative 
staining. For quantitative purposes, it is probably less suitable, since rate-limiting 
concentrations of inimunorcagents are used. This implies that the concentration of 
immunoreagent during incubation is not identical for all sections processed but 
depends on the amount of modification present. We therefore developed incubation 
chambers in which sections on two opposing slides are reacted simultaneously with the 
same slowly mixing immunoreagent. This type of incubation is currently being used for 
reaction of all slides in a run (up to 30) with the same solutions. The concentrations are 
kept as low as possible in order that nuclear background staining be very low to 
invisible. Typical dilutions for good rabbit antisera raised against DNA modifications 
are 1:10 000 to 1:50 000. The second antibody aid the PAP complex are also highly 
diluted [goat-anti-rabbit, Campro Benelux G-102, at 1:640 and PAP (rabbit) complex, 
American Qualex, at 1:3200]. Of the many batches tested (second antibody or PAP), 
only a few were suitable (high titre, low background) for our purposes. 

Antiserum spéciflc for carcinogen-DNA adducts 
The sections are preincubated (to block nonspecific binding) for 1 h at 37°C in 

150 ц1 incubation medium placed on each slide; the incubation medium is removed (no 
washing step); 150 ц1 of the first antiserum (suitably diluted in incubation medium) are 
added; and incubation is performed overnight at 4°C. The sections are washed 
gently — twice up aid down for each step — in РВS, in wash buffer and in РВS. 
Diluted rabbit preimmunserum is used as a control. Overnight incubation at 4°C led to 
better results than incubation for 2 h at 37°C. 

Peroxidase staining 

The sections are incubated for 45 min at 37°C with 150 1 goat-anti-rabbit serum 
diluted in incubation medium, gently washed in РВS, wash buffer arid РВS (as above), 
incubated for 45 min at 37°C with 150 µ1 PAP complex diluted in incubation medium, 
and gently washed in PBS, wash buffer, PBS (as above). These steps are repeated once 
(double PAP). The colour reaction is performed in the conventional way: the sections 
are placed for 5 min in DAB buffer, for 5 min in DAB buffer containing 0.5 mg/mI 
DAB, incubated for 15 min in the dark with 150 ц1 of 0.5 mg/m1 DAB, 0.05% 1202 in 
DAB buffer, washed five times in demineralized water, dehydrated through increasing 
concentrations of ethanol, placed for 5 min in two changes of xylene, and mounted in 
DePeX (BD' Chemicals Ltd, Poole, UK). 1f incubation chambers are used, an 
equivalent volume per slide is added to the chamber at each incubation step. Slaw 
rotation of the partially filled chamber ensures equal distribution of the immunoreagent 
all over the sections. 

It cannot be excluded that the iinmunostainirig obtained under these conditions is 
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not equal for modified DNA iii cut and uncut nuclei or in the upper and lower parts of 
the cryostat section due to collapse of the sections during air drying, resulting in a 
much denser layer if proteins and nucleic acids, eventually hampering penetration of 
the irnmunoreagents and the substrate for the peroxidase reaction. This complication 
should be absent with paraffin- or plastic-embedded sections. 

Quantification of inununostainhng intensity 
In collaboration with Dr J.S. Plier (State University, Leiden, The Netherlands), 

the quantitative aspects of immunocytochemical staining for carcinogen-DNA adducts 
in tissue sections are currently under investigation. Computer-assisted microden-
sitometric scanning equipment is used, based on the HIDACSYS system developed at 
Leiden University (Van der P1oeg et al., 1977). A modern version of this program for 
Atari ST microcomputers (Atari, Sunnyvale, U5A) has been purchased by Microscan 
(Leiden, The Netherlands). Its graphic user interphase (Fig. 1) greatly facilitates the 
operation and the evaluation of the scanned pictures. 

Semiquantitative data have recently been collected using this equipment on 
N-nitrosomethylbenzylamine-modified oesophageal epithelium (compare Van Ben-
them et al., this volume, and Fig. 1), on human buccal cells treated either in vitro (Fig. 
2) or in vivo with cisplatin, and on rat liver modified in vivo with allatoxin B1 (С.Р. 
Wild, unpublished). These results are promising, since clear dose-staining intensity 
relationships have been observed; in the case of aflatoxin В1, the immunocytochemical 
data fitted well with data obtained for isolated DNA after modification with 
radiolabelled afiatoxin. 

The immunocytochemical analysis of carcinogen-DNA adducts makes it possible to 
investigate the initial processes of chemical carcinogenesis — such as metabolic 
activation of carcinogens, as well as modification and repair of DNA — at the level of 

Fig. 1. Scanning of a cryostat section from rat oesophagus moditïed in vivo with 
N-пitrosomethrylbeпzylamiпe (4 mg/kg) and stained innnuuocytichemicaily for the 
presence of O -methylguanine in DNA 

The scanned area, showing the mucosal epitheliuun, is displayed as pixels in the image window and as a 3-D 
plot in the zoomed window. Results are also displayed as a histogram and as calculated densities. 
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Fig. 2. Quantification of staining intensity of human buccal cells treated in vitro 
(A) with various concentrations of cisplatin for 1 h, or (B) for 1-6 h with 2 цg 
cisplatin/m1 

n 

c 
ы  

Cuplatro (pg/тl) 	 Time (h) 

The cells were sedimented onto coated slides and processed immunocytochemically using a rabbit antiserum 
raised against cisplatiл-modified DNA. 

the putative target cell type, even when target cell populations are small (e.g., a few 
hundred buccal cells or tracheal glands) or confined to a particular differentiation state 
(centrilobular and periportal hepatocytes, Menkveld et al., 1985). In comparison with 
other cytological methods, such as autoradiography after application of radioactively 
labelled carcinogens (lohansson & Tj81ve, 1978; Kraft & Tannenbaum, 1980; Р. 
Kleihues, personal communication), immunocytochemistry offers not only superior 
sensitivity and specificity in visualizing well-defined DNA modifications (instead of 
reaction mostly with proteins), but also better cytological resolution. It has been 
possible to visualize in rodent tissue sections all the DNA adducts for which a potent 
antiserum is available: guanine modified at the 7- or OЬ-positioп  by a methyl or ethyl 
group, guanine modified by 2-acetylaminofluorene, aflatoxin B1 or benzo[a]pyrene, or 
cisplatin-modifted DNA (Terbeggen et al., 1987). The sensitivity obtained depends on 
the DNA adduct and on the quality of the antiserum and is in the range of one 
modified base per 105 to 10 unmodified DNA bases. The sensitivity is sufficient to 
allow the experimental study of body distribution, metabolic activation and DNA 
modification and repair at relevant doses of carcinogens and other DNA-modifying 
agents. 
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DETECTION OF 04-ETHYLTHYMINE IN 
HUMAN LIVER DNA 

N. Huh,1 М.S. Satoh,x J. Shigа2 & T. Китоki1 

IDepartment of Cancer Cell Research, Institute of Medical Science, University of 
Tokyo, Tokyo; and 2Department of Pathology, Faculty of Medicine, University of 

Tokyo, Tokyo, Japan 

О4-Ethyl-2'-deoxythymidiпe (04-EtdThy) in human liver DNA was quantified, in 
order to monitor possible human exposure to ethylating agents, using a highly 
sensitive immunological detection method. In 30 of 33 cases analysed, 04-EtdТhy 
was detected at above the detection limit (i.e., 3 X 10-8 O°-Etdтhy/2'-деоxy-
thymidiпe[dThy]), indicating actual chronic exposure to ethylating agents. The mean 
content of 04-EtdтЪy in 19 cases of malignant tumours was signjllcantly higher than 
that in 11 nonmalignant cases (p c 0.05). 

Detection of DNA adducts in human materials is one of the most reliable 
parameters of exposure to environmental carcinogens (Perera, 1987). Preferable 
conditions for such studies include chemically and biologically stable DNA adducts 
(i.e., not repaired rapidly), DNA adducts relevant to neoplastic transformation, a highly 
sensitive method for detecting the adducts, absent or low cell proliferation in the 
tissues from which DNA is prepared (thus minimizing dilution by DNA replication), 
and tissues capable of metabolizing chemical carcinogens. In view of the high incidence 
of liver cancer in Japan, we examined the amount of 04-EtdТhy in human liver DNA 
obtained from 33 autopsy specimens from persons with malignant and nonmalignant 
diseases. 

DNA extraction and quantification 
DNA was extracted by a modification of the conventional phenol-chloroform 

method: 30-50 g liver tissue (nonmalignant portion in cases of liver cancer) were cut 
into thin slices and digested with 100 g/ml proteanase K and 1% sodium dodecyl 
sulphate in six volumes of TES buffer (10mM Tris/HCl, 5 mM EDTA, pH 7.5) at 37°C 
for at least 24 h. Undigested tissue fragments and high-molecular-weight substances 
were precipitated with 2.5 volumes of ethanol and 1/10 volume of 3 М  NaC1, and 
digested again in 50 ml of the same solution for another 24 h. The resulting digests 
were extracted twice with phenol: chloroform : isoamyl alcohol (25:24: 1) and twice 
with chloroform : isoamyl alcohol (24: 1), and the DNA was precipitated with 
ethanol: NaC1. The precipitates were dissolved in 20 ml TES, treated with a mixture of 
heat-treated RNase A (100 цg/m1) and RNase TI (100 U/mi) at 37°C overnight, and 
again precipitated with ethanol : NaC1. The DNA was digested enzymatically to 
2'-dеoxynuclеosidеs by successive treatments with DNase I (100 ig/m1), phosphodies-
terase (100 µg/m1) and alkaline phosphatase (100 ug/m1), as described previously (Huh 
& Rajewsky, 1986). After hydrolysis, the enzyme protein was precipitated with 2.5 
volumes of ethanol, and the supernatant was dried in vacuo and redissolved in TBS 
(10 mМ  Tris/ICI, 140 тМ  NaCl, 3 mM NаN3, pH 7.5) for further analysis. 

г  
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DNA hydrolysates were quantified by high-performance liquid chromatography 
(HPLC) using a 4 x 150-mm reverse-phase column (Lichrosorb RP18, 5 tш; Merck, 
FRG). The elution profile was а  linearly increasing concentration of methanol from 5% 
to 15% in 9.11 ammonium formate buffer, p15.0 for the first 15 min, and then from 
15% to 40% in the buffer for 5 min. The content of dThy in the samples was 
determined by comparing the peak area with that of the authentic nucleoside, and the 
amount of DNA was calculated by assuming that 1 mg human DNA contains 
0.971 uтоl dThy. The yield of DNA from human liver tissues varied from 0.5-1.0 mg 
per g wet weight, partly depending on the extent of fibrosis and autolysis. 

Fractionation and radioimmunoassay of O°-EtdThy 
Since the 04-Etdтhy content of the samples was very low, the DNA hydrolysates 

were fractionated by HPLC before radioimmunoassay (RIA). The DNA hydrolysates 
were injected into an HPLC system equipped with 2-ml sample loop and two 
4 x 250-mm reverse-phase columns (Lichrosorb RP18, 1i uт, Merck, FRG) in series. 
The columns were eluted with linearly increasing concentrations of methanol from 25% 
to 40% in 0.1N amirionium acetate, pH 5.0, for 35 min and 100% methanol for 10 min 
at 40°C. The flow rate was 1 ml/min, and the fraction size was 0.5 mm/fraction. The 
retention times and peak profiles of authentic 3H-04-Еtdтhv aid of ЭH-O6-ethyl-2'-
deoкyguanosine (O6-EtdGuo) were not changed even when 2050 mg of DNA 
hydrolysates were injected simultaneously. Fractions (0.5 min fraction) corresponding 
to 04-EtdThy were pooled and dried in vacuo. оi ЕtdТhy was quantified by a 
competitive RIA using апti-04-Еtдтhу  monoclonal antibody, ER-O-1 (affinity соn-
stant for 04-EtdThу, 1.3 x 109 1/mоl; Adamkiewicz et al., 1982), as described by 
Swenberg et al. (1984). The content of 04-EtdThу  in the sample DNA was expressed 
as the molar ratio of 04-ЕtdThy : dThy. The detection limit of 04-Еtdтhу  in our 
standard RIA was 6 x 10 13 mol by reading 25% inhibition of antibody tracer binding 
on the standard curve, corresponding 3 x 10 8 04-ЕtdThy: dThy ratio when 20 mg 
DNA were available. The antibody, ER-O-1, authentic 04-ЕtдТhу  and Ô4-еthуl[6 31]-
deoxythymidine (17 Cilmmol) were provided by М.F: Rajewsky (University of Essen, 
FRG) in the framework of mutual collaboration between the two laboratories. 

04-EtdТЪу  ш  human liver DNA 
We analysed liver DNA from 13 fiver cancer cases, eight cases of cancer other than 

the liver, and 12 nonmalignant cases (Table 1). 04-ЕtdThy was detected ш  all cases but 
one in each group. All of the nonmalignant cases had a 04-EtdThy:dThy ratio below 
3 x 1о  ', with a mean value of 1.17 x 10-' (among 11 cases). However, five of the 13 
liver cancer cases and three of the eight cases of cancer other than liver had 04-EtdThy 
levels significantly higher than 3 x 10-'. The highest ratio, 20.6 x 10-', was found in a 
case of renal cancer. A comparison of the 04-EtdThу  levels in 12 liver cancer cases, or 
in 19 total malignant cases, with those in 11 nonmalignant cases showed a statistically 
significant difference (p c 0.05; Welch's t-test). The difference between cancer cases other 
than the liver and nonma[ignant cases was not significant, possibly because only a small 
number of cases was analysed. 

Implications 
04-EtdТhy was removed hardly at all and therefore accumulated to a level of 10-5 

04-ЕtdТhу  : dThy in rat liver DNA during continuous feeding of rats with 2.5-
3.5 mg/kg per day N-nitrosodiehylamine, while the O6-EtdGuo content remained at a 



294 	 HUH ET AL. 

Table ]. 04-EtdThy in human liver DNA 

Cases 	 No. of О°-&d7"hy:dThy (x 10') 
cases 
analysed No. of Mean f 8Db Range 

cases above 
detection 
limita 

I Liver cancer 	13 12 3.99+4.02 0.36-11.3 
II Cancer iii 	8 7 5.43 f 7.40 0.34-20.6 

other organs 
III Nonniahgnancy 12 11 1.17 t 0.65 0.34-2.58 

°Detection limit for О°-EtdТhy: dThy, 0.3 x 10-' 
ЬDifference between I and III: р  <0.05; dkWerence between I + II and I11: 
p <0.05 

level nearly two orders of magnitude lower than that of 04-Etdтhy (swenberg et al., 
1984). Thus, 04-EtdThy, and not ОЬ-EtdGuo, is considered to be relevant to induction 
of liver cancer under the experimental conditions, in which a small dose of the 
carcinogen was applied chronically. The lower О6-EtdGuo content is due to active 
removal from rat liver, because N-nitrosodiethylamine is known to form amounts of 
ОЬ-EtdGuo nearly one order of magnitude higher than 04-EtdThy. Umbenhauer et al. 
(1985) detected O6-methyl-2'-deoxyguanosine, but not Об-EtdGuo, in human oeso-
phageal tissues, with a detection limit of 2)< 10—$ Об-EtdGuo : dGuo. These and our 
present results indicate that humans are exposed chronically to small amounts of 
ethylating agents, eventually giving rise to significant accumulation of 04-EtdThy, a 
premutagenic and pretransformational DNA adduct. 

Although a statistically significant difference in 04-EtdThy levels was found 
between the malignant and nonmalignant groups in this study, the limited number of 
cases analysed and the long latent period of human cancer preclude any definite 
assessment of a causal link between higher 04-EtdТhy level and induction of cancer. 
However, the biological behaviour of O4 EtdThy and the availability of a highly 
sensitive detection method certainly provide a promising tool for molecular epidemio-
logical analysis in the near future. 
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DETERMINATION OF 7-METHYLGUANINE 
BY IMMUNОA5SAY 
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Antisera to 7-methylguaпine (7-тeGua) were obtained using a novel analogue of 
7-meGua which was bound covalently to methylated bovine serum albumin (mBSA) 
and was used as an antigen. Rabbit antisera at high dilution (1 in 10$) recognized 
7-meGua-оvalbumin, and the free base itself was detected at low levels 
(1 pmol/well) in a competitive enzyme-linked immunosorbent assay (ELISA). A 
number of purines have been screened for cross-reactivity, and only those of closely 
related structure (e.g., 7-methylxanthiпe) cross-reacted to any appreciabIe extent 
(50% inhibition at 250 pmol/well). The ELISA procedure was used to quantify 
7-meGua in DNA following neutral thermai hydrolysis. Currently, the sensitivity of 
this assay is of the order of 10-100 µmоl 7-mеGua/тоl Gua. 

Antibodies have been raised against many carcinogen-DNA adducts (perera & 
Weinstein, 1982). The main methods available involve use of antigens based on 
modified DNA (e.g., melphalan-DNA) or nucleoside-based antigens derived from 
stable adducts (e.g., 46-methylguаnosiпe). For bulky adducts, antibodies that recog-
mze the carcinogen cross-react sufficiently well with the adduct to provide useful 
immunoassаyн  (e.g., aflatoxins, benzo[a]pyrene). In the case of low-molecular-weight 
adducts (e.g., methyl), the major products in DNA are unstable lesions which are 
rapidly repaired to give the corresponding alkylated base (e.g., 7-methyldeoxy-
guanosine–* 7-meGua and 3-mеthyldeoxyadeпosine— 3-шethуladmипe [3-mелde]). 
It is, therefore, of some interest to raise antibodies that are capable of recognizing 
such small purine-based adducts. 

A strategy has been devised in which 7-alky1guamne and 3-alkyladeпiяe analogues 
are used to prepare purine-protein antigens. This approach has been used, so far, for 
3-meAdе  (5huker & Farmer, this volume) and 7-meGa. The preliminary results for 
7-meGua are described in this paper. 

Preparation of wntisera to 7-meGua 
In order to optimize the possibility of obtaining specific antisera for such a small 

hapten as 7-шсGua, the antigen (i.e., hapten + protein) was prepared using an 
analogue of the purine, namely, N2-carboxymethyl-7-methylguалinе  (CM-7meGua; 
D. Shukеr, manuscript in preparation). The structures of 7-meGua and CM-7-meGua 
are shown in Figure 1. The synthesis of the antigen is summarized in Figure 2. 

Two rabbits were immunized with 7-meGua-mBSA [0.5 mg adsorbed onto alumi-
nium hydroxide in complete Freud's adjuvant (1 ml), prepared according to Muller 
and Rajewsky, 1980] by subcutaneous injection at multiple sites on the shaved back. 
After eight weeks, a booster dose of the same amount of antigen in adjuvant, without 
aluminium hydroxide, was given by the same route. At 16 weeks, each rabbit received 
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Fig. 1. Structures of 7-meGua and CM-7•meGua 
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the same amount of antigen in incomplete Freund's adjuvant injected into the 
hindquarters. One week after the booster injection, both rabbits were bled from the 
lateral ear vein (local anaesthesia) and serum was prepared. Sera were assayed for 
anti-7-meGua activity by ELIsA, using a checkerboard procedure: 96-well plates were 
coated with 7-meGua-ova1bumin over a range from 1 ng to 10 ug per well, and sera 
were diluted with phosphate-buffered saline from 1 iп  10 to 1 in 106. Binding of rabbit 
immunoglobulin G was detected using horseradish peroxidase-linked goat anti-rabbit 
immunoglobuüo G with 3,3' ,5,5'-tеtгamеthуlbеnzidiпе  as substrate. Both rabbits 
produced active antisera of approximately equal titre. 

ELISA for 7-meGua 
The checkerboard procedure established conditions for optimal colour development 

(with а  limiting dilution of antiserum) of 4 ng coating antigen per well and a working 
serum dilution of 1 in 105. Unmodified ovalbumin did not show appreciable binding. 

The ability of the atitisera to detect 7-mеОua was determined using a competitive 
ELISA procedure, in which solutions of 7-шеGua were added to antisera just prior to 
plating out. A standard curve for antiserum 1 is shown in Figure 3 (antiserum 2 gave an 
almost identical curve). 7-МеGua was reliably detected (>20% inhibition) at 1 pmol 
per well with a 50% inhibition at 10 pmol per well. A number of structurally related 
purines have been examined for cross-reactivity (Table 1), and only those of closely 
related structure cross-react to any appreciable extent. Interestingly, the modified 
analogue, CM-7-mеQua was detected at much lower levels than 7-meGua. Also, 
7-methуiхапthinе  was detected quite readily, whereas 7-methyluпc acid was barely 
detected, indicating that the intact 7-methylimidаzole moiety is important in the 
recognition. 

Fig. 2. Synthesis of 7-meGua-protein conjugates using the 7-meGua analogue, 
CM-7-meGua 
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Protein was either mBSA (for i пшunоgеп) or ovalbumin (for coating antigen). 
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fig. 3. Inhibition curve fir 7-meGиa using antiserum 1 (1 in 105 dilution) and 
7-meGua-avalbuшin (4 ng/well) 
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Determination of 7-meGua in DNA using ELISA 
7-MеGua is readily removed from DNA by heating at neutral pH. A procedure has 

been developed in which 7-mеGua in the supernatant is determined by ELISA (Fig. 4). 
Standard amounts of 7-meGua (0-50 pmol) were added to aliquots (125 l) of DNA 
solution (2.4 mg/ml). The standard curves obtained in this way did not differ from 
those obtained with untreated 7-meGua standards, indicating that the presence of 
DNA does not interfere with the assay. At the level of detection of 1 pmol per well, 
the sensitivity of the assay corresponds to a level of modification of one 7-meGua 
residue per 10000 guanine residues. This is clearly not sensitive enough for detection 
of methylation in human samples, where a sensitivity sufficient to detect one 7-meGua 
per 10 or 108 guanine residues is required. However, having shown that antibodies can 

Table 1. Cross-reactivity of anti-7-meGua serum 1 

Purine Concentration 
for 50% inhibition 
(pmol/well) 

Concentration 
for 20% inhibition 
(pmol/well) 

CM-7-meGua 0.04 0.006 
7-meGua 10 1.6 
7-mеХаnthine 250 28 
7-meUгic acid >10000 > 10 000 
7-mеAdеnine X10 000 2 500 
Guanine X10 000 3 100 
Adenine X10 000 6 300 
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Fig. 4. Flow chart for the determination of 7-meGua in DNA by ELI5A 

DNA 
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125 ц17 20 ј l 
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Neutral thermal 
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DNA ppt 
(discard) 

Concentrate to 
dryness 

Water 
(125 ц1) 

ELISA 	 HPLC 

(pmol 7-meGua) 	 (umol Gua) 

pmoi 7-meGua/лјmоl Gua 

be raised against 7-meGuа, a good, high affinity, monoclonal antibody might be 
obtained which would make possible much more sensitive assays. 

Conclusions 
Antisera have been raised against 7-mеGua-protein conjugates which also recognize 

the free base. An ELISA procedure has been developed which can be used to detect 
reliably 1 ртоl 7-meGua per well. This is a level of sensitivity approximately equal to 
that of a recently developed gas chromatography-mass spectrometry technique (Shuker 
et al., 1984). The ELISA procedure was also used to determine excised 7-meGua in the 
presence of DNA. 

The method for raising 7-шeGua antisera is applicable to a range of 7-a1ky1-
guanines, and current work is directed towards producing a battery of specific antisera. 
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DETECTION OF Oб-METHYLGUANINE IN 
HUMAN DNA 

R. 8aîf1W1,1 A.F. Badawi1 & C.N. Hail2 

1Paterson Institute for Cancer Research, Christie Hospital and Holt Radium Institute; 
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Using very specific antibodies in sensitive radloinimunoassays for O6-methyl-
deoxyguaпosine (06-medGuo), we have been able to detect the presence of this 
modification in human DNA. Since O6-medGuo is not likely to be a normai 
component of DNA, its presence must be due to exposure to environmental 
alkylating agents. We have studied two groups of samples, one of which appears to 
have received exposure to an alkylating agent (so that most members of the group 
show a detectable level of Oб-medGuо). Although some individuals in the other 
group showed detectable 06-medGuo (sometimes at levels exceeding those observed 
in 'he first group), the majority showed undetectable levels. This may indicate that 
they had much less exposure to environmental aikyiating agents than the first group 
and that some individuals may have received additional exposures due to other 
factors such as life style or drugs that they may have been given. 

With the development of immunological methods for the detection of DNA 
carcinogen adducts, it has been possible to detect them at extremely low levels and to 
contemplate experimentation that would not be feasible by other methods. We have 
introduced very sensitive, specific radioimmunoassays (RIA) (Saffhi11 et al., 1982; Wild 
et al., 1983) for several alkylated DNA bases that are potential promutagenic lesions 
(Sаffhill et al., 1985). These involve mouse monoclonal antibodies with a high affinity 
for the specific adduct to be measured and show a very high level of selectivity in the 
presence of normal components of DNA and with other alkyl adducts that may be 
produced during reaction with an alky1ating carcinogen. Using these techniques, we 
have studied the formation and repair of O6-butylguaniпe and O6-methylguaпiпe 
(O6-meGua) in the small amounts of DNA that can be extracted from се11 cultures 
containing about 1 x 106 cells (Boyle et al., 1986а,b, 1987) or from mitochondria 
(Myers et al., 1986). 

The monoclonal antibody specific for O6-medGuo has an affinity constant of 3 x 109 
1/mol. The most sensitive RIAS in which this antibody is used have a 50% inhibition 
value of 95 fmol and a 10% inhibition value of only 10 fmol (which is the practical limit 
of the assay). Other alkyl adducts have to be present at 10 —10б  fold, and the normal 
components of DNA by as much as 106, before they interfere with the assay (Wild et 
a1., 1983). 

In addition to facilitating the analysis of small amounts of DNA, the high sensitivity 
of the RIA can be exploited to detect very low levels of reaction by analysing milligram 
quantities of DNA. Such low levels of reaction may be expected to arise from exposure 
of human populations to environmental alkylating agents. Using these methods, the 
presence of O6-meGua has already been demonstrated in human DNA prepared from 
oesophagus and stomach tissues in an area of China (Linxian county) with a high 
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302 	 SAFFHILL ET AL. 

incidence of oesophageal cancer (Yang, 1980; Umbenhauer et al., 1985). However, in 
that study, it was difficult to obtain adequate controls from low-incidence areas, and 
the results from Linxian county were compared only with tissue samples from Europe. 

With the possible exception of a case of suspected nitrosamine poisoning (Shank & 
Herron, 1982), there is little information available concerning the levels of O6-шеGua 
to be found in DNA prepared from human tissues. We now report the Ievels of 
O6-шеОua found in human DNA obtained from patients undergoing surgery in a 
region of south-east Asia, mostly for oesophageal and stomach cancer, or within the 
Manchester, UK, area, primarily for cancers of the stomach and bowel. A few 
post-mortem tissues were also included in the last group to investigate the possibility of 
analysing tissues from this source. 

Experimental procedures 
All but six tissue samples were removed during surgery; six samples were taken 

post mortem within 24h of death. The tissues studied were oesophagus and stomach 
(from south-east Asia) and stomach and bowel (from the Manchester area). When 
possible, a region of uninvolved tissue was removed at the same time as the tumour for 
separate analysis. Tissues were frozen on dry ice and stored at —80°C. All 
experimental procedures have been described elsewhere and are only outlined here 
(Wild et al., 1983; Umbenhauer et al., 1985; loyle et al., 1986а,Ь; Myers et aL, 1986; 
R. Sаffhill, S. Fida, M. Bromley & P.L O'Connor, in preparation). DNA was 
prepared by phenol extraction, according to the method of Kirby and Cook (1957). 
The DNA was digested to nucleosides with DNase I, phosphodiesterase and alkaline 
phosphatase in the presence of 2'-dэoxycoformycin. The latter is necessary to inhibit 
adenosine deaminase (Fox & Kelly, 1978), which demethylates Oб-medGuo 
(O'Connor & Saffhil1, 1979) and can contaminate some DNA preparations. The 
hydrolysate is chromatographed on Aminex A-7 (25 x 1 cm) at 50°C, eluting with 
ammonium carbonate. On this column, at least 10 mg DNA may be chromatographed 
to separate the four dcoxynucleoxides of DNA, thus allowing base analysis and 
quantification of the DNA by spectrophotometric procedures, and separation of the 
06-medGuo. Since the four ribonucleotides from any contaminating RNA also 
separate from the deoxynucleosides, and O6-tuerGuo separates from O6-medGuo in 
this system, the effects of any contaminating RNA are also eliminated. The region of 
the chromatograph corresponding to O6-medGuo is lyophilized and redissolved for 
determination by RIA. (The use of ammonium carbonate, which is volatile during the 
lyophilization, ensures that there is no concentration of buffer that may interfere with 
the RIA.) Results are expressed as the ratio of O6-medGuo, determined by RIA, to 
deoxyadenosinc, determined by ultraviolet spectrophotometry. Iп  practice, we have 
found the determination of deoxyadenosine to be more reproducible and reliable than 
that of the three other deoxynucleosides. 

Levels of Oб-metbylguanine observed 
The results of the analyses of the DNA samples from south-east Asia are 

summarized in Table L The levels of alkylation observed were of similar magnitude to 
those observed in samples from an area of high oesophageal cancer incidence within 
China (Umbenhauer et al., 1985), 0°-meGua being detectable in most samples. No 
difference in the level of Oб-mеGua was found between oesophagus and stomach, for 
malignant or benign tumour, or uninvolved tissue. 

The results of the analyses of the DNA samples from the Manchester area are 
summarized in Table 2. As in tissue samples from Europe analysed previously 
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Table 1. Presence of Об-meGua in 
tissue DNA from south-east Asia 

Amount of 06-meGua 	No. of 
x 106 	 samples 

None detected 5 
0.016-0.020 6 
0.021-0.040 9 
0.041-0.060 16 
0.061-0.080 9 
Total samples 45 

Mean value of detectable О6-meGua/dA-0.041 f 
0.018 x 10-6 

(Umbenhauer et al., 1985), the levels of Оh-meGua were much lower than those from 
Asia and were undetectable in most samples. However, the promutagenic lesion was 
detected in some samples and in а  few cases at very high levels (up to a ratio of 
Об-mеGua: deoкyadeпosine of >0.2 x 1i-6). Of the six tissue samples taken post 

mortem, two did not yield DNA, which compares favourably with the five surgical 
samples (out of 59) which yielded no DNA. This source of samples is thus interesting 
for further investigations. 

Discussion 
These results, together with those reported previously (Umbenhauer et a1., 1985), 

show that ОЬ-meGua may be detected in human DNA. In general, the results obtained 
from the two sources reported here agree with those reported from south-east Asia, in 
which Об-meGuа  occurred at consistently detectable levels. In many of the tissues from 
the Manchester area there were undetectable levels of О6-tneGua (limit, 06 
meGua:deoxyadenosine, c0.01 x 10_6). However, a number of samples had detec-
table levels of Об-meGua, which, in a few instances, exceeded those in the tissues from 
south-east Asia. 

Table 2. Presence of Об-meGua 
iп  tissue DNA from Manchester 

ОЬ-meGua:deoxyadenosine No. of 
X 106 	 samples 

None detected 28 
0.011-0.024 4° 
0.021-0.440 4 
0.041-0.060 2 
0.061-0.080 4 
0.081-0.100 3 
0.101-0.200 5 
X0.200 3 
DNA not precipitated 7 
Too little DNA 4 

to analyseh 

'Includes the pooled sample, see footnote b 
ЬC1 

 
mg DNA obtajised; samples were pooled 

and analysed as one 
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Since O6-meGua is not known to be a normal component of DNA, we presume 
that it has arisen in these samples as the result of exposure to an alkylatmg agent. (It is 
reasonable to expect that O6-meGua is not a normal component of DNA due to its 
promutagenic nature (SafЕhill et al., 1985) and the effects of DNA precursor pools in 
determining the mutagenic efficiency (Saffhill, 1986).) The most likely environmental 
alkylating agents are nitrosamines (including the simplest, N-nitrosodunethylaniine), 
which occur widely in the environment. The exact amount to which an individual is 
exposed depends upon many factors, which include life style (Doll & Peto, 1981), e.g., 
smoking (IARC, 1986) and the eating of particular foods that may contain preformed 
nitrosamines or their precursors (amines and nitrite), which can form nitrosamines in 
the acidic conditions of the stomach (Preussmann et al., 1979; Swann, 1982). Since it is 
unlikely that exposure to alkylating agents from such sources can be totally eliminated, 
O6-meGua is probably present in essentially all human tissues to some extent (even at 
undetectable levels). Presumably, it is to cope with such exposures that efficient repair 
mechanisms have evolved (Sаffhill et al., 1985). 

Other sources of alkylating agents, particularly for persons receiving medication, 
may be drugs. Thus, many drugs contain amine groups, that can be nitrosated within 
the body to yield simple nitrosamines (Lijinsky & Epstein, 1970). Also, Bôme drugs can 
undergo a series of complicated metabolic and chemical changes to generate alkylating 
species (e.g. isoniazid; Saffhill et al., 1988), which can yield unexpectedly high levels of 
alkylation when administered to experimental animals. One possible explanation of the 
differences between the two sets of results described here is that, in one set, OЬ-meGua 
is almost always detectable, indicating widespread exposure to an (environmental) 
alkylating agent. In the other set, a large number of samples had an undetectable level 
of Oб-meGua while others had detectable levels, due perhaps to differences in life 
style, including use of medications. However, the drug histories of the patients are yet 
to be determined. 

Oб-МеОua in DNA is efficiently repaired by the OЬ-meGua methyltransferase 
protein (Saffhill et al., 1985) which is present at high levels in human cells 
(Umbenhauer et al., 1985). However, recent experiments have indicated that, 
following very low doses of N-nitrosodimcthylamine, Oб-mеGua is repaired less 
efficiently than may otherwise be expected (A.F. Badawi & R. Saffhill, unpublished), 
indicating the possible existence of an alkylation threshold before efficient repair can 
commence. Repair still occurs, but at a slower rate. If the Oб-meGua determined in 
these samples is uniformly distributed throughout the tissue, it must be the result of a 
recent exposure. Alternatively, it could have arisen over a period of time in a small 
population of repair-deficient cells. With the advent of immunological staining 
procedures for OЬ-mеОua (Saffhill et al., 1988; P.J. O'Connor, S. Fida & R. Saffhill, in 
preparation) this may be resolved. 

Since human tissues normally contain high levels of alkyhransferase, the enzyme 
responsible for the repair of Oб-meGua, the amounts of O6-meGua determined in 
these studies are unlikely to be related to accumulated dose. Elucidation of this aspect 
of environmental alkylation of human DNA must await the development of sensitive 
assays to measure the presence of phosphotriesters in DNA, which appear to be 
repaired only slowly, if at all, in mammalian cells (Saffhill et al., 1985). 

In view of the strong mutagenic potential of O6-meGua and the wide body of 
evidence implicating the involvement of this modified base in the carcinogenic process 
(Saffhill et al., 1985), studies of this kind not only demonstrate the possibility that 
human DNA can be alkylated (almost certainly as the result of exposure to an external 
agent) but are expected to strengthen the growing link between exposure to alkylating 
agents and human cancer. 
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DETECTION OF DNA ADDUCTS BY POSTLABELLLNG 
WITH H-ACETIC ANHYDRIDE 

K. Hemminki, K. Savеlа, E. Linkola & A. Hessо  

Institute of Occupational Health, Helsinki, Finland 

A method has been developed for detecting 7-alkylguaпiпes which is based on 
derivatization of hydroxyl and primary amino groups with 3Н-асеtiс  anhydride. The 
derivatizatioca ptcaccdure is devised for 7-melhylguarüna, with examination of reac-
tion kinetics. The method is applied to the detection of the isomeric styrene 
oxide-guanine adducts; вtyreпe-7,8-oxide is the active metabolite of styrene. The 
procedure can be used as a post1abe1Iing method for the simultaneous detection of 
several adducts after selective depunnation of 7-aIky1guaumea from DNA. 

7-Metbylguапhfe 
7-Methуlguaпiпe was incubated with 3H-acetic anhydride in pyridine-toluene 

solution (Blau & King, 1977) in closed glass capillaries at 100°C overnight. After the 
capillaries had been broken, the reaction mixture was evaporated to dryness, and its 
formate buffer solution was purified on a strong-cation exchanger. The product was 
separated by high-performance liquid chromatography (HPLC) on a Sphегisorb ODS 2 
column and a 0-60% methanol gradient in 0.11 ammonium formate pH 5. Fractions 
were collected for liquid scintillation counting, and the NZ-[3Н]acetyl-7-methуiguuanine 
peak was localized by ultraviolet detection of nonradioactive N -acety1-7-
methylguanine, used as internal standard. 

The pK values of Nг-acetyl-7-methylguaniпe were 2.0 (basic) and 9.0 (acidic), as 
determined by a phase-separation method (Moore & Koreeda, 1976). The acetylation 
of 7-methylguaпiпe followed second-order kinetics, reacting through a bimolecular 
substitution mechanism. 

Adducts between styrene-7,8-oxide and guanosine 
The active metabolite of styrene is styrene-7,8-oxide (SO), which binds covalently 

to nucleic acids. It reacts with guanine mainly in the N7 position, and two isomeric 
products can be formed with the а- and Ј  -carbons of SO (Savela et al., 1986). 

7-SO-guanosine [7-(2-hydmxyphеnylathy1)guaпоsiиe] adducts were prepared by 
incubation in acetic acid (Savеla & Hemininki, 1986), and LH-20 Sephadех  chromat-
ography was used to prefractionate them. The a- and $-isomers were isolated by 
HPLC. The sugar residue was hydrolysed at 100°C for 2 h, and the purified and 
characterized (by ultraviolet, mass spectrometry and mass spectrometry/mass spectro-
metry methods, Hesso et al., 1986) a-isomer was used for acetylation experiments. 

The nonradioactive acetylation of 7-SO-guanine [7-(2-hydгохурhелylеthy1)guaпine] 
was carried out by incubation with acetic anhydride at 100°C, and the acetyl derivatives 
were isolated by 'PLC and used later as internal standards. 

The acetylation kinetics of 7-SO-guanine were studied at 37°C in acetic anhydride 
(Fig. 1). The hydroxyl group of the SO residue was acetylated faster, and the amount 
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Fig. 1. Acetylation kinetics of 7-SO-guanine at 37°C in acetic anhydride: 
(a) 7-SO-guanine, (b) mouoacetylated 7-SO-guanine, (c) diacetylated 7-SО-guапше  

10 	20 	30 	40 
Time (h) 

of monoacetyl product increased rapidly up to 6 h. A diacetyl product was formed 
simultaneously but more slowly, and after 20 h it was the main product. Mass spectral 
analysis of the diacetyl product (Fig. 2) established the acetylation in the N2 position of 
guanine and in the hydroxyl group of the 50 residue. The ultraviolet maximum of the 
diacetyl product at pH 6.5 is 265 nm (Fig. 3). 

The radioactive acetyl derivative of SO-guanine was prepared by incubation of 
SO-guanine with ЗH-acetic anhydride and nonradioactive acetic anhydride in toluene. 

Fig. 2. Daughter ion mass spectrum of protonated a-isomer of diacetylated 7-80-
giiarnne 

59.9 

rn/z 

Precursor ion is т/г  356 (МН}); m/z 163 indicates the acetylated.sO residue, rn/z 194 the N2-acetylated 
guanine residue. 
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Fig. 3. Ultraviolet spectra of a-isomer of diacetylated 7-50-guanine, in neutral 
( 	), acid (— — — —) and alkaline (...) solution 
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Reaction was carried out in microvials at 100°C for 16 h, and the acetylation product 
was purified on a strong cation exchanger. After HPLC separation, fractioпs were 
collected for liquid scintillation counting, and the product peaks were localized by 
ultraviolet detection of nonradioactive acetyl-s0-guanines added as internal standard. 
Under these conditions, radioactive mono- and diacetyl derivatives were detected in 
almost equal amounts. 

Conclusions 
Acetylation reactions have commonly been used to protect the primary N2-amino 

group of guanine in nucleoside synthesis (Lohrman & Khorana, 1964; Bridson et al., 
1977). 14C-Acetic anhydride has been used to quantify compounds in problematic 
sample matrices (Benson & Turner, 1960; Lawrence & Frei, 1976). In this study, we 
used acetylation with high specific activity 3H-acetic anhydride to prepare tritiated 
acetyl derivatives of guanine adducts for detection by scintillation counting after HPLC 
separation. In these preliminary experiments, we were able to detect nanogram 
amounts of 7-methylguaпiвe and 7-SO-guanines. 
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DNA ADDUCTS OF CISPLATIN AND CARBOPLATIN 
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An enzyme-linked immunosorbent assay (ELISA) has been developed with an 
antiserum elicited against cisplatin-modilled DNA and used to quantify the mira-
strand bidentate d(GpG)- and d(ApG)-dianiniineplatinum adducts in DNA 
samples prepared from nucleated blood cells and tissues of cancer patients receiving 
cisplatin or carboplatin chemotherapy. In nucleated blood cell DNA, adduets 
accumulated with increasing dose administered over a period of months, and a 
correlation was observed between the ability of a patient to form high levels of 
adduct and the frequency of tumour remission. Thus, many patients who did not 
form adducts also did not respond to therapy. Adduct distribution was shown to be 
widespread in many human tissues, and similar quantities of adducts were formed in 
peripheral blood cell DNA and tumour tissue. In addition, evidence suggests that 
residues of persistent adducts remain in many tissues weeks and even months after 
treatment. All of the above observations were obtained with the cisplatin-DNA 
ELISA; however, in comparison with other published data, the adduct levels 
reported are low. It now appears certain that the cisplatin-DNA ELISA results in 
an underestimation of adduct values in biological samples, since some human 
samples have been assayed by both this and two other procedures — the G-Pt-GMP 
ELISA and atomic absorbance spectroscopy. Values obtained with the two other 
procedures compare well with each other, but those obtained with the cisplatin-
DNA ELISA for three human samples are 10-300-fold lower. The factors that 
result in this discrepancy are still under investigation. 

The possibility of detecting exposure of humans to chemicals by monitoring the 
formation of macromolecular adducts became a reality in the last decade through the 
development of highly sensitive methods for the determination of DNA, RNA and 
protein adducts (Neumann, 1984; Poirier, 1984; Randerath et al., 1985). At present, 
human exposure to several different classes of chemical carcinogens has been 
documented in cohorts exposed through occupation, environment, life style and 
medical treatment (Poirier & Beland, 1987). Progress to date represents extensive 
efforts on the part of many investigators to validate highly sensitive, and often highly 
variable, new procedures in the face of formidable problems. Not the least of these, 
encountered by many investigators, includes difficulty in procuring tissues from 
unexposed controls, lack of a quantifiable dose-response relationship and inability to 
confirm the initial data using an alternative method. Thus, validation of existing assays 
has proved to be more complex than previously anticipated. Nevertheless, great 
progress has been achieved since the first IARC sponsored workshop on this topic was 
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held in Essen, Federal Republic of Germany, in 1981. At that time, human 
biomonitoring was a possibility but not a reality. 

Among the first methods applied ta this problem were quantitative immunoassays 
using antisera specific for carcinogen-DNA adducts and carcinogen-modified DNA 
(Poirier, 1984). In particular, a pilot study performed by Perera et al. (1982) showed 
that DNA from some human Iung tumours and surrounding tissue reacted with an 
antiserum now known ta be specific for a broad spectrum of polycyclic aromatic 
hydrocarbon-DNA adducts (Weston et al., this volume). While performing these 
studies, the investigators became acutely aware of the necessity to validate the assay 
system with dose-response data, and chose to study adduct formation in cancer patients 
receiving cisplatin chemotherapy. An antiserum was elicited against DNA modified 
with cisplatin, a drug used extensively in the treatment of testicular and ovarian 
malignancies (Einhorn et al., 1985; Calvert, 1986) but known to be carcinogenic to 
rodents (Leopold et al., 1979; Barnhart & Bowden, 1985). The data presented here 
were obtained with an ELISA utilizing an antiserum specific for the intrastrand 
N'-д(GpG)- and N'-д(АрG)-diamщiпep]atinum adducts (Poirier et al., 1982), which 
are the major DNA adducts formed in vivo (Plooy et al., 1985). The ELISA measures 
dose-related increases in cisplatin-DNA intrastrand adducts in tissues of human cancer 
patients and cisplatin-treated animals. However, the antiserum was elicited against a 
highly modified DNA immunogen, and its use significantly underestimates the much 
lower modification in a biological sample. The material presented here focuses on 
results obtained with human tissues, and we discuss various aspects of assay validation. 

Monitoring of platinum-DNA adducts in tissues of cancer patients 
The earliest studies on platinum-DNA adducts in patients involved procuring blood 

samples from patients receiving five-day infusions of cisplatin as a single agent or in 
combination therapy (Reed et al., 1986). Blood samples were drawn with heparin 24 h 
after the last drug infusion, and nucleated blood cells (WBC) were obtained by 
aspiration of the layer between serum aid red blood cells (the buffy coat) after 
slow-speed centrifugation. Since the inception of this work, a total of 231 blood 
samples from 88 patients receiving platinum drug therapy have been assayed by 
ELISA, and about one-half of these had measurable adducts (Poirier et ad., 1987). Of 
23 samples obtained from normal volunteers, patients on nonplatinum chemotherapy 
or patients before treatment, none contained adducts. Adduct values in positive 
samples ranged between 25 and 450 атоl/ug DNA. A dose-response relationship was 
evident in a subset of 97 samples from previously untreated ovarian and testicular 
cancer patients, although only about one-half of these samples contained adducts 
measurable by the ELISA (Fig. 1). Since the total dose shown was administered over a 
period of four to five months, adducts accumulated with time in the WBC DNA of 
some patients. Thus, removal of cisplatin-DNA adducts may be relatively slow, or 
adduct formation may be particularly efficient in those patients who show accumulation 
of adducts with dose. Conversely, there may be heterogeneity with respect to either 
metabolism for adduct formation or the kinetics of adduct removal in those patients 
who do not form measurable adducts. 

In order to correlate adduct formation as an indication of biologically-effective dose 
with chemotherapeutic efficacy, disease-response data were extracted from the medical 
records of 55 patients with ovarian cancer and of 17 testicular cancer patients with 
a poor prognosis. Data for clinical response are expressed as complete response 
(absence of visible tumour), partial response (a greater than 50% diminution in tumour 
size), and no response (less than 50% reduction in tumour size). The 55 ovarian cancer 
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Fig. 1. Cisplatm-DNA adduct values in ELISA for WBC DNA prepared on CsC1 
buoyant density gradients 
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Blood samples (35-50 ml) were obtained 24h after the last of five drug infusions from previously untreated 
ovarian or testicular cancer patients given chemotherapy on 21- or 28.дау  cycles at the NIH Clinical Center. 
Adduct levels (ordinate) are plotted as a function of total cumulative cisplatin dose. Positive (•) and 
negative (1) samples are from a total of 77 patients. 
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patients received cisplatin or carboplatin, either as single-agent therapy (Fig. 2A, 
HD-DDP and CBDCA) or as part of a combination protocol (Fig. 2A, CTX-DDP and 
СНIPS) (Reed et al., 1987). In this study, 101 WBC samples were obtained and the 
highest or peak adduct value from each patient was chosen for statistical analysis. 
Values for median adduct levels (Fig. 2A, heavy lines) in patients grouped by 
complete, partial and no response were 212, 193 and 62 amol/~гg DNA, and this trend 
was shown to be statistically significant by a two-sided Jonckherre test (p = 0.03) 
(Armitage, 1971). Of particular interest is the fact that several individuals who did not 
form adducts also did not respond to therapy. 

The second group of patients for whom disease response was correlated with the 
extent of adduct formation are nonsemjnomatous testicular cancer patients. These 
individuals are rare, usually have bulky disease and metastases, and lack the high 
favourable response rates seen for testicular cancer patients in general. The 17 patients 
included in this study had not received previous chemotherapy and were given cisplatin 
at two different doses in combination with other drugs. The patients receiving the PVB 
protocol were given 20 р  g/m2 cisplatin per day for five days for each cycle, and the 
PVeBV patients received twice that quantity of cisplatin per cycle (Reed et al., 1986). 
The data are shown in Figure 2B. The median adduct level in patients with a complete 
response was 170 атоl/1гg DNA, and that for those with a partial response was 
78 amоl/ lug DNA. Although these differences are not statistically significant, it is 
interesting to note that all of the complete responses occurred among individuals 
receiving the higher dose and with the highest median adduct levels. Thus, for cohorts 
of both ovarian and testicular cancer patients receiving platinum drug therapy, a high 
rate of complete response is associated with high levels of WBC cisplatin-DNA 
adducts, and lack of response is associated with inability to form measurable levels of 
adducts. 
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Fig. 2. Comparison of WBC DNA adduct levels with disease response of ovarian 
(A) and poor-prognosis testicular (B) cancer patients 
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All samples were assayed by cisplatin-DNA ELISA. CR, complete response; PR, partial response; NR, no 
response. A, the highest, or `peak', adduct value obtained from each of 55 ovarian cancer patients is plotted 
as a function of disease response. The HD-DDP (•) and CBDCA (1) groups received single agent therapy 
and CTX-DDP (0) and CHIPS (x) groups received combination therapy. B, peak adduct value from each 
of 17 poor-prognosis testicular cancer patients plotted as a function of disease response. Treatment groups 
are PVB (0) and PVeBV (•). For both A and B, the median adduct level is shown by a heavy line. 

Although these studies show correlations between platinum-DNA adducts in WBC 
and both drug dose and disease response, they do not show that adducts form in the 
target tumour tissue. Recently, it has been possible to obtain samples of cervical 
tumours and blood before and 24 h after administration of a single dose of carboplatin 
to previously untreated patients (Egorin et a1., 1985). In some cases, a second blood 
sample was drawn eight days after the original treatment. The results are shown in 
Table 1. Pretreatment samples uniformly showed no adduct formation in either tissue, 
and adduct levels 24h after the single dose ranged between 83 and 250 amо]/ug DNA 
for the two patients who received the full dose. Thus, in these patients, adduct levels in 
WBC were similar to those in the tumour 24 h after treatment. In addition, WBC 
adduct levels did not change much during the week after treatment, suggesting 
persistence of adducts for at least that period of time. One patient did not tolerate the 
drug and was given approximately one-half the usual dose; this individual had 
measurable adducts iii WBC only at 24 h. These data, and other investigations of 
adduct distribution in tissues obtained at autopsy (Poirier et al., 1987; Reed et ai., 
1987), suggest that intrastrand cisplatin-DNA adducts are widely distributed in human 
tissues as a result of platinum drug chemotherapy, and that these adducts are highly 
persistent for days, and even weeks, after the last treatment. Adduct persistence may, 
in fact, be the cause of the chemotherapeutic efficacy, the toxic side effects and the 
malignant potential (Leopold et al., 1979) of these platinum drugs. 
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Table 1. Platinum-DNA adducts (aenоl/µg DNA) in cervical 
tumour tissue and WBC obtained before and after treatment 
with carboplatin 

Patient Dose Tumour of the cervix WBC 
(mg/rn2) 

Before After Before After treatment 
treatment treatment treatment 

(24h) 24h 8 days 

A 399 0 97 0 160 137 
B 393 0 250 0 83 127 
C 226 0 ND 0 51 ND 

ND. not detectable 

Validation of the cisplatin-DNA ELISA 
The cisplatin-DNA ELI5A used for these studies (Poirier et a1., 1982) was 

developed with a rabbit polyclonal antiserum raised against a highly-modified cisplatin 
DNA (4.4 adducts in 100 bases). This high level of platination is necessary to obtain an 
immunogenic response to the adduct without eliciting concomitant anti-DNA activity. 
Recent studies have shown that antisera raised against a highly-modified unmanоgеп  
DNA may have lower affinity for a biological sample modified in vivo than for the 
immunogen DNA (Van Sсhoоten et al., 1987). This may reflect different physical 
conformations of highly modified and less modified DNA, and can result in significant 
underestimation of the number of adducts in a biological sample when assayed against 
a standard curve obtained with highly modified DNA. Thus, quantification by ELISA 
of an antiserum elicited against highly modified DNA should include competition with 
DNA at various levels of modification and, if possible, the use of another technique to 
confirm the modification level determined by ELISA in a biological sample. These 
controls are essential because some modified DNA antisera recognize ап  of the adducts 
present in a biological sample (Santeцa et ai. • this volume), while others do not. 

When the anti-cisplatifi-DNA antiserum was first elicited against calf thymus DNA 
modified in vitro, there was no other equally sensitive method available with which to 
confirm the results with biological samples. Recently, however, two methods have been 
developed with sufficient sensitivity to measure cispiatin-DNA adducts at modification 
levels in the range of one adduct in 106-10$ bases. A battery of immunoassays employs 
antisera raised against 0-Pt-IMP and other specific adducts, and utilizes colunm 
fractions after enzymatic digestion of the DNA and subsequent chromatography 
(Fichtinger-Schepmаn et at., 1987). This procedure allows for determination of 
multiple adducts and yields results which compare well with values for total 
DNA-bound platinum measured by atomic absorbance spectroscopy (AA5). Table 2 
shows the results of a comparison iii which a highly-modified DNA sample was assayed 

Table 2. Assay of cisplatiii-DNA adducts in DNA modified in vitro 

DNA Modification level Cisplatin-DNA G-Pt-GMP AAS 
(adducts/nucleotides) ELISA ELISA 

Highly 1/100 159 ртоl/µg DNA 169 ртоЗ(цg DNA 157 ртоl/ 
modified tg DNA 
Little 1/1.7 х  106 Not detectable 2.5 fmоl/цgDNA Not assayed 
modified 



r 

318 	 POIRIER ET AL. 

Table 3. Platinum-DNA adducts in human tissues 24 h after drug infusion 

Tissue Assay Range of adduct values 
(fmol/yg DNA) 

Reference 

Ovarian AA5 10.0-11.0 Roberts et al. (1986) 
ascites cells 
Blood cells G-Pt-GMP 0-2.5 Fichtiпgеr-5chеpman et al. 

ELISA (1987) 
Blood cells Cisplabn-DNA 0-0.45 Reed et al. (1986); 

ELISA Poirier et al. (1987) 

by the cisplatin-DNA ELISA, the G-Pt-GMP ELISА  and ААS. The last method has 
also been adapted for greater sensitivity and can now be used in conjunction with the 
immunoassays to measure biological samples (Roberts et a1., 1986). Table 3 sum-
marizes results obtained when using these three methods to assay for adducts in tissues 
of cancer patients 24 h after platinum-based therapy. Table 3 suggests that the 
cisplatin-DNA ELISA may underestimate adducts in human samples, since the highest 
values were five and 20 times lower than those obtained with the G-Pt-GMP ELISA 
and AAS, respectively. When samples of human brain, kidney and lung were analysed 
by both immunoassays, the G-Pt-GMP ELISA detected 13-, 100- and 324-fold more 
adducts than the cisplatin-DNA ELISA, confirming the underestimation by the latter 
assay. The extent of underestimation does not appear to be consistent for these few 
human samples; however, experiments with rodent tissues, hi which adduct values are 
higher, have demonstrated a 500-1000-fold discrepancy between values determined by 
the cisplatin-DNA ELISA and the other procedures. For example, rat kidney DNA 
contained 175 f 9 атоl/,ug DNA by the cisplatin-DNA ELISA, and 137 t 45 and 
99±45 fmol/ug DNA by the G-Pt-GMP ELISA and AAS, respectively. Thus, for 
biological samples, the ААS agrees well with the G-Pt-GMP ELISA, and significantly 
fewer adducts are detected by the cisplatin-DNA ELISA. 

We are currently unable to determine whether the cisplatin-DNA ELISA recog-
nizes primarily clusters of intrastrand adducts within specific regions of the DNA, all of 
the relatively isolated, biologically formed adducts with lower affinity or just a certain 
conformation of the DNA. However, it is clear that the adducts measurable by this 
ELISA correlate with administered dose, are removed with time after treatment and 
predict biological response in both human cancer patients and animal models. Thus, 
the results appear to be internally consistent, even though the adducts are not assayed 
quantitatively. We are presently developing radioinmmnoassays for the d(ApG)-and 
d(GpG)-diammineplatinum adducts, which will be used in conjunction with АAS to 
determine these adducts quantitatively. 

The ability to monitor macromolecules from human tissues for evidence of 
exposure to hazardous chemicals has advanced significantly in the last decade. In 
some systems, including that reported here, it is possible to demonstrate a dose-
response relationship for DNA adduct formation, as well as adduct persistence and 
removal. However, the technologies used are still relatively new. 1n the future, optimal 
results may be obtained using combinations of the techniques currently in use, and it 
should be possible to confirm most data with more than one type of assay. For the 
present, many of us are still committed to the development of more accurate and 
sensitive assays, and to the interlaboratory collaboration necessary for their 
standardization. 
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The same spectrum of cisplatin adducts was detected in DNA isolated from white 
blood cells of a cisplatin-treated cancer patient as had been found in cisplatin-
treated DNA in vitro. The addicts were quantified in femtomole amounts by 
competitive enzyme-inked immunosorbent assay (ELISA) with three antisera raised 
against synthetic cisplatin-containing (oligo)nucleotides. For this assay, DNA 
samples digested with nucleases were fractionated by ion-exchange chromatography; 
the fractions were used as inhibitors of antibody binding. Determinations of the 
rain addict formed, cis-Pt(NH3)2d(pGpG), in patients immediately after a first 
treatment with equal doses of cisplatin showed interindividual differences in the 
platination levels of the white blood cells. These differences were found to correlate 
with those found after in-vitro exposure to cisplatin of blood samples taken from 
patients before treatment. In vivo, about 75% of the adducts formed after the first 
treatment were removed within 24 h. During a five-day course, the amounts of the 
main adduct increased after the first three administrations; no increase was seen оп  
day 4 or 5. By day 6, considerable removal of adducts had occurred. Analysis of 
the formation and repair of the gis-Pt(NHЗ)2д(рGрG) addicts in cultured cells, i.e., 
human libroblasts with dilferent DNA repair capacities and one bladder and two 
testicular human cancer се11 lines, indicated that both the amounts of adducts 
formed and the ability of the cells to repair the adducts can diFfeг. These differences 
appear to determine the susceptibility of the cells for the cytotoxic action of 
cisplatin. 

cis-Diamminedichloroplatinum(I1) (cisplatin) is an antineoplastic agent used iп  
(combined) chemotherapy of cancer patients. It is especially successful in the 
treatment of testicular and ovarian tumours. Because its activity is generally ascribed to 
interaction with the DNA in tumour cells, knowledge about the resulting DNA 
modifications (adducts) and their persistence will help to elucidate the working 
mechanism of this agent. Upon interaction with DNA, cisplatin forms various adducts 
(Fig. 1) which can be detected and quantified after chromatography of enzymatically 
digested DNA samples (Fichtinger-schepman et al., 1985a,b, 1987а). Here, we report 
results of cisplatin-adduct measurements in DNA isolated from human cells after 
cisplatin treatment in vivo or in vitro. 
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Fig. L Known cisplatin-DNA adducts 
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Immunochemicat quantlication of cisplatin-DNA adducts 
For studies on the induction and removal of cisplatin-adducts, DNA samples were 

enzymatically degraded to the unmodified mononucleotides dCMP, dAMP, dTMP and 
dGMP and four Pt-containing products (Fig. 1): 

1. Pt(NH3)3dGMP [Pt-G], derived from DNA adducts with the cisplatin moiety 
monofunctiooaIly bound to guanine and the remaining reactive coordination site of 
cisplatin blocked by subsequent exposure of the DNA to NН4HCОЗ  (Fichtinger-
Schepmaп  et a[., 1984, 1988); 
2. cis-Pt(NНз)2д(рАрG) [Pt-AG], derived from cisplatin bound bifunctionally to the 
nucleobases adenine and guanine in the sequence pApG; 
3. cis-Pt(N13)2д(pGрG) [Pt-GG], from intrastrand cross-links on two vicinal guanines 
in the sequence pGpG; and 
4. cis-Pt(NНз)2д(GMP)z [G-Pt-G], from intrastrand cross-links on base sequences 
рG(рХ)1рG and from interstrand cross-links on two guanines. 

After anion-exchange chromatography of the mixture of these cisplatm-DNA 
digestion products, the Pt products can be determined in the appropriate fractions of 
the column eluate. Quantification can be performed with atomic absorption spectros-
copy when at least picomole amounts of Pt are present. In studies on human ceI1s, as 
described in this paper, in which the cells have been treated with biologically relevant 
dosages of cisplatin, the Pt adducts are present in only femtomole amounts per 
assayable quantity of DNA. For assays at these low levels, immunochemical methods 
have been developed, with polyclonai antibodies raised against cisplatin-containing 
nucleotides coupled to immunogenic carrier proteins. With three rabbit sera, we are 
now able to quantify at the femtomole level the four Pt-DNA digestion products in a. 
competitive ELISA (Fichtinger-schepuian et al., 1985b, 1987а). 

Figure 2 shows the results of the application of these methods to a digested DNA 
sample isolated from circulating white blood cells from a cancer patient treated with 
cisplatin for the first time. They clearly demonstrate the presence of the same four 
cisplatin-DNA digestion products as obtained with cisplatin-treated DNA in vitro 
(Fichtiпgеr-Schеpman et aL, 1985а). The Pt-GG adduct is by far the predominant 
adduct, a phenomenon observed in all DNAs tested so far. 

Cisplatin-DNA adducts in human blood cells 
We have started an investigation on the induction and removal of cisplatin-DNA 

adducts in white blood cells of cancer patients, in the hope that the data obtained will 
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Fig. 2. Immunochemical quantification of digestion products derived from cisplatin-
DNA adducts in eluate fractions obtained after anion-exchange colunui chromato-
graphy of the digest 
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The DNA was isolated from white blood cells in a blood sample from a cisplalin-treated patient- Dilutions of 
the fractions that give 50% inhibition of the relevant antiserum in the competitive ELISA (ID5O): X , serum 
3/43 elicited against Pt-G; O, serum 3/65 elicited against Pt-AG; and •, serum Wilt raised against 
cisРt(NH3)гGuоGMP- Arrows indicate the ehition positions of the unmodified nucleotides, which were 
detected by their ultraviolet absorbance. 

reflect the interactions of cisplatin with DNA inside the tumour cells (for underlying 
rationale, see Fiсhtiпgеr-Schepman et al., 1986, 1987а). 

Figure 3 shows the amounts per microgram of DNA of the rain adduct, Pt-GG, 
assayed in the DNA of blood samples obtained from six male patients treated with 
cisplatin for the first time. The data show clear differences in the levels of adducts 
between patients, iпitially and after 24 h, which might be correlated with variations in 
the response of the tumour to the cisplatin treatment (Poirier et aL, 1985). From these 
results it is also evident that most of the Pt-GG adducts are removed within a day after 
treatment. As has been reported elsewhere (Fichtinger-schepman et al., 1987Ъ), the 
amounts of Pt-GG adducts found in the blood of patients immediately after a first 
infusion of cisplatin correlate very well with the levels measured in blood samples 
taken from the same patients before treatment and exposed to cisplatin in vitro 
(correlation coefficient, 0.91). This result bolsters our hope of developing a predictive 
assay for the efficacy of cisplatin as an аntineoplaatiс  agent in individual patients. 

Because cisplatin is often applied in five-day courses, we also studied the 1évels of 
Pt-GG adducts on consecutive days. The results for an individual patient are given in 
Figure 4, showing that over the first three days the number of adducts increased; no 
further increase was measured, however, after the infusions on days 4 and 5. To study 
whether Pt-GG adducts are still removed after repeated administrations, we also 
analysed blood samples taken the day after the final infusion: substantial removal had 
occurred (Fig. 4). We found higher amounts of adducts at day 5 than after the first 
treatment in blood samples from all patients tested, but the increase was rather 
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Fig. 3. Induction and removal of the main cisplatin-DNA adduct (Pt-GG) in white 
blood cells from six cancer patients suffering from different types of tumours after 
their first treatment with cisplatin at dosages of 20,30 or 100 mg/rn2 body area 
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The error bars represent the range of the data. At the start (t =1) of the 3-h infusion, no adduct could be 
detected in the samples (V). 

irregular. Variation between the patients was also observed with regard to the day at 
which the highest adduct level was reached. 

Cisplatin-DNA adducts in cultured human fibroblasts 
Because the variation in response of patients to cisplatin chemotherapy may be due 

in part to interindividual differences in the ability to repair damaged DNA, we studied 
the removal of cisplatin-DNA adducts in human fibroblasts. Cell lines from a `normal' 
person were compared with those from a Fanconi's anaemia (FA) patient and a patient 
with xeroderma pigmentosum (XP, complementation group A); such cells are very 
sensitive to cisplatin. The sensitivity of FA cells is assumed to result from insufficient 
capacity to repair interstrand DNA cross-links, and that of XP cells from deficient 
DNA excision repair. 

Identical cisplatin treatments resulted in approximately 50% more platination in 
FA fibriblasts than in normal and XP cells. In normal and FA cells, a substantial 
proportion of thé adducts was removed during a 4.5-h post-treatment incubation, in 
contrast to the XP cells which showed hardly any removal. Figure 5 shows the relative 
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Fig. 4. Level of Pt-GG adducts (mean t range) in white blood cells from a cancer 
patient on five successive days of cisplatiy treatment at a dose of 20 mg/т2 per day 
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Blood samples were taken immediately after the end of each administration and about 24h after the start of 
the final (5 à) 3-h infusion period (day 6). A control blood sample was taken before treatment (•, day 0) 

amounts of the main adduct, Pt-GG, directly after treatment (100%) and after 4.5-h 
and 22-h repair periods. Apparently, rapid removal in normal and FA cells is restricted 
to the initial period; the limited decrease seen after this period may be ascribed to 
dilution by DNA synthesis during the postincubation period (Bedford et aI., 1988). The 
same process might be responsible in part for the decrease seen in XP cells. The repair 
deficiency of XP cells is reflected in the persistence of the DNA adducts. Evidently, 
excision repair is the major pathway for the removal of Pt-GG adducts. It appears 
highly plausible that the persistence of the DNA adducts can be correlated with the 
extreme sensitivity of XP to cell killing by cisplatin. 

Fig. 5. Percentages of Pt-GG adducts originally induced (t =0; 100%) remaining 
in DNA of cultured human fibroblasts after repair incubation periods following 
cispiatin treatment at 19 tg/ml for 70 min 
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A, normal cells; В, FA cells; C, XP cells. Initial adduct levels: normal cells, 20 fmol/ug DNA; FA cells, 
30 fmol/цg DNA; XP cells, 22 fzпal/цg DNA 
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For FA cells, the relation is less clear. During the initial period of fast repair, the 
amount of adducts removed is similar to that in wild-type fibroblasts, but because of 
the higher levels originally induced, by 22h as many adducts remain as in XP cells, and 
this might be the cause of the high cytotoxicity of cisplatm for FA cells. The persistence 
of interstrand cross-links formed by cisplatin (Plooy et al., 1985) may also play a crucial 
role in the high sensitivity of FA cells. 

The results indicate that the cytotoxicity of cisplathi can be influenced to a large 
extent by the repair capacity of the cells under consideration. As the persistence of 
DNA adducts can give a fair reflection of this capacity, it appears worthwhile to study 
not only the levels of adduct induction in biological materials from cisplatin-treated 
patients, but also the rapidity of adduct removal. 

CispIatin-DNA adducts in cultured tumour cells 
In cancer chemotherapy, a wide variation has been observed among tumour types 

in response to cisplatin treatment. In order to study this phenomenon, a human 
bladder carcinoma cell line (RT112) and two cell lines derived from human germ-cell 
tumours of the testis (SUSA and 833k) have been investigated for the induction and 
repair of cisplatin-DNA adducts (Bedford et al., 1988). The RT112 cells are 
substantially less sensitive to cisplatin than either testicular cell line; the difference in 
cytotoxicity is about three to five fold, the SUSA proving the more sensitive. 

After cisplatin treatment of these three cell lines, all four cisplatin products were 
foimd in the DNA digests, Pt-GG being the major adduct. Figure 6 gives the amounts 
of the Pt-GG adducts in the cells immediately after exposure to cisplatin and after an 
18-h post-treatment incubation. The latter data have been corrected for dilution by 
DNA synthesis during this period (dilution factor, 0.7-0.8). 

After identical cisplati.n treatment, different Pt-GG levels were reached in the three 
cell lines which did not correlate with differences in cytotoxicity; these levels ranked 
SUSA c RT112 C 833k. After the post-incubation period, the ratio had changed to 
RT112 C SUSA = 833k. Iп  particular, the difference between the two sensitive 
testicular tumour cell lines is striking: in SUSA, the level of induction is relatively low, 

Fig. 6. Pt-GG adducts (mean f range) in cultured human bladder carcinoma 
(RT112) and testicular tumour (SUSA and 833k) cells after a 1-h exposure to 5 µg 
cisplatin/m1 (hatched bars) 

RT112 	sUSA 	 ВЭЭК  

The open bars represent the number of adducts after a subsequent 18-h post-incubation period. Data 
adapted from Bedford et al. (1987) 
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but these cells appear to be devoid of any repair activity; in 833k the induction is twice 
as high, but, owing to repair proficiency, after 18h the level has been reduced to the 
same value as in SUSA. The much less cisplatin-susceptible RТ112 cells are at an 
intermediate level with regard to adduct induction, but after the 18-h repair period 
fewer adducts remain than in the testis-derived cells. 

More extensive data will be needed on the persistence of the DNA lesions before a 
valid conclusion with regard to the relation with sensitivity to cisplatin can be reached. 
On the basis of the present information it appears likely that a difference in the 
capacity to process the original DNA adducts has an important influence on the 
susceptibility of cells to the cytosfatic action of cisplatin, a notion consistent with the 
results obtained with repair-deficient XP and FA cells. 

Conclusions 
With the currently available immuüchemical techniques and antibodies, it is 

possible to analyse the induction and repair of cisplatin-DNA adducts in a range of cell 
lines treated in vitro or in vivo with biologically relevant dosages of cisplatin. This 
opens new possibilities for gathering information about the mode of action of cisplatin 
on DNA. Knowledge about the formation of adducts and their repair may lead to the 
identification of the `antitumour lesion', and give insight into differences in cisplatin 
susceptibility between individuals, between tumour types, and between cisplatin-
sensitive tumour cells and their resistant daughter cells. Data on the behaviour of 
adducts in various tissues and organs might help to explain why certain sites are more 
susceptible to the undesirable side-effects of cisplatin than others. 

These research aims may be reali.z&l within the next few years if attempts in 
progress (Fichtinger-Schepman et al., 1986) to obtain (monoclonal) antibodies that 
recognize selectively arid sensitively adducts in DNA in single cells are successful, 
allowing analysis of large numbers of very small samples and discrimination of се11 
types in tissue slices. 
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A new approach has been developed to determine the levels of cisplatin in different 
blood compartments of treated cancer patients. The cisplahn content of plasma, 
plasma proteins, red blood cells aid white blood eel DNA can be measuredby 
atomic absorption spectroscopy (AAS). The approximate levels of cisplatin were 
10, 500 and 100 ng Pt/m1 blood in plasma, plasma proteins and haemoglobin, re-
spectively; in white blood cell DNA, the level of cisplatin was about 1 рg/ tg DNA. 
Preliminary data indicate that cancer patients have measurable amounts of cisplatin 
in their blood compartments. Furthermore, antibodies have been raised against 
cisplatin-DNA, with which 50% inhibition occurs at 50-100 fmol cisplatin. The 
detection limit is about 1-10 fmоl cisplatin/цg DNA. Enzyme immunoassay tech-
niques will be used to detect cisplatin-DNA adducts in white blood cell DNA of 
cancer patients. 

Cisplatin is used in the treatment especially of ovarian and testicular cancers 
(Einhorn & Donohue, 1977; Young et al., 1979). The mechanism by which it exerts its 
antineoplastic activity is associated with damage to DNA: it binds to DNA and 
produces both monofunctional and bifunctional adducts. A new approach has been 
developed to détermine the levels of cisplatin in different blood compartments of 
cancer patients. The cisplatin content of plasma, plasma proteins, red blood cells and 
white blood cell DNA can be measured by AAS. Furthermore, antibodies have been 
raised against cisplatin-DNA. 

Determination of cisplatin by AAS in dilferent blood compartments of cancer 
patients 

Blood samples from individuals receiving cancer chemotherapy were fractionated 
according to the scheme shown in Figure 1. Plasma and blood cells were separated 
from heparinized blood. The cisplatin concentration in red blood cells was measured in 
cells lysed with NH4C1; DNA was purified from white blood cells by RNase and 
proteinase treatment, phenol and chloroform/isoamyl alcohol extraction and ethanol 
precipitation. Unbound cisplatin in plasma was measured after ethanol precipitation of 
plasma proteins; protein-bound cisplatin was measured in the dialysate. 

Our preliminary results are based on 20 blood samples from patients with different 
types of cancer. The total dose of cisplatin varied with the treatment protocol but was 
between 60 and 180 mg. Blood samples were taken one to two days after the latest 
dose of cisplatin. Approximate levels found were 10, 500 and 100 ng cisplatin/ml blood 
in plasma, plasma protein and red blood cell fractions, respectively. White blood cell 
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Fig. 1. Determination of cisplatin in blood compartments 
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DNA contained a level of about 1 pg/цg DNA. The levels correspond well to values 
obtained previously with AAS (Knox et a1., 1986) and by immunoassay (Ficlatiпger-
5chepman et al., 1987), although the values reported by Reed et al. (1986) were lower. 
In the present study, several-fold increases in cisplatin content were detected in plasma 
protein and red blood cell fractions in treated cancer patients as compared to levels 
before treatment (data not shown). 

These preliminary results indicate that cancer patients receiving cisplatin chemothe-
rapy have measurable amounts of cisplatin in their blood compartments. This 
information could be used in monitoring cisplatin levels during chemotherapy. 

Development of enzyme immunoassay for detecting cisplatin-DNA adducts 
A sensitive enzyme-linked immunosorbent assay (ELISA) for detecting cisplatin-

DNA adducts has been developed, and polyclonal and monoclonal antibodies have 
been raised against cisplatin-DNA. Noncompetitive and competitive ELISA have been 
used to determine the specificity and sensitivity of these antibodies. 

Noncompetitive ELISA showed that antibodies against cisplatin-DNA react with 
native as well as heat-denatured, cisplatin-modified DNA (Fig. 2): the antibodies do 
not bind to control calf thymus DNA. The lowest amount that can be differentiated 
from control DNA is 100 pg cisplatin-DNA. Competitive ELISA was used to 

Fig. 2. Antigen titration using noncompetitive ELISA 
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Plates were coated with increasing amounts of control DNA or native (0) or heat-denatured (•) 
cisplatin-modilied DNA (the level of modification was 5.5%). The polyclonal antiserum against cisplatin-
DNA was added at a dilution of 1:80 000. Antigen-antibody reactions were determined by spectrometric 
measurement of the enzymatic product, p-nitropbenol. 
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Fig. 3. Inhibition of antibody binding to plate versus molar concentration of 
cisplatin as determined by competitive ELISA 
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Plates were coated with 10 ng cisplatin-modiIed DNA (the level of modification was 5.5%). In separate 
tubes, increasing amounts of cisplatin were mixed with anti-cisplalin-DNA antibodies (dilution, 1:80 000). 
The total amount of DNA was 10 ig/well. The mixtures were added to the plates aid percent inhibition was 
calculated. Antibody sensitivity is expressed as 50% inhibition. 

determine the sensitivity of the antibodies; 50% inhibition occurs at 50-100 fmol 
cisplatin (Fig. 3). The detection limit is about 1-10 fmol of cisplatiп/ tg DNA. 

Enzymatic degradation (nuclease Fi arid alkaline phosphatase; anion-exchange 
chromatography) of cisplatin did not improve the sensitivity of the antibodies directed 
toward cisplatin-DNA (Fig. 4) 

Our antibodies raised against cisplatin-rnidified DNA recognize the native confor-
mation of cisplatin-DNA better than enzymatically digested shorter segments of 
cisplatin-DNA. These data can be applied in raising antibodies against cisplatin-DNA 
adducts. Furthermore, this method can be used in detecting cisplatin-induced modifica-
tions in DNA of cancer patients receiving cisplatin chemotherapy. 

Fig. 4. Effects of enzymatic digestion of DNA on sensitivity of antibodies 
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Plates were coated with 10 0g cisplatLn-DNA per well. Native (•) and enzymatically digested cisplatin-DNA 
(л) as well as chromatographically purilied cisplatin-DNA adduct fraction (0) were used as inhibitors. The 
modification level of cisplatin-DNA was 1%. Enzymatically digested control DNA (Q) was also included. 
The dilution of anti-cisplatin.DNA was 1:80 000. 
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8-Methoхуpsorаlen (8-MOP) is a photonctivated drug used clinically in the treat-
ment of psoriasis and cutaneous T-cell lymphoma (CTCL). We have developed 
monoclonal antibodies which specifically recognize 8-MOP-modified DNA and do 
not cross-react with unmodified DNA or free 8-MOP. Highly sensitive, competitive 
enzyme-linked iinmunosorbent assays (ELISA) have been developed with both 
colour and fluorescence endpoint detection for quantification of DNA adducts in 
biological samples. In addition, immunofluorescence and flow cytometric techniques 
have been developed to visualize adducts in tissues and cells. These techniques have 
been validated in keratinocytes treated in culture and in animals treated in vivo 
with 8-MOP and ultraviolet A (UVA) light. Adduct levels have also been moni-
tored in skin biopsies and lymphocytes of patients with psoriasis and lymphoma. 

The combination of 8-MOP and UVA (320-400 nil), termed PUVA, is used 
clinically in the treatment of psoriasis, a hyperproliferative disease of the epidermis 
(Parrish et al., 1974). More recently, it has been used extracorporea1ly as a 
cytoreductive treatment in the 1eukaemic phase of CTCL (Edelson et al., 1987). PUVA 
patients hâve provided an ideal population for the development and validation of 
techniques to monitor human exposure to carcinogenic aid mutagenic chemicals by 
measurement of DNA adducts: high, well-defined doses are administered and 
unexposed controls are readily obtained. 

Psoralen photoreacts primarily with the thymines in DNA, forming both monoad-
ducts and interstrand cross-linked adducts (Song & Tapley, 1979; Ben-hur & Song, 
1984). We have developed a panel of monoclonal antibodies that specifically recognize 
8-MOP-modified DNA but not free psoralen or unmodified DNA (Sаntella et al., 
1985). Characterization of the most sensitive antibody, 801, indicated preferential 
reaction with the 4',5' monoadduct. A sensitive, competitive ELISA was developed to 
quantify levels of the adduct in biological samples. Details of the assay have been 
published (Sапtellа  et al., 1985; Yang et al., 1987): 96-micrаwell plates were coated 
with 10 ng of DNA modified in vitro with 8-MOP; antibody 801 was diluted 1:3 x 104 
and mixed with serial dilutions of standard in-vitro modified DNA or unknown before 
addition to the wells. Specific antibody binding to the well was quantified with a goat 
anti-mouse immunoglobin 0-alkaline phosphatase conjugate. For the colour ELISA, 
the enzyme substrate was p-nitrophenyl phosphate, and 50% inhibition occurred at 
17 fmol 8-MOP-DNA adduct. Alternatively, a fluorescent ELISA can be used in which 
the plates are coated with lower amounts (0.5 ng) of 8-MOP-DNA and the antibody 
diluted 1: 6 x 105. The substrate for alkaline phosphatase is 4-methylumbеlliferyl 
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Fig. L Level of 8-MOP-DNA adducts in lymphocytes after treatment in vitro with 
400 ng/nil ЗН  and increasing doses of UVA 
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Adduct levels were deterгniдed by ЗН  counting (V) or competitive ELISA (■,•) with antibody 801. 

phosphate, and this assay has 50% inhibition at 4 fmol adduct. Since 50 ug of DNA can 
be assayed per microwell, one adduct in 108 normal nucleotides can be detected. 

To validate the ELISA, lymphocytes were treated with 400 ng/m1 ЗН-8-MOP and 
increasing doses of UVA. DNA was isolated from the cells and assayed for adducts by 
competitive ELISA and scintillation counting. The two techniques provided similar 
data and indicate a UVA dose-dependent increase in adduct level (Fig. 1). 

lmmiinolliiorescence detection of 8-MOP-DNA addicts 
We have also developed techniques for visualizing 8-MOP-DNA adducts in tissue 

samples by immunofluorescence techniques (Yang et al., 1987). Antibody 9D8 
(Sапtеllа  et al., 1985) was found to be the most sensitive for these studies. Initially, 
human keratinocytes were treated with 0.25-10 ц  g/m1 8-MOP and 12 7/cm2 UVA. 
Ethanol-fixed cells were treated with RNase A to eliminate potential cross-reactivity 
with RNA adducts, and with proteinase K to release proteins from the DNA to 
enhance antibody binding. This was followed by treatment with 4 N IC! to denature 
the DNA in situ and increase sensitivity. Specific nuclear staining could be detected at 
all concentrations of 8-MOP tested. With treatment above 2.5 tгg/m1 8-MOP, nuclear 
staining was homogeneous (Fig. 2A). Below 0.5 'g/ml 8-MOP treatment, staining was 
granular and weaker. No staining of the cytoplasm was detected. Controls, including 
cells treated with dimethyl sulphoxide and 8-MOP-treated cells stained with nonspecific 
antibody or treated with DNase before staining, were all unstained. DNA was isolated 
from cells in a number of samples and the level of adducts measured by ЗН  and/or 
competitive ELISA. Table 1 indicates that the lowest level of 8-MOP treatment that 
results in positive immunofluorescence staining is 0.25,ug/m1. This treatment cor-
responds to 9 fmol adduct/цg DNA or 2.9 adducts(106 nucleotides. More recently, we 
have used photon counting immunofluorescence to increase the level of sensitivity over 
that of conventional immunofluorescence. Keratinocytes were treated with lower doses 
of 8-MOP and fluorescence measured after staining. Figure 3 gives relative fluores-
cence intensity (the average of measurements on five single cells) as a function of 
8-MOP treatment. With this technique, it is possible to detect adducts after treatment 
with 10-100 ng/m1 8-MOP. 

Animals were also treated in vivo with 8-MOP by either intraperitoneal or 

0+- 
0.0 
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Fig. 2. Immunofluorescence вtаiпing of human keratinocytes treated with 10 µg/л  l 
8-MOP and 12 J/cm2 UVA (A) and skin from mice treated intraperitoneaiiy with 
30 tg/g 8-МОР(В). 

Fixed slides were treated with proteinase K, RNase and 4 N ICI before staining with апti-8-MOP-DNA 
antibody (9D8, 1:100 dilution). Goat anti-mouse immunoglobulin G-fluorescein-conjugated antibody was 
used at 1:40 dilution. 

Table 1. immunuIuorescence staining and 8-MOP-DNA adduct levels 

Sample Dose Relative jrnmuno- 8-MOP-adduct 
fluorescence level (fmol adduct/ 

8-MOP UVA staining цg DNA) 
(/ 2) 

эI~ 	ELISA 

in vitro 
human keratinocyte 2.5 	g/ml 12 + + + 103 + 1 	104 t 31 
human keratinocyte 0.5 	g/ml 12 + + 23 ± 1 	39 t 2 
human keratinocyte 0.25 цg/тп1 12 + 9±6  
human keratinocyte 0 12 

in vivo 
mouse skin intradermaliy 100 цg/ст2 12 + + 59 + 9 
mouse skin intraperitoneally 30 sg/g 12 + + 32 f 7 
human skin topically 75 g/cш2 22 + + + 
human skin orally 0.6 mg/kg 9 + 
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Fig. 3. Relative fluorescence of keratinocytes treated with increasing doses of 
8-MOP and 12 J/eт2 UVA 
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Fluorescence in five individual cells was measured by photon counting, and data are expressed as mean 
f SD. 

iпtradermal injection, followed by skin irradiation (Table 1). Immunohistochemicаl 
staining of cryostat sections of skin from a mouse treated intraperitoneally with 30 tg 
8-МОР/g body weight indicated that the adducts were localized mainly in the 
keratinocytes of the epidermal layer (Fig. 2B). DNA isolated from the skin sections 
contained adducts at a level of 32 fmol/!~g DNA when measured by ELISA (Table 1). 

In order to develop the immunofluorescence technique for use on human samples, a 
volunteer received 8-MOP (30 µ1 0.1% solution/4 cm) topically, and a 4-mm punch 
biopsy was removed after 30 min. This biopsy was then irradiated ui vitro with 2 or 
22 J/ст2. Fixed 4-цт  sections were stained with antibody 9D8 without acid denaturing 
or enzyme treatment and the slides incubated with goat anti-mouse immunoglobuhn 
G-fluorescein-conjugated antibody. Specific nuclear staining was visible in the stratified 
squamous epithelium of the epidermis (Fig. 4A). No staining was visible in the 
cytoplasm or the dermis. A control, treated with nonspecific antiserum and fluorescein-
conjugated second antibody, was not stained (Fig. 4B). 

Flow cytometric methods for 8-MOP-DNA adduct detection 
Flow cytometry is a convenient method for the detection and quantification of 

cellular antigens. We have adapted these techniques for use with 8-MOP-DNA 
antibodies. Simultaneous measurement of adducts with lluorescein-labelled antibodies 
and of cellular DNA content with propidium iodide was possible. initial studies were 
done with human keratinocytes treated in culture with 8-MOP and UVA. Cells were 
fixed in 70% ethanol then treated with RNase A, proteinase K and 1.5 N IC! before 
staining with specific antibody 9D8 and fluorescein-conjugated goat anti-mouse 
immunoglobulin G. Finally, cells were incubated with propidium iodide (Dolbeare et 

al., 1983) to measure DNA content and analysed with a Becton Dickinson FACS IV 
flow cytometer. With this approach, cell size can be determined from the scattered 
light (Fig. 5A and D), the level of 8-MOP-DNA antibody binding from the fluorescein 
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Fig. 4. Immunopuorescence staining of a human skin biopsy from a volunteer 
treated topically with 8-MOP and biopsied 30 min later 

1~ 

The biopsy was irradiated in vitra with 22 J/cmZ. Fixed 4-µт  sections were stained directly with antibody 
9D8 (1:10) and goat anti-mouse IgG-fluorescein antibody (1:14). (A) Biopsy stained with specific antiserum; 
(B) biopsy stained with nonspecific antiserum 

Fig. 5. Flow cytometric analysis of human keratinocytes treated with 1 лg/m1 
8-MOP and 12 J/cmг  UVA 

A 	CELL 517.E 	~E 	FLHOttEECE[N 	B 1' C 	PROPICUM TOD ФL 
(8-MOI-'--DNA) 	 (DNA CONTENT) 

E lF 

Fixed cells were treated with RNase, proteinase K and 1.5 N ICI before staring with antibody 9D8 (A—C) 
or nonspecific serum (D—F). In panels A and D, cell size is monitored by relative light scattering, B and E 
give fluorescein content, a measure of g-MOP-DNA levels, and C arid F, propidium iodide content, a 
measure of DNA content. 
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levels (5B and E) and relative DNA content from the propidium iodide content (5C 
and F). Cell size and DNA content do not change after treatment with 1 ug/m1 8-MOP 
and 12 J/czn2. The characteristic DNA content profile has an initial peak corresponding 
to cells in G1, while cells with the highest DNA content are those in G2 and M. CeI1s 
in S appear between these two peaks. In contrast to the results on cell size and DNA 
content, cells treated with 8-MOP have much higher mean fluorescein levels (relative 
fluorescence, 71, Fig. 5B) than control cells (relative fluorescence, 17, Fig. 5E). 
Currently, the lowest level of 8-MOP treatment that can be detected by flow cytometry 
is 1 g/m1 and 12 J/ст2, which generally produces about one adduct/105 nucleotides. It 
should be possible to improve these sensitivities with biotin-streptavidin-labelled 
fluorescent probes. While improved sensitivities would be necessary for monitoring 
adducts in human lymphocytes, current levels may be applicable to animal studies. 

Detection of 8-MOP-DNA adducts in psoriasis patients 
PUVA treatment of psoriasis patients is carried out by oral administration of 

8-MOP followed 2h later by UVA irradiation of the skin. We have obtained skin 
biopsies and blood samples from five patients within 20 min of UVA treatment. 
Treatment history varied from 27 to 186 previous treatments. Three out of five skin 
biopsies were found to show weak positive staining when tested with 8-MOP-DNA 
adduct specific antibody. On the basis of the limits of sensitivity of the immunofluores-
cence technique, determined from the keratinocyte studies, these positive samples 
probably contain around one adduct/106 nucleotides. 

Differences in skin DNA adduct levels between patients could be due to differences 
in the levels of free 8-MOP circulating in the blood at the time of exposure to UVA. It 
is known that after oral administration of 8-MOP, plasma levels can vary depending on 
individual rates of absorption and excretion (Herfst & DeWolff, 1983). Plasma levels of 
free 8-MOP were, therefore, measured by solid-phase absorption of the drug, followed 
by quantification by high-performance liquid chromatography, and found to range from 
17 to 104 g/m1. Drug plasma levels were not, however, related to positive iii-
munotluorescence, since the patient with the highest plasma level of free 8-MOP did 
not show detectable immunofluorescence. Perhaps other factors, such as variation in 
DNA repair or in skin pigmentation, which influence UVA absorption, affect the 
extent of DNA adduct formation. 

We were also interested in determining whether 8-MOP-DNA adducts could be 
detected in circulating lymphocytes of psoriasis patients. Previous studies indicated that 
patients undergoing PUVA therapy for one to six years have a small but statistically 
significant increase in levels of sister chromatid exchange in their peripheral lymph-
ocytes (Bredberg et al., 1983). Another study demonstrated an increased level of 
mutant lymphocytes in SUVA patients (Strauss et al., 1979). These studies suggest that 
a significant fraction of administered UVA radiation can reach the peripheral 
lymphocytes. To determine whether 8-MOP-DNA adducts could be measured in the 
lymphocytes of psoriasis patients given PUVA therapy, DNA was isolated from the 
white blood cells of the five patients and assayed by competitive ELISA with 
fluorescence detection (Santellа  et al., 1986). All samples gave negative results, 
indicating that the level must be below one adduct in 10B nucleotides, the limit of 
sensitivity of the assay. Lymphocytes are exposed to approximately 1-5% of the skin 
surface dose of UVA (Kraemer & Weinstein, 1977); prolonged treatment results in 
skin pigmentation, which may decrease the effective UVA dose. Since we estimate that 
the level of DNA adducts in the skin of treated patients is about one adduct/106 
nucleotides, adduct levels in lymphocytes would be expected to be less than оnе/1О8. 
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Detection of 8-MOP-DNA adducts in CTCL patients 
Recently, the use of PUVA has been extended to the treatment of CTCL patients; 

during the leukaemic phase of CTCL, PUVA is used as a cytoreductive treatment. 
Patients take 8-MOP orally and 2 h later are attached to a leucophoresis apparatus for 
separation of lymphocytes. These cells, about 20% of the total lymphocytes, are mixed 
with the 8-MOP-containing plasma of the patients and irradiated in vitro; the cells are 
then reinfused into the patient. This treatment has given a positive response in 27 of 37 
patients (Edelson et al., 1987). To monitor 8-MOP-DNA adducts in CTCL patients, 
lymphocytes were obtained for DNA isolation from the photopheresis apparatus after 
irradiation aid before reinfusion. Adduct levels in ten patients were easily quantified 
by competitive colour ELISA and found to range from 0.1 to 15 adducts/106 
nucleotides. We have also followed the levels of adducts in patients during repeated 
treatments. These studies are complicated, however, by the variable number of 
previous treatments and the fact that only 20% of the lymphocytes are irradiated 
during any one treatment cycle. We are currently enrolling new patients and will obtain 
blood samples from the patients several hours after reinfusion of irradiated blood 
instead of from the photopheresis apparatus. 

Conclusion 
These studies demonstrate that monoclonal antibodies that recognize 8-MOP-DNA 

adducts can be used in highly sensitive immunoassays to quantify levels of adducts in 
animals and humans. In addition, immunofluorescence techniques allow visualization 
of adducts in specific cell types and tissues. 

Psoriasis patients treated with PUVA have a ten-fold elevated risk for cutaneous 
squamous-cell carcinoma (Stern et al., 1984). Our studies demonstrate that PUVA 
treatment results in detectable levels of 8-MOP-DNA adducts in the skin of psoriasis 
patients in the range of one/1О6. These adducts may be related to the elevated risk of 
skin cancer in these patients. No adduct could be detected in the circulating 
lymphocytes of these patients. In contrast, high levels of adducts were detected in the 
lymphocytes of CTCL patients undergoing extracorporeal photopheresis. This is not 
surprising, since lymphocytes are irradiated in vitro during this treatment. 

DNA adduct detection may be of use to clinicians in determining what level of 
adduct formation is required for therapeutic effect and for adjusting the dose of 8-MOP 
and UVA to maximize clinical response and minimize potential risk. In addition, 
biological monitoring of PUVA patients may help in our understanding of the 
relationship between adduct levels and tumour induction relevant to other carcinogens. 
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Immunological assays for DNA photoproducts, which have been in use for a 
number of years, provide а  rapid means for quantifying photodamage in DNA. 
Radioimmunoassays (RIA) are capable of measuring photoproducts in microgram 
quantities (1-10 µg) of DNA extracted from biological samples, e.g., animaI skin or 
cultured cells. We have refined an indirect enzyme-linked immunosorbent assay 
(ELISA) for the analysis of cyclobutadithymidine (T-T) photoproducts in nanogram 
quantities (3-100 ng) of DNA. T-T photoproducts were detectable in 30 ng DNA 
irradiated with a minimum of 10 Jim2 of 254 nm ultraviolet light (UV). The 
efficiency of T-T induction in DNA was approximately 4000-fold lower per unit dose 
using a solar-simulating UV radiation source (290-400 urn) than with 254 inn radia-
tion. The assay was used to measure T-T photoproducts induced by solar-simulated 
UV radiation in hamster skin and human skin and should be useful for the routine 
analysis of photoproducts in small amounts of DNA (500-1000 ug) available from 
human skin biopsies. 

Immunological assays for DNA photoproducts provide a rapid, simple approach to 
assessing DNA daniage caused by UV radiation. Antibodies specific for DNA 
photoproducts have been used in RIA, direct ELISA and immunofluorescent assay 
(IFA) to quantify these photoproducts in cultured cells or animal skin (Strickland, 
1985). In the present study we have determined optimal conditions for a competitive 
(indirect) ELISA to measure photoproducts in nanogram quantities (3-100 ng) of 
DNA. 

Monoclonal antibody 
Characterization of monoclonal antibody UVssDNA-1 (Stricklапd & Boyle, 1981) 

by RIA (Fig. 1 and unpublished) indicates that it is specific for cyclobuta-T-T arid does 
not cross-react with cytosine containing cyclobutadipyrimidines (C-T or C-C). The 
antibody binds to T-T within an oligonucleotide sеqueпce at least four nucleotides 
long. This is consistent with the size of the binding site for other antibodies to DNA 
moieties and is slightly smaller than the approximate size (3 nm) of . the im-
munoglobulin combining site (Kabat, 1976). 

ELISA for T-T photoproducts 
Costar 96-well culture clusters were prepared by drying 100 ц1 phosphate-buffered 

saline (PBS) containing 3 ng UV-irradiated (1000 ]/mz, 254 nm), heat-denatured calf 
thymus DNA in each well (16 h/37°C). Prior to use, plates were incubated (1 h137°C) 
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Fig. 1. Antibody specificity 
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Inhibition of antibody binding to З1-labelled UV-irradiated DNA (100 ng) by defined sequence tetranucleo-
tides (5 zg) irradiated with indicated UV doses. RIA performed as described by 5trickland and Boyle (1981). 
The antibody binds specifically with photoproducts formed by adjacent thyniidines and does not cross-react 
with cytosine-containing photoproducts. 

with 200 il/well of 30 тМ  PBS containing 1% bovine serum albumin (В5А) and 
15 ng/m1 of unirradiated calf thymus DNA to block nonspecific antibody binding. 
Wells were emptied and washed four times with 30 mM PBS. Experimental DNA 
samples (3-100 ng/50 ц1) or DNA standards containing known amounts of photo-
products were premixed with monoclonal antibody (1 ng/50 ц1) specific for T-T and 
immediately added (100 цl/well) to microtitre plates (5 wells per sample) and 
incubated (30 min/37°C). After washing three times with 30 mМ  PBS containing 1% 
BSA and 0.05% Tween 20, anti-mouse imniurioglobin G-peroxidase conjugate 
(Biorad, 100 jtl of 1; 500 dilиtiоn) was added and incubated (1 h/37°C). After washing 
wells four times with РВS/BSA/Tween, 100 il euzyme substrate (0.2% o-phenyl-
enediamine and 0.002% 1202) were added and incubated (1 h/37°C). The reaction 
was stopped by adding 3 М  Н2SO4 and the absorption at 495 rim measured with a 
Cambridge Technology plate reader. Percent inhibition was calculated from quintupli-
cate wells as follows: 

Percent inhibition = 100 x (Е2 — Е1)/(Е2 — Е3), 

where Е1 is the average OD495 of the wells containing inhibitor; ЕZ is the average 
OD495 of the wells without inhibitor (0% inhibition); and Е3 is the average OD495 of 
the wells without antigen (100% inhibition). 
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Fig. 2. ELISA standard curve 
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Inhibition of antibody binding to immobilized UV-inadiated DNA (3 ng) by DNA (30 ag) irradiated with 
indicated doses of 254 iii or solar-simulated UV radiation. ELISA performed as described in text 

Photoproduct measurements 
The competitive ELISA was optimized for analysis of T-T in small amounts of 

DNA, and a standard curve was generated using DNA irradiated with 254 rim UV 
radiation (Fig. 2). Using 30 ng inhibitor DNA, T-T induced by 3-10 7/т2 of 254 пт  
UV were detectable. This corresponds to 0.03-0.1 T-T per kilobase (kb) as deter-
mined by paper chromatography of hydrolysed radiolabelled DNA or high-
performance liquid chromatography of unlabelled DNA. DNA irradiated with a 
solar-simulating light source (290-400 am) was also assayed by competitive ELISA. 
This light source produced T-T photoproducts approximately 4000 times less efficiently 
than 254 um UV (Fig. 2). 

Fig. 3. T-T induction In hamster skin irradiated with solar UV 
0.70 

0.60 

0.50 

д  
- 0.40 
`m a 

0.30 

0.20 

0.10 

0.00 

Solar UV fluence (kJ/m2) 

Cyclobuta T-T per kb of DNA in hamster skin was determined by ELISA. Hamster skin was irradiated in 
vivo with indicated doses of solar UV and DNA extracted and analysed as described in text 
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Syrian hamsters were irradiated with the solar simulating light source (0, 40, 80, 
120, 160 kJ/т2) following removal of dorsal hair with electric clippers. Dorsal skin 
samples were collected at 0 h and 24 h after irradiation and the epidermis removed. 
High-molecular-weight DNA was extracted from isolated epidermis with phenol and 
chloroform/isoamyl alcohol (Maniatis et al., 1982). and analysed by ELISA. T-T were 
induced at a rate of 3.8 x 10-3 T-T per kb per k'i/m2 by solar radiation (Fig. 3). At 
24 h after irradiation, 0-35% (average, 20%) of T-T remained in extractable DNA 
(data not shown). Preliminary measurement of T-T in human skin samples irradiated 
with solar radiation (18 kJ /т2) and cultured in vitro indicates that 0.013 T-T per kb 
were induced per k7/т2 and complete loss of photoproducts within 24 h. 

Future studies 

Future studies will focus on induction and persistence of T-T and other photo-
products in human skin exposed to simulated or natural solar radiation. Photoproducts 
will be examined in (i) surgical skin samples exposed in vitro, (ii) skin biopsies 
obtained from individuals exposed experimentally to solar radiation, and (iii) skin 
biopsies from individuals exposed occupationally to natural sunlight. This approach will 
allow us to obtain information оп  individual repair efficiences in vivo and in vitro. 
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Several recent and major advances in the technology aF mass spectrometry (MS) 
have greatly promoted use of this technique for the study of the interaction of 
alkylatmg agents with biomolecuies. MS, ni combination with gas . chromatography 
(GC), may now be used to quantify adducts of carcinogens with proteins at levels 
down to 20 pmol/g protein. Soft ionization techniques have proved invaluable in 
determining the structure of carcinogen adducts with both DNA and proteins, and 
the newly developed tandem MS promises to be of considerable use in the 
characterization of complex carcinogen adduct mixtures. 

In recent years, there has been a dramatic upsurge in the use of MS as a biological 
tool, owing to several major technological advances which have transformed the scope 
of the technique for biomolecular study. These include (i) fast atom bombardment 
(FAB) (an ionization technique for polar molecules); (ii) high-performance liquid 
chromatography (HPLC)-1s interfaces, which allow the direct transfer of materials 
from an HPLC separation into the MS; (iii) supercritical fluid chromatography 
(sFC)-1s, which provides a complementary technique to GC-MS and HPLC-MS for 
analysis of moderately polar compounds which are thermally labile or of relatively high 
molecular weight; and (iv) tandem mass spectrometry (MS-MS), in which ions 
separated by an MS are then fragmented for structural study in а  second, hiked МS. In 
parallel with these developments there have been great improvements in magnet 
technology and MS resolution allowing the transmission, resolution and mass measure-
ment of ions of mass as high as 15 000 at full accelerating voltage. 

In this paper, the application of FAB, high-resolution selective ion monitoring and 
МS-M5 in the identification and quantification of carcinogen adducts in biomolecules is 
discussed. 

Structure determination of adducts of carcinogens with nucleic acids and proteins 
using FAB 

A powerful technique was added to the methods available for structure determina-
tion with the introduction of FAB (Barber et al., 1981; Surman & Vickerman, 1981). 
In this mode of ionization, the sample is dissolved in a relatively nonvolatile solvent 
(e.g., glycerol, thioglycerol) and is bombarded by a beam of atoms, normally of xenon 
or argon. 5imilar liquid secondary ion MS has been carried out using a beam of 
caesium ions. Samрlе  ions are expelled into the МS source from the surface of the 
solution. There is no requirement for the sample itself to be volatile, and excellent 
spectra, often containing intense molecular ions (MH+ in the positive ion mode or 
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Fig. 1. Examples of adducts of alkylating agents with proteins or nucleic acids 
where FAB M5 has been used in structure elucidation 
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I, Peptide from 4-aminobipheпy]-гat serum albumin adduct (Skippеr et at., 1985); II, aflatoxin B, adduct 
with lysine in rat serum albumin (Sabbioпi et a1., 1987); III, cross-linked adduct of reductively activated 
mitoinycin C with DNA (Tomasz et al., 1987); IV, adduct of dehydrогetrоneсme with deoxygeanosine 
5'-monophosphate (Wickramanayake et a1., 1985); d-Rib, 2'-dеoxyribose 

M—H- in the negative ion mode), may be obtained from many polar molecules, e.g., 
peptides and nucleotides. 

The interaction of the carcinogen 4-аmiпobiphenyl with rat serum albumin was 
investigated by Skipper et a1. (1985) using positive-ion FAB of a peptide after pronase 
digestion of the carcinogen-modified protein. The protonated molecular ion (riz 655) 
that was observed indicated that the amine was acetylated and covalently bound to the 
tryptophan residue of a tetrapeptide, Ala Trp Ala Val (structure 1, Fig. 1). More 
recently, the adduct of afiatoxin В1 with rat serum albumin, isolated after pronase 
digestion of the protein, was shown by positive FAB to have a molecular weight 
corresponding to a conjugate with lysine together with a loss of the elements of water 
from the molecule (Sabbioni et al., 1987). The structure (II), deduced from MS, 
ultraviolet and nuclear magnetic resonance data, is shown in Figure 1. 

Nucleic acid adducts may similarly be identified by FAB MS. Two recent examples 
are the cross-linked adduct with DNA produced by mitomycin C after reductive 
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Fig. 2. FAB MS (xenon) of the major cross-linked DNA product formed by 
melphalan (glycerol matrix) 
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Instrument conditions: VG70-SEQ; accelerating voltage, 8 kV; resolution, 1000 

activation (III, Fig. 1) (Tomasz et al., 1987) using FAB (xenon), and the nucleoside 
and nucleotide adducts of dehydroretronecine (an alkylating agent thought to be 
associated with the toxic action of some naturally occurring pyrrolizidine alkaloids), 
where Cs+ ion bombardment was used (e.g., IV, Fig. 1) (Wickramanayake et al., 
1985). 

We have recently investigated the nature of the DNA cross-linked product 
produced by the bifunctional alkylating agent melphalan (P.D. Lawley, M. Tiiby and 
P.B. Farmer, to be published). The molecular ion region of the purified major 
cross-linked adduct is shown in the positive FAB spectrum in Figure 2, confirming the 
conclusion (also based on ultraviolet spectral data) that the compound is a bis(7-
guaninyl) adduct (V). We obtained similar results for the analogous product from 
nitrogen mustard(HN2)-treated DNA. 

Thus, FAB is of great value in identifying the exact nature of carcinogen adducts 
within macromolecules, although to date these adducts have not been monitored in 
exposed humans, owing partly to the fact that FAB MS requires a relatively large 
amount (often in the microgram range) of pure analyte. However, the analysis of 
mixtures may now be considered either with HPLC-MS interfaces (which often give q 
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FAB-like mass spectra) or with collision-induced decomposition techniques (see 
below). The use of selective ion monitoring with either of these techniques may 
provide a suitable approach for identifying and quantifying human carcinogen 
exposures. 

Quantitative procedures using selective ion monitoring 
Quantitative procedures for measuring carcinogen adducts with 1ЙS have invariably 

been carried out by selective ion monitoring techniques on compounds eluted from GC 
columns. In these procedures, an ion specific for the compound of interest is 
monitored, and quantification is carried out by comparing the intensity of this ion signal 
with that for an analogous ion from an internal standard. This is the most sensitive 
form of 1ЙS and allows detection, per GC injection, of adduct amounts as low as 1 pg. 
Two recently developed GC-MS methods exemplify the use of selective ion monitoring 
for detecting carcinogen exposure. The adducts of metabolically activated aromatic 
amines with cysteine in haemoglobin may be identified following basic hydrolysis of the 
protein, which yields the free amines. These amines may be analysed, after 
derivatization, by negative-ion chemical ionization GC-MS. Using this technique, 
Stillwell et al. (1987) showed that adduct levels of 4-aminobiphепуl, 2-пaphthуlamine 
and o- and p-toluidine were higher in smokers than in nonsmokers. A second method, 
which may be advantageous for determining the spectrum of alkylations at the 
N-terminal position of haemoglobin, is the modified Edman degradation procedure 
designed by Tdrngvist et al. (1986). In this procedure, alkylated adducts at the 
N-terminal valine of haemoglobin are cleaved from the protein chain by reaction with 
pentafluorophenylisothiocyanate, and the resulting pentalluorophenylthiohydantoin 
can be analysed by negative-ion chemical ionization GC-1S. Exposure to ethylene 
oxide, propylene oxide, styrene oxide, methylating and other low-molecular-weight 
alkylating agents could be identified and determined by this technique. 

The main concern with analyses carried out at the high level of sensitivity required 
for adduct detection relates to their selectivity, i.e., are the ions that are being 
monitored really derived from the adduct to be determined? Firstly, it is essential to 
use a chromatographic system of the highest available resolution, and only capillary 
GC columns should be considered. Secondly, for the mass spectral determination, it is 
generally true that the higher the mass monitored the less likelihood there will be of 
contamination from other components. Thus, the use of soft ionization techniques, 
which promote the intensity of molecular ion species in the mass spectra, is also to be 
recommended for increasing the selectivity of the analysis. Furthermore, any remaining 
contamination to the ion being monitored for the carcinogen adduct may effectively be 
eliminated by increasing the mass resolution of thé MS, as the ions due to any 
impurities will generally have different formulae (and hence different accurate masses) 
from the adduct ion. Consequently, less purification of the adduct may be required 
prior to its analysis. 

An example of this approach for the analysis of exposure to acrylamide is shown in 
Figure 3. The monitored adduct, derived from an acid hydrolysate of acrylamide-
exposed haemoglobin, is 2-carboxyethylcysteine, which is converted to its bismethyl 
ester heptafluorobutyryl derivative for GC-MS analysis, and quantified using a 
trideuterated internal standard (Bailey et al., 1986). Electron impact selective ion 
monitoring yields GC-MS traces of extreme complexity, prompting the use of chemical 
ionization (isobutane) for the analysis. However, as can be seen in Figure ЗA, the 
analysis is not selective at low mass resolution even in chemical ionization, as other 
components contribute to the riz 386 peak being monitored for 2-carboxy-
ethylcysteine. Increasing the mass resolution to 10 000 (Fig. ЗB), however, results in a 
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Pig. 3. A, Low mass resolution (1000) selective ion monitoring (m /z 386) of the 
bismethyl ester heptafluorobutyryl derivative of 2-carboxyethykysteine from haemo-
glohin exposed to acrylamide. B, Equivalent high mass resolution (10 000) selective 
ion monitoring trace 
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Time (min) 

Instrument conditions: VG70-SEQ; chemical ionization (isobutane) accelerating voltage B kV; 25 m x 
0.32 mm GC column coated with OV1; on-column injector, 70°C/miп, 30°C/min to 290°C 

specific analysis for the adduct. An analysis at this resolution of 2-carbохуеthylcysteiпe 
from the globin of a worker exposed to acrylamide is shown in Figure 4. 

Identification of alkylating agents after unknown exposures using Ms-Ms 
The methods described above depend for their success on a prior Knowledge of the 

nature of the alkylating species involved in the exposure. In practice, this is frequently 
not the situation, and techniques are therefore required for identifying ипknowп' 
genotoxic compounds, in particular following exposures to complex mixtures of 
substances such as cigarette smoke or urban pollution. 

A technique of exceptional promise for analysis of complex mixtures of carcinogen 
adducts is Ms-Ms, in which an ion from the sample mixture is selected and focused 
through an MS into a collisiоn cell filled with a gas at low pressure (e.g., argon or air). 
Fragroe Ls resulting from this collision are passed into, and scanned by a second MS 
(`collision spectra'). High mass resolution may also be used in the first MS to increase 
the selectivity of the ion focusing and eliminate contaminants. Thus, components jn 
complex mixtures may be analysed directly without any, or with only minimal, 
purification by prior chromatographic separation. The technique may also be used in 
reverse, i.e., a single fragment ion may be focused in the second MS, and the lust МS 
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Fig. 4. High mass resolution (10 000) selective ion monitoring GC-1s trace of 
2-саrboxyethylсysteine from the haemoglobin оf a worker exposed to acryIamide 
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A, in(z 386 for the bismethyl ester hepta$uorobutyryl derivative of the adduct; B, m/z 389 for the 
дэ-labelled internal standard. Instrument conditions as in legend to Figure 3 

may be scanned to determine what ions have fragmented iп  the collision cell to yield 
the chosen fragment (`parent spectra'). 

We are now exploring the potential of MS-MS using collision-activated fragmenta-
tion for the identification of 7-аlkylguаnines in human urine to monitor unknown or 
complex exposure situations, e.g., to carcinogens from dietary sources or from smoke. 
7-A1kylguanines formed during exposure to carcinogens are liberated from nucleic 
acids, and their urinary excretion has been used to monitor exposure to methylatmg 
agents (Farmer et al., 1986) and to allatoxin B1 (Autrup et al., 1985; Groopman et a1., 
1985). 

Our analyses are carried out using a VG70 SEQ M5 with electron impact or FAB 
for sample ionization and air as the gas in the collision cell. 7-Methylguaпine, which 
is a natural constituent of urine arising from t-RNA turnover, may be identified 
directly in a sample of urine by the collision spectrum of its molecular ion (т/z 165) 
(Fig. SA); identical spectra are obtained to those of an authentic sample (Fig. SB). For 
the higher alkylated guanines, 7-еthylguаninе  and 7-(2-hydrоxyethyl)gиаniпе, the 
collision spectra from the molecular ions (179 and 195, respectively) contain the 
common fragment mhz 151 (guanine+), and we are now investigating the possibility 
that this ion might be a useful marker for these and other alkylated guanines. Parent 
ion spectra for the ion at riz 151 from a purine fraction isolated from a 25-ml aliquot 
of human urine by a simple silver nitrate precipitation procedure, revealed several 
ions, including predominantly mix 179, 180 and 195 (Fig. 6). The identity of the 179 
and 195 peaks is under study in an attempt to cmliii their structures as 7-ethyl and 
7-hydroxyethy1gaannes. The peak at mhz 180 appears to be due to theophylliin or its 
isomers theobromine aid paraxanthine. The identity of the remaining peaks which may 
be derived from 7-аlkylguаnines is also being investigated. 
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Fig. 5. A, Collision activated decomposition spectrum of the molecular ion (m/z 
165) of 7-methylguаnine in human urine; B, collision activated decomposition 
spectrum of the molecular ion (in /z 165) of authentic 7-methylguaиine 
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Iпstrшneпt conditions: V070-3EQ; electron impact; resolution 1000; accelerating voltage, 8kУ; collision 
gas, air; collision energy, 120 eV 
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Fig. 6. Parent ion scan of riz 151 for a punie fraction isolated from human urine 
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Instrument conditions as in legend to Figure 5 

Conclusion 
Iд  addition to MS techniques, procedures used to monitor exposure to carcinogens 

by examining adduct formation have included immunoassay, DNA postlabelling and 
HPLC coupled with ultraviolet or fluorescence measurements. Although MS has the 
advantage over these techniques that it identifies unequivocally the chemical nature of 
the adduct, it has the disadvantage of great expense and slow sample throughput. For 
monitoring purposes, therefore, perhaps less complex techniques (e.g., immunoassay) 
should be used, whereas MS should be considered as the reference analytical method 
for confirming the specificity and selectivity of these more routine techniques. 
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PENTAFLUOROBENZYLATION OF ALKYL AND 
RELATED DNA BASE ADDUCTS FACILITATES THEIR 
DETERMINATION BY ELECTROPHORE DETECTION 
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The DNA addict O°-ethylthymiпe can be aikylated under mild conditions with 
pentafluorobenzyl bromide. The product has good gas chromatographic characteris-
tics and also forms a structurally characteristic anion in high yield when subjected to 
electron capture mass spectrometry. Related adducts for other DNA bases behave 
similarly. These properties stimulated us to develop a general analytical method 
based on the derivatization reaction. Important for this method is an oxidation-
elimination reaction that mildly releases a base from a nucleoside. Thus, a general 
analytical method based on pentaluorobenzylation is now available for determining 
many alkyl and related DNA adducts. 

Electrophore postlabelling is an emerging technique for quantifying DNA adducts. 
Typically in this technique, the DNA adduct is first isolated as a modified base or 
nucleoside and then derivatized with an electrophore. After interferences are removed, 
e.g., chromatographically, the derivatized adduct is quantified by electrophore 
detection. The latter step may comprise electron capture detection (ECD) or electron 
capture mass spectrometry (ЕСМS). 

The purpose of this paper is to point out the usefulness of a particular form of this 
technique in which the DNA adduct is isolated as a modified base by acid hydrolysis or 
oxidation elimination and then derivatized with pentafluorobenzyl bromide for 
subsequent chromatography and electrophore detection. 

04-Ethyl-N1-pепtаfluогоbеnzуlthymiпе  
A mixture containing 0.028g (0.09 mmol) 04-ethylthymiпe, 0.12 g KZСО3 and 

0.1 ml pentafluorobenzyl bromide was heated at 70°C for 12 h. The cooled reaction 
mixture was filtered and the residue was purified by preparative thin-layer chromatog-
raphy. The product (0.035 g, 57% yield) was obtained as a white solid after 
recrystallization from ethyl acetate/hexane. It was identified by its spectral properties. 

Electrophore detection 
An electrophore is a substance which avidly combines with a low energy electron in 

the gas phase, forming an anion radical. The latter may persist or undergo 
fragmentation, forming anionic, radical or neutral degradation products. In ECD, the 
loss of a thermal electron (because of capture by the analyte) is detected, whereas by 
ЕСМS one sorts and detects the anions, whether parent or daughter, that arise in this 
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Fig. 1. Pentalluorobenzylation of O°-ethyltЬymine 

оснzс1з 	 осн2сн3 
N 	СН3 	 N 	СНЗ  

сьFS сн2вr 

р~N 	 кгc0з 	О~N 
1 
Н 	 С1гСBF5 

process. The availability of both ECD and ECMS detectors is advantageous because 
the former is low in cost and simple to use, whereas ECMS lacks these advantages but 
overcomes residual sample interferences and can provide structural information about 
the analyte. Both forms of electrophore detection can be highly sensitive, reaching 
detection limits of 10-18 mol for standards (Corkill et al., 1982; Mohamed et al., 1984). 

Because of these useful features electrophore post1abel1ing is being pursued for the 
quantification of DNA adducts. The best methods mildly form a stable derivative of 
the analyte in a good yield, and this derivative efficiently forms a structurally 
characteristic anion when subjected to ECMS. 

We have found that pentafluorobenzylation of alkyl and related DNA adducts in 
their base form satisfies these criteria for successful electrophore postlabelling. This is 
illustrated for 04-ethуlthymine in Figure 1. 

Although the pentafluorobenzyl group is not inherently a strong electrophore, a 
corresponding DNA base alkylated on one or more of its ring NH sites with a 
pentafluorobenzyl group has excellent ECD and ECMS properties because dissociative 
electron capture takes place, leading to a base anion. For example, the gas 
chromatography (GC)-ECD chromatogram shown in Figure 2 indicates the high 
response from 04-ethyl-Nl-pепtafluorоbeпzуlthуmine. The electron capture mass 
spectrum of this compound (not shown) is dominated by an intense peak corresponding 
to loss of a pentalluorobcnzyl radical. Other modified DNA bases that have similar 
characteristics when alkylated with pentafluorobenzyl bromide are O2-ethyltьушine, 
N4-pivalуlcytоsine, Oб-methylguaniпe, OЬ-hydroxуethylguanine and Nб-methуladeпine 
(unpublished results). 

Some nucleosides can also be derivatized with pentafluorobenzyl bromide, if 
stronger conditions such as alkaline phase transfer are used, yielding products that are 
highly sensitive to GC-ECD (Adams et al., 1986). However, these products give little 
analyte-characteristic anion by ECMS (unpublished results). 

Base release by oxidation-elimination 
Since pentafluorobeiizylatiori on a ring NH site of a DNA base is attractive for the 

determination of DNA adduct by electrophore postlabelling, it is desirable to establish 
a mild procedure for obtaining a DNA adduct in this form, starting from DNA. This 
problem translates into a method for mildly releasing a base from a nucleoside, since 
the latter is available by enzymatic hydrolysis of DNA. 

Acid hydrolysis of DNA or of its nucleosides only partly solves this problem. Mild 
acid hydrolysis releases only certain bases, such as OЬ-mеthylguanine (singer & 
Grunberger, 1983). Stroпg acid, which can release all of the bases, destroys some 
adducts, such as 04-ethylthymine (which is hydrolysed under these conditions to 
thymine) . 

We modified a reaction reported by Albright and Goldman (1965) to establish a 
general procedure for mildly releasing a DNA base from its nucleoside. In this reaction 
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Fig. 2. Gas chromatograph-ECD chromatogram of 62.5 pg O°-ethyl-N1-рenta-
IuorobenzyltЬynune (3), with 16.5 pg each of hndane (1) and aIdrin (2) as reference 
compounds 
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Column: HP-Ultra capillary column (Hewlett-Packard), 5% phe.nylmethylsilicone cross-linked, 250 x 
32 mm, 0.25 цт  шт, 110-280°C at a setting of 80°C/miд, then a 2-mm hold 

sequence, illustrated in Figure 3, а  nucleoside is first oxidized with dimethylsulphoxide-
acetic anhydride at 40°C for 3 h. Exposure to 1 N ammonium hydroxide for 1 h at 80°C 
then releases the base from the oxidized nucleoside by an elimination reaction. For 
example, 04-ethуlthymine is formed in a 96% yield from 04-ethylthymidine, and 
several other bases, including the four bases of DNA, are obtained from their 
corresponding deoxynucleosides in a 57-97% yield (unpublished results). 

Applications 
To date, we have determined two DNA adducts (or adduct models) starting from 

DNA by electrophore postlabelling: hydroxymethyluracil (IMU) and 5-methylcуtosiпe 
(5-MC). The adduct 'MU is a consequence of damage to thymine sites on DNA by 

Fig. 3. Scheme for release of a base from a nucleoside by an oxidation-elimination 
reaction sequence 
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Fig. 4. GC-ECD chromatogram of N4-рivalyl-N1-рentafluorobenzyl-5-mеthylcytosiпe 
(peak 1) derived from calf thymus DNA; peak 2 is N'-рivalyl-N1-(2,3,5,6-
tetrafluorovеnzyl)-5-methуkytopmе, the mternaI standard. 
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ionizing radiation, mediated apparently by hydroxy radicals. 5-MC, an adduct model, 
is a natural minor base, comprising, for example, about 1% of the bases iп  human 
DNA. 

For the determination of HMU, we spiked 78 ng to 7.8 mg of calf thymus DNA 
with an equivalent of 125 pg to 1.5 ng of 'MU. The DNA was acid hydrolysed (prior 
to our developing the oxidation-elimination reaction described above), and the 
released ‚MU was purified on С18-silica, derivatized with pentafluorobenzyl bromide, 
and purified further by high-performance liquid chromatography (HPLC) prior to GC 
with electrophore detection. By GC-ECD, the sensitivity was equivalent to about one 
'MU adduct ш  10 bases; by GC-ECMs it was one adduct in 1010 bases. We also 
demonstrated the usefulness of HPLC directly coupled to ECMS on a Finnigan 4000 
instrument fitted with a moving belt interface and a home-built liquid transfer device. 
The minimal amount of derivatized HMU detected corresponds to 185 fg of the base 
(unpublished results). 

A similar electrophore postlabelling procedure was used to determine 5-MC in calf 
thymus and human leucocyte DNA. For example, the mol% of 5-MC in 360 ng calf 
thymus DNA was determined to be 1.2 ± 0.1% by GC-ECD (unpublished results). A 
representative chromatogram is shown in Figure 4. 

Conclusion 
A general procedure is now available for quantifying an alkyl or related DNA 

adduct by electrophore postlabelhng. In this procedure, the DNA adduct is obtained as 
a base and alkylated with pentalluorobenzyl bromide. It is then separated chromat-
ographically (GC or HPLC) and quantified by electrophore detection. 
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The 32Р-posHabеNing assay is a recently developed analytical tool for the detection 
and measurement of nucleic acid (DNA and RNA) adducts formed by covalent 
binding of identified or unidentified electrophiles. The detection limit of the assay 
for many adducts is as low as 0.3 amol adduct/µg DNA (= one. adduct/1010 DNA 
nucleotides, or one adduct per mammalian genome). As presented here, the method 
can be applied to DNA alterations elicited by (i) complex mixtures of genotoxicants 
(e.g., cigarette smoke, occupational exposures), (ii) oestrogens (i.e., hormones that 
cause DNA damage via the formation of unidentified electroрhiles), and (iii) 
DNA-reactive chemicals that may be formed metabolically in animal tissues without 
known exposure and give rise to adduct-like DNA alterations . (termed I 
compounds). 

Many lines of evidence have implicated DNA adducts as а  key element in the 
initiation of chemical caxcinogcnesis (Brookes & Lawley, 1964; Miller & Miller, 1981; 
Hemrninki, 1983; Kriek et al., 1984; Wogari & Gorelick, 1985). The 32Р-postlabelling 
assay developed in our laboratory (Randerath et al., 1981; Gupta et aL, 1982; Reddy et 
al., 1984) allows one to detect extremely low levels of DNA adducts formed by the 
reaction of chemical carcinogens with DNA in both experimental animals (Randerath 
et al., 1981; Reddy et al., 1981; Gupta et al., 1982; Gupta, 1984; Gupta & Dighe, 1984; 
Phillips et al., 1984; Randerath et al., 1984; Reddy et al., 1984; Liehr et al., 1985; 
Randerath et al., 1985 a; Reddy et al., 1985; 5churdak & Randerath, 1985; Liehr et al., 
1986; Lu et al., 1986; Randerath et al., 1986а,Ь,с; Reddy & Randerath, 1986; Sсhoepe 
et al., 1986; Liehr et al., 1987; Randerath et al., 1988; Schurdak et al., 1987) and 
humans (Everson et al., 1986; Parks et al., 1986; Randerath et al., 1986a,b,c; Everson 
et al., 1987; Randerath et al., 1987; Reddy et al., 1987). It is the purpose of this article 
to review recent applications of the assay to adducts formed by the reaction of DNA in 
vivo with incompletely identified or unidentified carcinogens. The results demonstrate 
the general potential of the assay for the detection of unusual components щ  DNA 
samples from animal or human tissues. 

General method 
The basic method (Randerath et at., 1981) entails nucleolytic digestion of DNA to 

3'-moпonucleоtides, subsequent enzymatic conversion of the digestion products to 
5'-32Р-labelled deoxyribonucleoside 3',5'-bisphosphates with [y ЭzР]АTР  as the donor 
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of the label and T4 polynucleotide kinase as the catalyst, separation of the labelled 
nucleotides by polyethyleneimine (PEI)-cellulose thin-layer chromatography (TLC), 
autoradiography to detect adducts and normal nucleotides, and scintillation counting of 
excised TLC fractions for quantification of adduct Ievels (Randerath et al., 1981; Gupta 
et al., 1982; Randerath et al., 1985b). Several modifications of the basic assay have 
been developed to enhance its sensitivity, involving adduct intensification (Randerath 
et al., 1985a), butanol enrichment (Gupta, 1985) and nuclease P1 enhancement (Reddy 
& Randerath, 1986). 

Cigarette smoke-induced DNA lesions 	 . 
Cigarette smoke-induced DNA adducts were detected initially in both experimental 

animals (Randerath et al., 1986а,с) and humans (Everson et al., 1986; Randerath et al., 
1986с; Everson et al., 1987) by the adduct intensification version of the postlabelling 
assay. The recently developed, highly sensitive nuclease P1-enhanced version (Reddy 
& Randerath, 1986) of the method has allowed us to detect much lower levels of 
smoking-related DNA adducts than heretofore possible. In these experiments, the 
DNA preparation to be tested for the presence of such Iesidns was digested to 
3'-тononucleotides, normal nucleotides but not adducts were specifically removed by 
enzymatic 3'-dephosphoryLauo❑ with nuclease P1 (Reddy & Randerath, 1986), the 
remaining adducts were 32P-1aЬe11ed, separated by TLC, autoradiographed, and 
quantified by scintillation counting. Results obtained by this procedure in both humans 
and mice (Fig. 1) provide evidence for the presence of DNA adducts. The cigarette 
smoke-related 32P-labelled material occupied two extensive zones (DRZ 1 and DRZ 2, 
Fig. 1) on the autoradiograms. We have postulated (Randerath et a1., 1986a) that these 
results are indicative of the presence in the DNA samples of numerous, only partially 
resolved, presumably aromatic DNA adducts of widely varying polarity. The similar 
patterns of 32P-labelled adducts in human and mouse tissues (Fig. 1) suggest common 
characteristics of tobacco-associated carcinogen activation and adduct formation in 
different mammalian species. The mouse thus provides a suitable model for studying 
DNA lesions in smoking-associated carcinogenesis (Randerath et al., 1988). High 
adduct levels in lung (Fig. 1, panel E) and heart (panel G) of mice treated topically 
with cigarette smoke condensate were also observed in smokers (Randerath et al., 
1987; K. Randerath, H. Dunsford, D. Mittal and E. Randerath, unpublished). Adduct 
levels in other tissues, such as liver, kidney and spleen, were considerably Iower. The 
mechanism(s) underlying this peculiar tissue distribution has not yet been elucidated, 
but may in part entail free radical reactions (Church & Pryor, 1985). Tobacco-
associated DNA adducts in lung are likely to play a key role in pulmonary 
carcinogenesis. In view of the possible contribution of DNA adducts to degenerative 
tissue changes (Yamashita et ai., 1986), the DNA alterations observed in our 
experiments may also be associated with lung and heart pathology that is not directly 
related to cancer, such as chronic obstructive lung disease (US Department of Health 
aid Human Services, 1984) and cardiomyopathy (Hartz et al., 1984). 

The use of the ЭzP-postlabelliпg assay for the analysis of DNA adducts in white 
blood cells of foundry workers is discussed in another article in this volume (Hemminki 
et al., this volume). 

Oestrogen-induced DNA lesions 
A further example of the application of the 32P-postlabelling assay to chemically 

unidentified adducts is provided by the analysis of kidney DNA from oestrogen-treated 
male Syrian hamsters (Liehr et al., 1985, 1986, 1987). These animals develop a high 
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Fig. 1. Autoradiograms of PEI-cellulose TLC separations of adducts in lung DNA 
of human smokers and lung and heart DNA of mice treated dermally with cigarette 
smoke condensate 

A, nonsmoker; B, smoker (50 pack-years); C, smoker (75 pack-years); D, mouse lung control; Е, lung after 
exposure to six daily doses of cigarette smoke condensate corresponding to 0.75 cigarette each; F, heart 
control; G, heart after treatment as in E. Human and mouse DNA adducts were mapped similarly, as 
described previously (Randerath et al., 1986а), except that in the first dimension (bottom to top), 
development was perforrried in three steps: water to 2 cm above the bottom edge, 2.5 M sodium formate, 
6.251 urea, pH 3.8, to 6 cm, and 3.0 M sodium formate, 7.5 M urea, pH 3.8, to 13 cm (upper row) or 
18.5 cm (lower row). Adducts were purified by nuclease Р1 treatment (Reddy & Randerath, 1986). 
Autoradiography was at —80°C for 8h, employing Kodak XAR-5 film and Du Pont Lightning Plus 
intensifying screens. DRZ, diagonal radioactive zone (see text). Total levels of (presumably aromatic) DNA 
modification in the exposed samples were estimated to be approximately 1 adduct in 107 DNA nucleotides. 

incidence of renal carcinoma after six to eight months of exposure to natural or 
synthetic oestrogens (Kirkman, 1959). Our initial finding (Liehr et al., 1985) of DNA 
adducts in kidneys (but not liver) of diethylstйboestrol-treated hamsters was inter-
preted as indicating the binding of reactive diethylstilboestrol metabolites to DNA. 
subsequent work, however, showed that stilbene and steroid oestrogens of widely 
divergent structures gave rise to a set of chromatographically identical DNA adducts 
(Liehr et al., 1986). Thus, the adducts did not contain bound oestrogen moieties but 
rather were formed by the binding of an oestrogen-induced, unknown electrophilic 
metabolite (or metabolites) to kidney DNA; such adducts were not observed in other 
tissues of the oestrogenized hamsters (Liehr et al., 1986). We have postulated that such 
unideгltшеd metabolites are involved in the initiation of renal cancer iii the hamster 
kidney (Fig. 2). The results presented in the following section suggest that additional 
mechanisms may exist by which `endogenous' electroptцles lead to DNA adducts in 
animal and human tissues (see also Fig. 2). 

I compounds 
Tissue DNA of ageing animals contains modifications, termed I compounds 

(Randerath et al., 1986b), which were detected by ЭгP-роsthьешng assay. The 
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Fig. 2. Formation of DNA adducts via `endogenous' electrophiles 

Exogenous stimulus (e.g., hormone) 

	

Altered metabolism 	 Normal metabolism 

Endogenous electrophile(s) 

1 
Adducts of DNA (RNA, protein) 

DNA repair; 

	

Adequate 	 – 	No cancer 

Inadequate, cell praliferation— Cancer 

In the hamster kidney hormonal carcinogenesis model, oestrogens are not part of the adduct structure but 
rather induce the binding of an unknown electrophile(s) specifically to kidney DNA. Likewise, DNA-
reactive metabolites are postulated to arise during normal metabolism, giving rise to age-dependent DNA 
modifications, termed I compounds (see text). 

amounts and patterns of I compounds were found to be dependent not only on age but 
also on species, strain or stock, tissue type and sex of the animals (Randerath et al., 
1986b; and unpublished). I compound-like DNA modifications have also been 
observed iп  human tissues (Reddy et al., 1987). Analogous DNA modifications have 
not been detected in newborn rat and mouse tissues. While I compounds resemble 
aromatic DNA adducts in their chromatographic properties, their .origin and chemistry 
have not as yet been elucidated. No exogenous source of I compounds has been 
identified. We have speculated that the I compounds may play a role in natural ageing 
and in `spontaneous' tumour formation (Randerath et a1., 1986b). 

Conclusions 
We have shown that the 32Р-postlabelling assay, originally developed as a general 

method for studying the binding of authentic carcinogens to DNA (Randerath et al., 
1981), is well suited for detecting and measuring covalent DNA alterations elicited by 
unidentified chemicals (oestrogen-induced adducts and I compounds) or by only 
partially characterized complex mixtures (cigarette smoke components). While the 
capacity of the assay to detect DNA alterations of unknown sources, in addition to its 
great sensitivity, is one of its important assets, additional methods will be needed for 
the chemical characterization of such DNA alterations. Current spectroscopic methods 
for structural identification are far too insensitive for the small amounts of adducts 
detected in the ЭгР  assay. (Note that in order to prepare 1 цg of an adduct present at a 
level of 10 8 mol/mol DNA-P, -100 g DNA or 100 kg tissue would be required.) It 
appears essential, therefore, to develop methods for the structural characterization of 
subnanogram amounts of adducts. It is hoped that the combination of the 32Р-
postlabelling assay with ultrasensitive techniques for structural analysis will be a 
powerful tool in the characterization of the origin and nature of human adducts from 
exogenous and endogenous sources. 
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The incidence of colorectal cancer in the western hemisphere is thought to be the 
result, in part, of environmental agents, and many studies strongly implicate diet as 
a determining factor. It is conceivable that the ingestion of genotoxic chemicals 
present in food or the endogenous formation of such substances in the gut may 
initiate colorectal cancer in humans. In the present study, 32P-рostlabеЛing has been 
used to examine DNA from normal-appearing colonic mucosa obtained from (i) 
patients undergoing surgery for colorectal cancer and (ii) adult and fetal controls for 
the presence of aromatic DNA adducts. 

зzР-Postlabelliпg (Gupta et al., 1982) is a method for the detection of carcinogen-
DNA adducts that requires neither the use of radiolabelled carcinogens nor prior 
characterization of an adduct's structure in order to detect it. The technique is thus 
readily suited to the analysis of DNA from human tissues for possible prior exposure to 
both known and unidentified genotoxic agents. 

DNA was isolated from morphologically normal colorectal mucosal specimens by 
phenol/chloroform extraction and RNase treatment (Gupta, 1984). DNA samples 
(4 gig) were digested with micrococcal nuclease and spleen phosphodiesterase (Gupta et 
al., 1982) and then incubated with nuclease P1 (Phillips et al., 1986; Reddy & 
Randerath, 1986). The resulting digest, consisting of normal nucleosides and 3'-
mononucleotides of any aromatic adducts that might be present and resistant to 
nuclease P1 digestion, was incubated with [y-Э2P]АТР  150 цCi) and T4 polynucleotide 
kinase (Gupta et al., 1982; Phillips et al., 1986). 3 P-Labelled adducts were then 
resolved on polyethyleneimine-cellulose thin-layer chromatograms, using modifications 
(Phillips et al., 1986) of the original multidirectional procedures (Gupta et al., 1982; 
Everson et al., 1986). 32Р-Labelled adduct spots were detected by autoradiography at 
—70°C with intensifying screens. 

DNA samples from 44 patients with colorectal tumours were analysed, and 
representative examples of the polyethyleneimine-cellulose thin-layer chromatographic 
maps of adduct spots obtained are shown in Figure 1. All samples displayed the 
radioactive spot marked X; we have previously reported the presence of this material 
in all DNA samples, regardless of origin, and its detection when the 3гP-postlаьешng 
analysis is carried out with carrier-free [y Э2Р]АТР  and following nuclease P1 digestion 
(Phillips et al., 1986, 1987). A fast-migrating spot (1, Fig. 1A) was reproducibly 
observed in the chromatograms of 43% (19/44) of the samples. The level at which the 
adduct was present was estimated to be at up to one adduct in 108 nucleotides, the 
lower limit of detection in these experiments being approximately 0.2 adducts in 108 
nucleotides. 

Figure 1B shows an example of the analysis of a sample of DNA from a cancer 
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Fig. 1. Poiyetbyleneiniine-ceiluiose thin-layer chromatograms of 32Р-1аbе1lеd digests 
of human colonic DNA 

.. 

A, adult sample ICi (5б-yeaг-оld female with cancer of the sigmoid colon); В. adult sample НС5 
(71-year-old male with cancer of the rectum); C, fetal sample FС3. Autoradiography was for 2.5 days at 
—70°С. The origins, located in the bottom left-hand corners of the chromatographs, were excised prior to 
autoradiography 

patient that did not contain adduct 1. However, all samples contained а  slower 
migrating adduct, designated adduct 2. Analysis of samples of colonic mucosal DNA 
from four noncancer patients revealed the presence of adduct 2 but not of adduct 1. 
Further, ten of 11 DNA samples obtained from fetal colon contained adduct 2 and not 
adduct 1 (see, for example, Fig. 1C). The eleventh sample contained both adducts. 

Examination of the cancer patients' case histories indicated that samples from 3/11 
patients with poorly-differentiated tumours contained adduct 1, as did 12/26 from 
patients with moderately-differentiated tumours and 4/7 from individuals with well-
differentiated tumours (Table 1). Thus, the patients with poorly-differentiated tumours 
were less likely to show evidence of adduct 1 than those with moderately- or 
well-differentiated tumours, but, because of the small size of groups studied to date, 
the differences are not statistically significant. No correlation of age, sex or tumour site 
with the presence of adduct 1 was noted. Adduct 1 was identified slightly less 
frequently in patients with adenomas (5(15) than in patients without adenomas (12/29) 
but was detected with the same frequency in patients with metaplastic polyps (7/19) as 
in those without (12/25). 

While there is evidence for the role of environmental agents in the etiology of 
colorectal cancer, no specific agent has so far been identified. Analysis of colonic DNA 
for prior exposure to potentially carcinogenic compounds that have bound covaleritly 
to the DNA is a rational approach to establishing the existence of such an initiating 
agent or agents. The role of diet as a risk factor for colon carcinogenesis and the 

Table 1. Presence of adduct 1 in the DNA of human colonie mucosa 

No. with 	No. without 
Sошсе 	 adciuct 1 	adduct 1 	Total 

Cancer patients — poorly differentiated tumours 	3 	 8 	 11 

	

—moderately-differentiated tumeurs 12 	14 	 26 
—well-differentiated tumours 	4 	 3 	 7 

Noncancer patients 	 0 	 4 	 4 
Fetal colon 	 1 	10 	 11 
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known occurrence of а  number of potent carcinogens and mutagens in food prompted 
us to examine colonic mucosal DNA for the presence of aromatic adducts. 

Previous studies from our laboratory (Phillips et al., 1986) and from others (Dunn 
& Stich, 1986; Everson et al., 1986) have shown the presence, by 32P-postabelliпg, of 
aromatic adducts in DNA from other human tissues. Adducts were detected in oral 
mucosal DNA (Dunn & Stich, 1986) and in human bone-marrow DNA from donors 
not known to be occupationally exposed to genotoxic agents (Phillips et al., 1986), and 
a smoking-related adduct has been found in human placental DNA (Everson et a1., 
1986). In the present study, adduct 2 was found in both adult and fetal samples, and, 
while it may be due to an agent of exogenous origin, it would appear that exposure in 
utero is widespread. Its chromatographic mobility is similar to that of an adduct spot 
seen in adult bone-marrow DNA but not in fetal bone-marrow DNA. It must be 
remembered, however, that in many cases the adducts have been detected at levels 
close to the limits of sensitivity, and it is possible that the samples scored as negative 
contained lower, undetectable levels of a particular adduct. Similarly, the detection of 
adduct 1 in 19/44 samples of uninvolved colonic mucosa from cancer patients but in 
only 1/11 fetal samples does not rule out the possibility of quantitative rather than 
qualitative differences between the two groups. The chromatographic mobility of 
adduct 1 is greater than that of the previously observed bone-marrow DNA adducts 
(Phillips et al., 1986), and it has not yet been identified by correspondence with known 
carcinogen-DNA adducts. 

Epidemiological studies have demonstrated an excess of poorly-differentiated 
large-bowel cancers in low-risk populations (E1masry & Boulos, 1975), in whom 
inherited factors may assume greater etiological importance than environmental 
factors. A confounding factor is that not all poorly-differentiated cancers would be 
genetically determined. Similarly, the appearance cf adenomas in addition to car-
cinomas may be taken in some cases as an indication of genetically determined disease 
(Burt et a1., 1985); but, again, the correlation between the presence of adduct 1 and 
the absence of adenomas was not statistically significant in the present study. 

This preliminary study has provided evidence of the presence of an aromatic DNA 
adduct in adult colonic mucosa from 43% of cancer patients that was not seen in any of 
four adult noncancer patients or in 10/11 samples of fetal colon. Further investigations 
will be required to determine (i) the significance of this finding and (ii) the origin aid 
possible role of this adduct in the initiation of large-bowel cancer in man. 
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ENHANCEMENT OF SENSITIVITY OF FLUORESCENCE LINE 
NARROWING SPECTROMETRY FOR DETECTION 

OF CARCINOGEN-DNA ADDUCTS 

R. Jankowiak,x R.S. Cooper,1 D. Zaпxzow,1 G.J. SmаН,1 G. Doskocilг  & 
A.M. JeffreyZ 

1Атеs Laboratory, Department of Energy and Department of Chemistry, Iowa State 
University, IA; and ZInsйtиte of Cancer Research and Division of Environmental 

Sciences, Columbia University, New York, NY, USA 

Fluorescence lie narrowing (FLN), is a method by which highly characteristic 
spectra have been obtained for a large number of polycyclic aromatic hydrocarbon 
(PAH)-DNA adducts and is well suited for the analysis of exposures to complex 
mixtures of РАН. The basic method is described and recent improvements discussed 
which overcome one of the major limitations of the method to its wider application 
to biological samples, that is its sensitivity. 

Over the past several years, there has been considerable interest if the develop-
ment of new analytical methods for the detection of both DNA- and protein-
carcinogen adducts. Techniques that take advantage of the fluorescence of РАН  for the 
detection of РАН  adducts resulting from exposure to individual hydrocarbons include 
both conventional low-temperature fluorescence techniques (Ivanovic et al., 1976) and 
synchronous fluorescence, in which excitation and emission frequencies are scanned 
simultaneously maintaining a fixed wavelength between the two (Vâhâkaпgas et al., 
1985). While these approaches provide good sensitivity, the line widths of the 
fluorescence bands are too broad to allow resolution of multiple adducts in the case of 
exposure to complex mixtures of PAl derivatives. 

We have previously investigated laser excitation of benzo[a]pyrene diol epoxide 
(BPDE)-modified DNA samples, which were cooled to 4.2 K in water-glycerol-ethanol 
glasses such that only a narrow subset, or isochromat, of sites absorbed the narrow 
bandwidth light (about 1 cm-3) (Heisig et al., 1984). Results showed dramatic FLN of 
the spectra (Fig. 1). These spectra are highly characteristic and can provide structural 
information about the DNA adducts present in samples by comparison with metabo-
lites of the hydrocarbons. The latter are more readily available and more easily 
characterized than the adducts themselves. Careful inspection of the metabolite spectra 
reveals subtle differences which allow distinction between the DNA adduct and the 
free compound. 

Resolution of mixtures with similar chromophores can be achieved with this 
method, but not with conventional techniques. Figure 2 (Sanders et al., 1986) 
illustrates the resolution by FLN of a mixture of modified DNA samples in which three 
sets of the adducts have a phenanthrene chromophore in common. Thus, the method 
provides for direct analysis of multiple DNA adducts within a single DNA sample 
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Fig. 1. FLN spectra of molecules embedded in an ethanol-glycerol-water glass at 
4.2 K excited with a nitrogen pumped dye laser at 3748 cm 1 for 7,8,9,10-
tetrahуdrobeпzo[а]pуrene (THBP) (top), 3771 cm-' for 7,8,9,10-tetra-7,8,9,10-
tetrahydroxуbeпzo[a]pуrene (tetrol) (middle), and 3748 cm 1 for BPDE-modified 
DNA (bottom). From Heisig et ad. (1984) 
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without degradation of the DNA, and offers the possibility of obtaining structural 
information about the adducts present. 

The major current limitation to this method is the sensitivity of detection. Since 
only an isochromat (Fig. 3, top) is excited, most of the molecules bound to the DNA 
are not analysed. This earlier placed a limit of detection of about one adduct per 106, 
which is two and four orders of magnitude less sensitive than the ranges needed to 
measure exposure levels in samples of human DNA aid by the 32P-postlabelling tech-
nique, respectively. Increasing the intensity of the laser light source to 400 mW/cm2 
resulted in photochemical degradation of the sample (Fig. 3, middle), as observed 
previously (Boles & Hogan, 1986), although at much higher temperatures. This 
problem could be eliminated by the use of anaerobic conditions; however, as the laser 
intensity was increased, nonphotochemica1 hole burning (Fig. 3, bottom) (Jankowiak & 
Small, 1987) was observed in the BPDE-DNA samples. Excited molecules relaxed into 
slightly different microenvironmenty, so that they no longer absorbed the laser light. 
This resulted in a decrease in observed fluorescence intensity with respect to time 
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Fig. 2. FLN spectra of a mixture of the five DNA adducts obtained with (1,0) type 
excitation at 343.1 iii, T = 4.2 K. Peaks labelled A, B and C are due to the three 
individual adducts pictured. From Sanders et a1. (1986) 
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(Fig. 4). Unlike photochemical decomposition, this process can be reversed by 
warming the sample to allow re-equilibration. If spectra are collected over time and the 
differences measured, an improvement in selectivity can be obtained by observing the 
sharp negative signals of the (0-0) sites of the phonon bands that have been burnt out. 
Using a novel approach (Jaпkowiak et al., 19$7), which effectively minimizes 
fluorescence intensity loss due to hole burning, we are now able to detect DNA 
damage at the level of three adducts/10B bases, using as little as a femtomole of adduct 
in DNA samples isolated from СЗН  10Т1/2 mouse embryo fibroblast cells exposed to 
40 ng/m1 3Н-benzо[a]рyrene for 24h (Brown et al., 1979). 

Conclusions 
This method of analysis for PAl-DNA adducts has several advantages over other 

procedures. The structures of the adducts need not be known, the DNA need not be 
digested prior to analysis, and the potential for obtaining structural information 
regarding the РАН  moiety is high. The main obstacle, which was the sensitivity of 
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Fig. 3. (а) Inhomogeneous line broadening; (b) top: photochemical decomposi-
tion; (b) bottom: new excitation spectrum resulting from redistribution of conligura-
tills of previously excited adducts; PHB, photochemical hole burning; NPHB 
nonphotochemical hole burning. From Jankowiak & 5mа11 (1987) 
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detection, is overcome, so that FLN spectrometry is now comparable in this respect 
with many of the other techniques currently employed. The prospect for further 
improvements is present, and these studies are under way. 
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Fig. 4. (a) FLN spectrum of BPDE-DNA (degassed); excitation laser intensity 
1=85  тW1стZ, ex = 369.6 nm. The numbers correspond to the excited state vibra-
tions (In сгп  1); (b) decay of integrated fluorescence intensity of 579 cm-1 peak for 
a laser intensity of 400 mW/cm2; (e) resulting FLN spectrum after burning for 
30 mii, showing complete loss of spectrum. Spectrum is restored if sample is 
warmed to 60 K before reanalysis at 4 K 
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SEARCH FOR UNKNOWN ADDUCTS: INCREASE OF 
SENSITIVITY THROUGH PRESELECTION 

BY BIOCHEMICAL PARAMETERS 

M. Тёгпgvist 

Department of Radiobiology, University of Stockholm, Stockholm, Swedeп  

Electrophihcally reactive compounds or metabolites that occur in humans can be 
monitored through their reaction products with proteins and DNA. The identillca-
lion of genotoxic risk factors, e.g., by haemoglobin (lb) adducts, comprises both 
the identification of the causative factor and an estimate of the contribution to risk. 
The problems involved are illustrated by efforts to trace the origin of the observed 
background hydroxyethylations in lb from persons without occupational exposures. 
Earlier work showed influences of smoking and, in animal studies, of dietary fat and 
intestinal flora on the levels of hydroxyethyl adducts to N-terminal valine. Elforts to 
measure adducts originating from ethene in environmental tobacco smoke and urban 
air show, however, that the resolving power of the methods used for identifying 
unknown risk factors must be increased. Studies of groups with excessive living 
habits and biochemical parameters that favour higher tissue doses of electrophiles 
would also enhance the possibilities of identifying risk factors. 

Although it has been suggested that 70-90% of cancer incidence In western 
countries is due to environmental factors (in a broad sense) (Higginson & Muir, 1979), 
our present knowledge is limited, еspeciauy as concerns the initiators that are 
presumed to act in the induction of tumours. This is true, for instance, for the main 
portion of tumours that are ascribed to dietary and life-style factors. Except for 
radiation and initiators in tobacco smoke, we can account for 2% at most of current 
cancer incidence in Sweden, the rain contributions coming from work environments 
and urban air pollution (Cancer Committee, 1984). 

Most known chemical initiators possess electrophilic reactivity (Miller & Miller, 
1966) and are also mutagens (Miller & Miller, 1971). One means of determining these 
reactive compounds in vivo is to analyse their chemically stable products of reaction 
with proteins and DNA. Mapping of such adducts to macromolecules in humans, 
especially in unexposed members of the public, might shed light on the current load of 
initiato rs / mutagens . 

One such approach is the determination of adducts to lb (Osterman-Golkar et al., 
1976). Chemical analytical methods for lb adduct determination in humans have so far 
been successfully applied to low-molecular-weight alkylating agents (and Schiff bases) 
and aromatic amines (Farmer et al., 1987). These methods, which offer certain 
advantages with respect to identification of the chemical structure of adducts, are at an 
initial stage of use for the screening of unknown adducts. They must be developed 
further to permit the determination of adducts of other classes. 
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Identification of risk factors 
The identification of chemical risk factors, for instance, using adduds to lb as an 

endpoint in epidemiological studies, comprises several steps: 
(1) Identification of the chemical structure of the observed adduct arid quantifica-

tion of the level of adducts (e.g.. expressed in pmol/g lb); in some cases the observed 
adducts are the same as those seen to be associated with specific exposures and occur 
as background levels in persons without such exposures; in other cases the adducts arc 
`new'. 

(2) Identification of the causative electrophile: especially for low-molecular-weight 
adducts, several options may be available. For example, 2-охоеthуl may originate from 
metabolites of urethane, vinyl chloride and, via Schiff bases, from glycolaldehyde 
(Svensson & Osterman-Golkar, 1987). To some extent, determination of the spectrum 
of adducts over nucleophilic sites in the lb molecule may give guidance (Calleman et 
al., 1986). For instance, ethylene oxide and 2-hydroxyethуhuitrosourеa give different 
patterns of 2-hydroxyethyl adducts, in accordance with reaction kinetic laws 
(Segerbck, 1985). 

(3) Establishing the source of the electrophile: this aspect of the work involves trial 
and error. Knowledge of metabolism and organic chemistry has to be combined with 
careful information from donors of samples participating in epidemiologic studies. 
A-priori and a-posteriori hypotheses have to be tested in animal experiments. 

(4) Estimation of contribution to cancer risk: this must be based on knowledge 
about current doses and genotoxic potency, estimated, for instance, by application of 
rad-equivalence (Kolman et al., this volume). 

Required sensitivity of analytical methods 
It is desirable that the analytical methods used to determine adducts possess such 

sensitivity that unacceptable risks do not elude detection. There is of course no 
generalizaЫe limit between acceptable and unacceptable risks, but one could apply the 
radiation risk philosophy to define a desired detection level for individual compounds. 
The International Commission on Radiological Protection (1977) considers risks of 
cancer mortality due to ionizing radiation of 1 г6-10г5/year to be acceptable to 
members of the public. On the basis of rad-equivalence (see Koirnan et al., this 
volume) of chemical dose, this is estimated to correspond to levels of adducts to the N 
terminals of lb in the range of 1-10 pmol/g lb. This value would be valid for ethylene 
oxide and alkylating agents with similar reaction patterns [s values in the sense of 
Swaiп  and Scott (1953) in the range 0.8-1.2}. A method for determining adducts to N 
terminais (valine) in lb, based on the Edman degradation for protein sequencing, has 
been worked out to attain this sensitivity (Tdrngvist et al., 1986а). 

Origin of the background hydroxyethylations: an example of risk identification 
Several adducts to lb, such as those with methyl (Bailey et al., 1981; Тdrпgvist et 

al., 1988а), 2-hуdroxyethyl (Osterman-Golkar, 1983; van Sittert et al., 1985; Tdтngvist 
et al., 1986a,b), 2-oxoethyl (5vensson & Osterman-Golkar, 1987) 2-hydгoкyptupyl 
(unpublished), several aldehydes (unpublished) and aromatic amines (Bryant et al., 
1987; 5hllwe1l et a1., 1987), have been observed in unexposed persons. 

Problems involved in risk identification can be illustrated by efforts to trace the 
origin of the observed background hydroxyethylations in persons with no occupational 
exposure (Table 1). Current measurements (using the modified Edman method) 
indicate that the average level of hydroxyethylvaline in lb is about 100 pmol/g among 
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Table 1. 5ource of hydroxyethylafions in lb as indicated by measurenients of 
hзтdsотryеthуlvаNпе  (HOEtVa1) in humans and rodents 

Species Exposures `Dose' 
(level of chronic exposure) 

HOEtVa1 
(pmoi/g lb) 

Reference 

Man Tobacco smoke 10 cigarettes/day; about 80° TOrngvist et a1. (1956b) 
2.5 mg ethene/day (aver- 

age Swedish smoker) 
Man Urban air 10-50 ppb etbene 0 t 15 TIrhgvist et al. (in 

(exp, 5-50) preparation) 
Rodents Motor exhaust 100-200 ppm-h 350-620 Ten'gvist et al. (1988b) 

ethene/week 
Man Passive smoking '10 ppb etliene 0 t 15 Persson et al. (1988); 

(exp, 	5) Ttirugvist ea al. (in 
preparation) 

Mouse Unsaturated fat Urisat'sration of fats, 15 t 5 Tdrnqvist et a1, (1988с) 
iii diet ethnie from lipid 

peroxidation 
Mouse Intestinal flora Ethnie or other factor 11 t 5 Tdrngvist et al. (1988с) 

"Value adjusted to new (linear) calibration curve (Tflrriqvist et al., 1988b), about 30% lower than given in the reference 

Swedish male adults, which, to the extent that the alkylations are caused by ethylene 
oxide or compounds with similar reaction patterns, seems to correspond to an 
unacceptable risk (see Тёrпgvist et ai., 1986а). A considerable portion of this level 
could be ascribed to cigarette smoking, with ethene, a precursor of ethylene oxide 
(Ehrenberg et al., 1977), as a probable source (Tёrngvist et al., 1986b). Other possible 
exogenous sources are ethene in urban air, mainly from motor exhausts, and in 
environmental tobacco smoke. In a current epidemiological pilot study, comprising 
about 80 male nonsmokers, it was, however, impossible to observe significant effects of 
urban air aid passive smoking on the level of this adduct. Exploratory animal 
experiments indicate that further sources of the residual background level could be 
ethene formed during lipid peroxidation and some metabolite of intestinal bacteria (see 
Table 1). 

The conclusion that ethene/ethylene oxide is the likely source of excess hydroxy-
ethylation in smokers was based on observations of two kinds (Тôrngvist et al., 1986b): 
(i) the rate of conversion of ethene is quantitatively compatible with that in animal 
experiments; and (ii) the ratio of histidine to valine a]kylation is compatible with that 
obtained for ethylene oxide. This interpretation meets, however, a basic difficulty: the 
content of propene in tobacco smoke is nearly as high as that of ethene (Elmenhorst & 
Schultz, 1968; Vickroy, 1976; Persson et al., 1988). Although propene was found in 
animal experiments to be metabolized to propylene oxide at a rate comparable to that 
of ethene (5venssoп  & Osterman-Golkar, 1984), no significant difference in 2-
hÿdroxypropylvaline levels could be found in comparisons of smokers and nonsmokers 
(unpublished). This might be taken to favour alternative interpretations of the raised 
hydroxyethylvaliiie levels in smokers, one possibility being increased lipid peroxidation 
(Frank et al., 1980) caused by the smoking. This possibility is also favoured by the 
observation that the incremental tissue dose of ethylene oxide in fruit-store workers, 
although significant (which shows that this conversion occurs in humans), is smaller 
than that expected from the estimated ethene exposure (unpublished). These delibera-
tions illustrate procedures and difficulties in work aimed at identifying risk factors from 
macromolecular adducts in blood samples. The hydroxyethyl adduct is a simple case, 
considering that its chemical structure is known and that the adduct levels are relatively 
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high. However, the adduct may be formed by different electrophiles (Tбrngvist & 
Ehrenberg, 1985; Tdrugvist et al., 1986b), perhaps in some cases from more than one 
precursor. In addition, ethene may be derived from several sources. 

Methodological ditilculties encountered 
As exemplified above, adduct levels expected from known sources of alkylation 

could not be detected in an epidemiological pilot study of unexposed subjects. Apart 
from the possibility that the true levels are lower than the expected ones, failure to 
detect adducts may be due to the following: 

(1) The low resolving power of the questionnaire used in the study, with respect to 
grading subjects according to degree of urbanization, degree of passive smoking, 
relevant dietary and other living habits, is due particularly to subjectivity of answers 
and to lack of a relevant scale of degree of urbanization. 

(2) There are variable contributions from different sources to the level of the same 
adduct. 

(3) When close to the detection level of the gas chromatographic-mass spectro-
metric method used, the analytical error of small increments will be large (see Table 
1). 

(4) A specific problem in measuring adducts close to the detection limit is created 
by contamination of samples due to previous work on the laboratory premises with 
higher levels of compounds. 

(5) Formation of artefacts (Cal1eman et al., 1979) is decreased by using the 
modified Edmar' degradation method for the determination of adducts to the 
N-terminal valine, due to the mild conditions during preparation and derivatization of 
samples (Tёrngvist et al., 1986а), but precautions must be taken during storage and 
handling of samples, especially in work with low-molecular-weight adducts (for 
instance, aldehydes). 

(6) Laboratory personnel working with blood must be protected against virus 
infection. If viral activity is eliminated by preheating freshly drawn blood, the 
possibilities of artefact formation and loss of adducts through hydrolysis of, e.g., esters 
will increase. 

Means of increasing resolving power in risk identification 
Iп  order to overcome such difficulties and to potentiate identification and 

quantification of unknown risk factors, more effective, more sensitive analytical 
procedures are a primary requirement, e.g., by pre-isolation of adducted subfractions 
of lb. Further, objective work on random samples should be supplemented by studies 
of preselected groups with extreme levels of easily measured parameters judged to 
be determinants of tissue doses of electrophiles. Preselection of this kind is essential in 
view of the work and costs involved in measurement 0f low levels. Besides extreme 
living habits (e.g., vegetarians, alcoholics, social outcasts) aid extreme conditions of 
residence (highly urbanized and rural areas), a number of biochemical parameters 
might be of guidance in such work. The activities of enzymes in blood and certain 
metabolites in urine and expired air can provide information relevant for preselection. 
These include: bioactivating enzymes (Kellermann et al., 1973; Vahikangas et al., 
1984); detoxicating enzymes, especially glutathione transferase and epoxide hydro1ase 
activities, tested with different substrates (Vilhiikangas et al., 1984; Glatt et al., 1985); 
urine metabolites that indicate what to look for in lb and, in persons with known 
exposures, that help to identify persons with deficient detoxification functions; volatile 
compounds in exhaled air, as measures of metabolic products from intestinal bacteria 
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and of lipid peroxidation (Tdrngvist et al., 1988с); cotinine in blood plasma, as a 
measure of passive smoking (Curva11 & Enze11, 1986 and references therein); and 
newly diagnosed cancer cases, which possibly represent increased sensitivity associated 
with higher in-vivo doses (Vdhâkangas et al., 1984). 

Identification and quantification of risk factors in subpopulations with biochemical 
conditions that result in high tissue doses of electrophiles may be used to estimate risks 
for individual members of the subpopulation. The general collective risk can then be 
estimated from the identified factors by adjustment to the population mean values of 
the respective biochemical conditions. 
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HUMAN ORGAN CULTURE TECHNIQUES FOR THE 
DETECTION AND EVALUATION OF 

GENOTOXIC AGENTS 

W.P. Watson, R.J. Smith, K.R. lucide & A.S. Wright 

Shell Research Ltd, Sittingbourne Research Centre, Sittingbourne, Kent, UK 

In order to obtain information on the genotoxic metabolism of carcinogens in 
human skin in vivo, model in-vitro systems have been developed to mimic m-vivo 
metabolism qualitatively. Direct labelling (ЗН  and 14С) and Э2P-postlabelling analyses 
of benzo[a]pyrene (BP)-DNA addicts in human skin explants, CD1 mouse skin 
explants and CD1 mouse skin in vivo have thus allowed comparisons of the 
genotoxic metabolism of BP in mouse and human skin. 

Postradiolabelling methods for detecting DNA adducts provide the basis of very 
sensitive methods for the assessment of primary chemical damage to DNA (Randerath 
et a1., 1981; Watson, 1987). Coupled with tissue explant systems, these new techniques 
offer possibilities for assessing human risk of genotoxic chemicals. Species differences 
in the metabolism of carcinogens can, however, confound extrapolations to man, and 
therefore valid comparisons of metabolism in experimental models and man are 
particularly important (Wright, 1980, 1983). In order to obtain information ui human 
genotoxic metabolism in vivo, model in-vitro systems have been developed to mimic 
in-vivo metabolism qualitatively (Huckle et al., 1986). However, human in-vitro 
systems are clearly not amenable to direct validation in vivo. Recent studies in this 
laboratory using direct labelling have validated the CD1 mouse skin model by 
demonstrating that 'Н- and 14С-BP-DNA adducts formed in vitro in tissue preparations 
are qualitativeIy very similar to those formed in vivo (Huckle et al., 1986). This 
approach has now been used to compare the genotoxic metabolism of BP in the 
epidermis of CD1 mouse and human skin. 

In-vivo studies 

After removal of their dorsal hair, female CD1 mice (Charles River, Manston, 
Kent, UK; age, eight to nine weeks) were treated with a single topical dose (400 nol) 
of э1-BP (500 цСi) or 14С-ВР  (23 цСi) in acetone, as described previously (Huckle et 
al., 1986). 

In-vitro studies 
Discs of excised skin were prepared as described previously (Huckle et al., 1986). 

Human skin obtained from mastectomy patients was initially maintained at 0°C for 
approximately 1.5 h after excision, prior to preparation of skin discs. Maintenance of 
viable skin explants was based on techniques described by Kao et ai. (1983), but 
Dulbecco's modified essential medium was employed containing glutamine and 
10% v/v fetal calf serum. The epidermal surface of each skin disc was treated with 
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3Н-BP (33 тоl/сm2) in acetone, and explant cultures were then incubated (37°С, 95% 
air, 5% СО2, 100% humidity) for 24 h under aseptic conditions 

Analyses of BP-DNA adducts 
Epidermis was removed from skin samples and the DNA was isolated by 

chloroform/phenol extraction then puriled by hydroxylapatite column chromatography 
(Adriaenssens et al., 1982; Huckle et al., 1986). 

Direct labelling studies 
Samples of BP-modified epidermal DNA from mouse and human skin treated with 

ЗН- or 14С-BP were hydrolysed to nucleosides (bovine DNase I, sake venom 
phosphodiesterase and bacterial alkaline phosphatase) according to the method of 
Baird and Brookes (1973). BP-DNA adducts were bulk separated (5ephadex L120) 
from unmodified deoxyribonucleosides, then resolved by reverse-phase high-perform-
ance liquid chromatography (HPLC) (lucide et al., 1986). 

Э2P-Postlabelliпg studies 
BP-modified DNA was hydrolysed to nucleoside 3'-monophosphates (micrococcal 

nuclease and spleen phosphodiesterase II), and adducts were extracted into ,r-butanol 
in the presence of tetrabutyl ammonium chloride (Gupta, 1985). After evaporation of 
the butanol extract, the adduct residue from DNA (1µg) was labelled using 
carrier-free [y-ЭZP]АТР  (80 lгCi; specific activity, 5000 Ci/mmol) in the presence of T4 
polynucleotide kinase. The 32Р-labeled 3',5'-bisphosphate adducts were then separated 
by anion exchange chromatography on polyethyleneimine-ceuulose layers aid located 
by autoradiography. 
Оur previous studies (Huckle et a1., 1986) established that CD1 mouse skin 

explants qualitatively mimic the in-vivo genotoxic metabolism of BP, and that organ 
skin culture techni uеs are thus valid models for in-vivo metabolism. The principal 
adduct was (+)-N -(7R,8S,9R-trihydrоxy-7,8,9,10-tetrahydтobeпzo[а]pyrene-10S-yl)-
2'-deoкΡyguanosiпe [(+)-7R-trans-(anti)-BPDE-dGuo] in both cases. Quantitatively, 
the amount of BP-DNA adducts formed in mouse epidermis in vitro was about 50% of 
that occurring in vivo. There was also a close similarity in the ratios of different 
adducts formed in vivo and in vitro, particularly for the Nг-deoxyguanosiпe adducts 
derived from anti-BPDE and syn-BPDE (Peaks A and B, Fig. 1A; only data for mouse 
skin in vivo shown). The HPLC profile of BP-DNA adducts obtained by 3н  direct 
labelling studies in human skin in vitro was qualitatively very similar to those obtained 
in mouse skin in vivo and in vitro (Fig. 1B). All of the 3H-BP-DNA adducts obtained 
from human skin cochromatographed iii HPLC with analogous adducts from mouse 
skin in vivo. In addition, cochromatography of 14С-BP-DNA adducts obtained from 
mouse skin in vivo and 31-BP-DNA adducts from human skin gave qualitatively the 
same profiles of adducts. Retention times of З~ adducts were slightly shorter than 
those of corresponding 14С  adducts due to isotope effects. These direct labelling studies 
therefore strongly suggest that the genotoxic metabolism of BP in mouse and human 
skin is qualitatively very similar. 

However, recent results of Э2Р-post1abe11ing analyses of DNA from mouse and 
human skin treated with BP have revealed quantitative differences in the formation of 
DNA adducts in these tissues. Thus, 32Р-postlabelling of BP-modified epidermal DNA 
from mouse skin in vivo and in vitro followed by polyethyleneimine-cellulose thin-layer 
chromatography analysis revealed the formation of two major adducts (1 and 2; Fig. 
2A) in a ratio of about 3: 1.  The maps of adducts from in-vivo and in-vitro experiments 
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Fig. 1. HPLC proflles of 3Н-BP-deoxyriЬonucleoside adducts obtained from epider-
mа1 DNA of (A) CD1 mouse skin in vivo and (B) human skin expiant еасh treated 
(24 h) with 3Н-BP 
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Reverse-phase HPLC carried out оп  a 5-цm A1tex Ultrasphere ODS соtumд  (250 x 4.6 mm) eluted with 
methanol-water gradients (Huckle et al., 1986). Fractions were collected at 1-min intervals and radioactivity 
деtетmiпед  by liquid scintillation counting. Retention times of eluting radioactivity неге  related to ап  
internal standard ]( f )-7,6,8o,9a, l0î4-tеtrahydroxy-7,8,9,10-tetrahydro BP]. 

were qualitatively the same; only data from iп-vivo treatments are shown. The 
principal adduct (1) was thе  3',5'-bisphosphаte of (+)-7R-trans-(anti)-BPDE-dGuo. 
This assignment was сопfirmеd by 32Р-posthbe1Nng of calf thymus DNA modified by 
reaction with (t)-anti-ВPDE апd known to contain (+)-7R-trens-(anti)-ВPDE-dGuo 
as thе  principal adduct. This also established that adduct 2 was nоt дerivед  from 
anti-BPDE. Interestingly, it was difficult to detect adduct 2 after 32P-postlabelliпg 
analysis of ВP-тоdifiед  epidermal DNA from human skin explarsts. 3zP-PostlabеViпg 
has thus revealed quantitative differences in the formation of BP-DNA adducts in 
тоиsе  апd human skin not shown by дirесt prelabelling studies. The identity of аддисt 
2 is not yet known, but it appears to be an efficiently repaired adduct previously 
observed by 32P-pоstlabelling analysis of skin DNA frоm BALB/c mice treated in vivo 
with BP (Raпderath et аL, 1983). 

There are several possible reasons why a nucleoside adduct corresponding to adduct 
2 was not observed in direct prelabешng studies. These analyses were carried out at the 
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Fig. 2. э2P-Postlabelling maps of BP-modifled epidermal DNA from (A) CD1 
mouse skin in vivo and (B) human skin explant 
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Polyethyleneimine-ceiulose layers (Merck, ART 5579) were developed in four directions: D1, 1.1 M lithium 
chloride, p16; D2, 2.5 M ammonium formate, p13.5; D3, 3 M lithium foгmatе/8 M urea, рН  3.5; D4, 
0.81 lithium chloride/4.5 M Tris-HC1/8 M urea, pH 80. Autoradiography (24 h, RT) was on Kodak 
XAR-fllms. 

dеоxуribonuqeоside level, involving lengthy enzymatic and chromatographic tech-
niques, and it is possible that the adduct was not stable under these conditions. The 
formation of 3',5'-bisphosphates in the Э2P-postlabelling assay might increase the 
stability of this adduct. Alternatively, 32P-poнtlabешng catalysed by polynucléotide 
kinase could preferentially label adduct 2 over adduct 1, thus giving a misleading 
indication of the relative amounts of the two adducts (Randerath et al., 1985). 
Appropriate control experiments showed that adduct 2 was not present in DNA from 
untreated mouse skin and that it was not an artefact of the labelling procedure. 

These studies have shown that skin organ culture techniques arе  valid models for 
m-vivo metabolism and that the techniques are directly applicable to human skin. 
Further studies are necessary to identify the nature of adduct 2. 
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Biological monitoring of exposire to coal-tar products has been carried out using 
the nonselective urinary mutagenicity and thioether assays and а  selective method 
for the detection of 1-hydroxypyrene in urine. The sensitivities of the three methods 
have been compared. In several work environments, no increase that could be 
related to exposure to coal-tar products was found with the nonselective methods, 
whereas the levels of 1-hydroxypyrene in urine were enhanced. The applicability of 
the method for the detection of 1-ЬΡуdrокуруrеnе  in urine is further demonstrated. 

A frequent exposure to a mixture of genotoxic chemical compounds is that of 
workers to coal-tar and coal-tar-derived products, which contain relatively high 
concentrations of polycyclic aromatic hydrocarbons (PAH). This family of closely 
related compounds contains many mutagens and carcinogens. Few methods have been 
available to date for biological monitoring of exposure to PAH-containing products in 
urine: the urinary mutagenicity assay (Bos, 1984), the thioether assay (Henderson et 

al., 1984) and a method for the detection of 1-hydroxypyrene in urine Qbngeneelen, 
1987). Methods for monitoring biological effects such as formation of DNA adducts are 
being developed by several other research groups. In this paper, we present results 
obtained after application of the three tests in situations in which patients or workers 
were exposed to PAH-containing products. 

Urinary mutagenicity testing 

Mutagenicity was determined in urine samples as described by Bos (1984). Urine 
samples were concentrated on Amberlite XАD-2, eluted with acetone, the acetone 
evaporated and the residue taken up in dimethyl sulphoxide (DM50). These extracts 
were tested for mutageicity towards Salmaпella typhimurium ТА98 in the presence of 
a 9000 g supernatant of the liver of Aroclor 1254-induced rats and of р-glucuronidasc 
(150 U per plate). 

Thioether assay 
This assay has been described previously (Henderson et al., 1984). In short, urine 

samples are acidified (pH 1.5-2.0) and extracted with ethyl acetate; after evaporation 
of the ethyl acetate, the residue is taken up in water. After alkaline hydrolysis and 
neutralization, the 8H concentration is determined according to ElIman (1959). The 
mean concentration in the urine of about 200 control persans was 3.8 mmol SH per mol 

—389— 
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creatinine; the upper limit of the 95 percentile was 5.9 mmii S1 per mol creatinine 
(Henderson et al., 1984). 

1-Hydroxypyrene in urine 
The high-performance liquid chromatography method for the detection of 1-

hydroxypyrene in urine after enzymatic hydrolysis and solid-phase extraction has been 
described by Jongeneelen (1987). 

Reference population: Urine samples were taken from 90 male referents-38 
smokers and 52 nonsmokers—divided into four smoking categories: 0, 0-10, 11-20 and 
X20 cigarettes/day, and analysed for the presence of 1-hydroxypyrene (Fig. 1). The 
level of 1-hydroxypyrene was not significantly greater in the urine of smokers than in 
that of nonsmokers (‚Iongeneelen, 1987). 

Dermatological patients treated with a coal-tar ointment 
Five female patients (A and B were nonsmokers, C, D and E were smokers) 

suffering from eczematous dermatitis on the anis and legs were treated for several 
days with an ointment containing 10% рiк  lithanthracis decmata (coal-tar), repre-
senting 16.7 mg/g pyrene and 7.0 mg/g benzo[ajpyrene. During the treatment, the 
ointment was removed daily with arachis oil, and a fresh dose of approximately 40 g 
was rubbed in. The patients volunteered to collect urine samples—one before 
application of the ointment and two during the day (morning and evening)—for the 
first three days of treatment. 

Because of the high concentrations of toxic compounds in the urine samples, we 
were not able to measure any mutagenicity, even after diluting by several factors. 
One of the two nonsmoking patients excreted a considerably larger amount of 

Fig. 1. Levels of 1-hydroxypyrene in urine of control subjects 
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The control population is subdivided according to smoking habits. The median value for each smoking 
category is indicated. 
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Fig. 2. Urinary excretion of 1-hydroxypyrene by five patients undergoing topical 
coal-tar treatment 

Time (days) 

The arrow indicates the start of application. 

thioether products during the beginning of the treatment: 19.6 and 24.5 mmii SHImvl 
crеatiпine were measured in the evening urine sample of the first day of treatment and 
in the morning urine sample of the second day of treatment, respectively. In the 
evening of the second day and on the morning of the third day, the concentrations 
were 5.4 and 3.3 mmol SН/то1 creatinine, which are within the control range. No 
similar increase in thioether excretion during coal-tar treatment was found for the 
other patients, whose values were within or slightly above the normal range. 

The excretion pattern of 1-hydroxypyrene in the urine of these patients is shown in 
Figure 2. After the beginning of treatment, the concentration of 1-hydroxypyrene rose 
rapidly to over 100 times the control value. The levels in the pretreatment' urine 
samples of patients C, D and E are somewhat higher than those for control smokers 
(Fig. 1). 

Workers in a creosote impregnating plant 
We studied three workers involved in creosoting wood in a wood-preserving 

industry. One (A) operated an open-air creosote vacuum-pressure cylinder; another 
(B) moved wood in and out of the cylinder; and worker C was the chief operator, with 
most probably the lowest exposure. Workers A and B were especially exposed to 
creosote vapours when the cylinder door was opened after treatment of the wood. 
Worker A was a smoker, B and C nonsmokers. Creosote is a coal-tar distillation 
product that contains many РАН, and pyrene, bеnzo[а]pyrenе  and benz[a]anthracene 
were measured at concentrations of 20 mg/g, 1.8 mg/g and 11 mg/g, respectively. 
Urine samples were collected from the workers over ten consecutive days, including 
two free weekends, in two portions: a morning urine sample and a sample collected 
between 10:00 and 16:00 h. 

No increase in urinary mutagenicity or thioether concentration was detected that 
could be related to work exposure. Mutagenicity and thioether concentration were 
higher in the urine of the one smoker than in that of the two nonsmokers. 
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Fig. 3. Urinary excretion of 1-hуdтоxурyreле  by three workers creosoting wood 
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The dashed line is the mean control level of 1-hydroxypyrenе. The shaded areas are the working periods. A, 
cylinder operator; B, wood handler; C. chief operator 

The 1-hydroxypyrerie levels in the urine of the three workers are shown in Figure 3. 
Worker B had the highest 1-hydroxypyrene levels, and the chief operator C the lowest. 
For workers A and B, an increased excretion was seen during the week and a decrease 
over the weekend. 

Workers in a coaI-tar distillation plant 
In a study of 14 -workers at a coal-tar plant, no increase in mutagens or thioethers 

in urine could be determined, either in the course of the shift or in the course of the 
seven-day working period. Figure 4 shows, as an example, the mutagenicity values in 
pre- and post-work urine samples. The only factor that significantly influenced the 
urinary mutagenicity was smoking. Urine samples were available from four workers for 
determination of 1-hydroxypyrene, and Table 1 shows the enhanced levels found. 

Road asphalt-paving workers 
Pre-work and post-work urine samples were collected from 31 road asphalt-paving 

workers active at ten different paving sites and analysed for 1-hydroxypyrene. Table 2 
shows an increase in 1-hydroxypyrene in urine over the day; 55% of the pre-work 
samples and 70% of the post-work samples showed 1-hydroxypyrene levels over the 
upper 95 percentile of those in urine of a smoking control group (1.3 limol/mol 
creatinine). At paving site H, petroleum-based asphalt was handled; at the nine other 
sites, blends of bitumen with refined coal-tar were applied. 

Coke-oven workers 
Urine samples from coke-oven workers were also analysed for the presence of 

1-hydroxyрyгene. After а  work-free period of 56 h, urine samples were collected 
during three consecutive 8-h working days from 25 coke-oven workers at the beginning 
and at the end of the shift. Control samples were taken from 43 workers active in the 
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Fig. 4. Urinary mutagenicity in workers at a coal-tar distillation plant. Pre- and 
post-work vaines are depicted separately for nonsmoking and smoking workers. 
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steel-rolling department. The first, preliminary results of this study are presented in 
Figure 5. Urinary levels of 1-hydroxypyrenc in workers were enhanced compared to 
controls and were higher at the end of work than before work. The results also suggest 
an accumulation of pyrene during the exposure period. 

Conclusions 
The applicability of the nonselective urinary mutagenicity assay and the thioethec 

assay for the detection of exposure to PAl appears to be limited. In a previous paper, 

Table 1. 1-Hydroxypyrene in the urine of four workers at a coal-tar 
distillation plant 

Function Smoking status Number of 
samples 

1-Hydroxypyrene level 
(mean цmоl/то1 creatmine) 

Operator. Nonsmoker 2 3.7 
pitch unit 

Operator, Smoker 2 11.$ 
batch distillation 

Operator, Nonsmoker 4 4.0 
pumping station 

Cleaner Smoker 4 4.6 
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Table 2. 1-Hydroxypyrene iп  urine of asphalt-paving workers 

Paving 	No. of 	 No. of workers 	Pre-work 	Post-work 
site 	measuring days 	per site 	urine sample 	urine sample 

(mean цmоiiшоi creatinine) 

А 	3 3 2.3 3.1 
S 	5 6 1.5 1.6 
C 	1 2 1.5 2.8 
D 	1 4 1.1 0.9 

E 	1 2 3.1 3.2. 
F 	3 3 1.4 2.2 
G 	2 3 1.5 3.1 
H 	1 3 0.5 0.6 
I 	1 3 2.1 2.8 
K 	1 2 0.8 1.2 

we presented the first evidence that the urinary mutagenicity assay could not be used to 
detect exposure to relatively high levels of РАН  (Bos et al., 1984). РАН  have a rather 
complex metabolism (Phillips & Grover, 1984), and after exposure to (mutagenic, 
potentially electrophilic) PAI, mutagens and thioether compounds could appear in 
urine (Fig. 6). However, the excretion of mutagens in urine (anow 1) depends on 
several toxicokinetic factors: (i) whether chemical compounds after passage through 
the organism still possess (potentially) mutagenic properties and (ii) the extent to 
which the (biotransformation) products are excreted via the urine. The excretion of 
thioether products in the urine after exposure to РАН  (arrow 2) depends on: (i) 
bioactivation of РАН  to electrophilic intermediates; (ii) subsequent detoxification via 
glutathione or other 5Н  molecules; and (iii) excretion of the thioether detoxification 
products via urine. Because of relatively high background levels, neither the urinary 
mutagemcity assay nor the thioether assay is sensitive enough for the detection of small 
increases in urinary levels of mutagens or thioethers. Besides, smoking is a major 
determinant in both assays. The method for the detection of 1-hydroxypyrene in urine, 
however, is sensitive, and smoking habits are only a minor determinant. The presence 
of 1-hydroxypyrene in urine in fact reflects exposure to pyrene. Sincе  PAl always 
occur in the environment as a family, 1-liydroxypyrene in urine can be considered a 

Fig. 5. Levels of 1-hydroxypyrene in urine of coke-oven workers 

1, 3 and 5, levels in pre-work urine; 2, 4 and 6, corresponding end of work values. 
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Fig. 6. Products in urine after exposure to mutagenic chemical compounds 
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marker for exposure to РАН. It is important that, for a more detailed evaluation of 
exposure to genotoxic PAH, the profile of hydrocarbons in the environment be 
considered. 
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The aim of the present study was to optimize the procedures for urinary mutageni-
city testing in order to lower the baseline variation in mutagenic activity found in 
urine from unexposed subjects and to increase the sensitivity of the method. This 
was accomplished by using urine from nonsmokers and smokers as well as сhетi-
сally spiked nonsmokers' urine. Diet was standardized. The number of mutants per 
ml of urine calculated from the linear portion of the dose-response curve was used 
as a measure of mutagenicity. The parameters investigated were (i) the total volume 
of urine per resin volume, (ü) the flow rate, (iii) the pH, (iv) the ionic strength of 
the urine, and (v) elimination of histidine. XAD-2 and С18 sep-Pak resins re-
covered mutagens in smokers' urine and in chemically spiked urine with the saine 
efficiency when an optimized procedure was adopted. The optimized procedure 
using a maximum volume of 50 ml acidified urine per Sep-Pak cartridge, or equal 
amount of XAD-2 resin, gave well over ten times greater recovery of mutagens 
from smokers' urine than in earlier reports. Riвtidine was effectively eliminated, and 
the background variation was also lowered. 

Testing human urine for wutagenic activity towards bacteria has proven to be a 
useful means for identifying genotoxic exposures. Earlier studies, mainly of occupa-
tional exposures, have frequently given inconsistent results (Everson, 1986. and 
references therein), owing to several technical difficulties, such as overloading of the 
resins used to concentrate the urine samples. The influence of known confounding 
factors like certain food components and smoking has not always been accounted 
for. 

Mutagenicity testing 
Mutagenicity tests were conducted according to the standard plate assay (Ames et 

al., 1975). ,almопella tуphimuriиm ТА98 was used throughout the study, except for 
tests on the mutagens benzo[alpyrene, styrene oxide and sodium azide, where TA100 
was used. A 9000 g supernatant from Aroclor 1254-treated rats (S9) was used for 
activation. In tests of human urine, 20 u1 S9 were added per plate. Results of оме  
representative experiment are presented. 

Comparison of XАD-2 and С18 Sеp-Pak resins 
Glass columns (0.7 x 10 cm) packed with XAD-2 (Serva, Heidelberg, FRG), 

1.5 cm3 bed volume, and С18 sep-Pak (Waters Assoc.) columns were compared with 

—396- 
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Table 1. 5orptioд  of 14С-lаЬе11ed histidine on XAD-2 and 
С18 Sep-Pak columnsa 

Aliquot 	 Percentage of totally recoveredь  histidine 

Urine pH 6-7 	 Urine pH 2 

XAD-2 Sep-Pak XAD-2 Scp-Pak 

Urine after 

passing column 16.2 72.5 20.7 67.0 

Rinse 1 74.1 26.3 68.4 289 

Rinse 2° 7.9 0.7 8.4 3.4 
Acetone eluate 1.2 0.4 2.4 02 

° 14С-Histidine was added to each urne sample that was passed through кAD-2 or С18 
Sep-Pak columns. Residual radioactivity was measuied in the eluates. 
ь  Total recovery, approximately 80% 
` кАD-2 was rinsed with 5m1 water; sep-Pak was rinsed with 2 nsl water. 

regard to histidine retention (Table 1) and ability to sorb chemical mutagens from 
unie (Table 2). 

Optimizing concentration procedure 
Using Sep-Pak columns, the influence of parameters related to the chromatographic 

procedure was examined, with the recovery of mutagens from smokers' urine as a 
measure of efficiency (Table 3). Furthermore, the effect of diet on the mutagenicity of 
nonsmokers' urine was studied (Table 4). The subjects were instructed to eat only 
white bread, to drink milk with meals and to avoid coffee. A commercially available 
deep-frozen chicken meal was taken, unless otherwise stated. Using the optimal 
procedure, the mutagenicity of urine samples from five smokers and 13 nonsmokers 
was estimated, aid the results are presented in Figure 1, where a comparison is made 
with data from earlier reports on the mutagenicity of smokers' urine in TA98 in the 
presence of S9. 

Table 2. Recovery of mutagens from smokers' unie 
and from chemically spiked nonsmokers' urine" 

Revertants per ml smokers' urine 

XAD-2 Sep-PakС1в  

Smokers' urine, acidiбed to pH 2 31.8 35.6 

Mutagen added to udne Recovery of mutagens (%) 
(amount per 100 иI) 

XAD-2 Sep-РakC18 

Benzo[ojpyrene, 5 цg 31.6 49.6 
2-Amiпoaпthraceпe, 02 tg 48.2 39.2 
Тrр-P-1, 0.5 цg 97.3 100 

Тrp-Р-2, 0.5 tg 95.9 94.3 

Stуrепе  oxide, 120 sg 0 0 
Sodium azide, 1.5 sg 0 0 

° Mutagens were added to 50m1 of urine to yield the indicated amounts per 100 pI. 
Samples (100 pI) were tested from each urine before the chromatographic procedure. 
The sorbed mutagenв  were eluted with acetone, dilured to 50 ml with water, and 
100 pI were tested for mutagemeity on ТА98. 
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Table 3. Optimizing procedures with regard to total load, flow rate, 
pH, and ionic strength in tests of smokers' unie 

Load 	 Volume of Revertants per m1 
urine (ml) 

150 15.0 
100 18.6 

50 21.3 

Flow rate 	(mi/mm) Revertants per mi in two serially adapted columns 

Column 1 Column 2 

2-3 37.0 6.2 
X10 28.4 9.2 

pH 	 Subject Revertants per ml 

pH 2.0 pH 7.0 

Smoker 21.3 16.4 
Smoker 26.7 20.1 
Nonsmoker 2.1 3.4 

Ionic strength 	Samples Revertants per ml 

50m1 unie 26.2 
50m1 urme+ 

15001120 28.3 

Standardized procedure 

Sampliпg: Urine is sampled from subjects on a defined diet (nonmutagenic); urine 
samples are immediately frozen and stored at —20°C for a maximum of four weeks. 

Concentration of mtttagens: Precipitate is removed by centrifugation and the urine 
acidified to pH 2.0; 50m! acidified urine are slowly (2-3 ml/min) passed through 
one (or two serially adapted) Sep-Pak cartridges. After rinsing with 5 т1 water 
(p12.0), the columns are flushed with nitrogen to remove excess water and then eluted 
with 10m! acetone. The acetone is evaporated under a stream of nitrogen with very 
gentle heating (30-35°C) and 1.0 ml dimethyl sulphoxide is added to the acetone 
residue, resulting in a Six concentrate, in which 20 ц1 corresponds to 1 ml of the 
original urine. 

Table 4. јnйuence of diet on nine mutagenicity 

Diet° 	 n 	Revertants per m1 

Fish with almonds 	 1 	3.1 
Fish with caviar 	 1 	2.2 
Fried pork 	 1 	3.8 
Bacon with egg 	 1 	12.0 
Chicken with Mashed potatoes 	13 	2.3 + 1.0 (8Е) 

Standardized for 18 h before sampling 
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Fig. 1. Mutagemc activity of smokers' and nonsmokers' urine in Ѕ. typhimurium 
ТА98 in the presence of S9 
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Comparison with data from recent publications (see reference list) 

Mutagenicity testing: The appropriate test procedure (plate, microsuspension or 
fluctuation test) with appropriate tester strains and metabolic activation is chosen, 
depending on the type of exposure that is being investigated. А  dose-response 
relationship is established for each urine concentrate by testing several doses. А  simple 
linear regression is performed over the linear part of the curve, and the slope (number 
of mutant colonies per ml urine) is used as an estimate of the mutagenic potency of 
each sample. 

Conclusions 
Histidine was efficiently removed from both XAD-2 and Sep-Pak columns, residual 

histidine being lowest on the sep-Pak columns. Recovery of six model mutagens from 
nonsmokers' urine and of mutagens from smokers' urine did not differ substantially 
between the twо  resins. By acidifying the urine, not overloading the columns and using 
a slow flow rate, the recovery of mutagens from smokers' urine was optimal. The 
influence of diet on the results was diminished by standardizing it. 

The standardized procedure for urine mutagenicity testing presented here, involv-
ing a 50 x concentration of the urine sample, is simple to perform, minimizes 
background variation, produces data on mutagenic potency that are based on tests of 
several doses of urine concentrate, arid is highly sensitive towards mutagens in 
smokers' urine. 
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Blue-cotton (-rayon) adsorbable fractions of human urines were examined for 
mutagenicity in Salmonella typhimurium ТА98 with metabolic activation. Ingestion 
of cooked beef caused significant increases in urinary mutagerncity that were 
comparable to that caused by cigarette smoking. When a sample obtained after 
ingestion of cooked beef was passed through a carboxymethyl cellulose column, the 
mutagenitity of the duale was found to be almost one order of magnitude greater 
than that of the original sample, suggesting the presence of antirnutagenc factors in 
the sample. The oleic acid content of the sample was not great enough to account 
for this phenomenon. Other urine samples subjected to column fractionation were 
found to contain the putative antimutagenic factors. This finding further confounds 
the monitoring of urinary mutagenicity. 

Urinary mutagenicity is a measure of human exposure to genotoxic substances. The 
use of blue cotton, а  polycytlic-compound specific adsorbent (Hayatsu et aL, 1983а), 
has facilitated the monitoring of polycyclic mutagerns in human urine (Kobayashi & 
Hayatsu, 1984; Hayatsu et a1., 1985а; Mohtashamipur et al., 1985). This adsorbent has 
been used to detect hcteropolycyc1c amines in foods (Hayatsu et al., 1983b; Takahashi 
et al., 1985; Kikugawa et al., 1986) and in tobacco smoke (Yamashita et al., 1986). It 
has also been used in various studies of polycyc1ic amine mutagens (лgеrstad et al., 
1984; Hayatsu et al., 1985b, 1987; Bashir et al., 1987). 

Iп  this paper, we discuss the effect of diet, especially the ingestion of cooked meat, 
on urinary mctagerücity, as compared with the effect of cigarette smoking. Further-
more, we show that blue-cotton extracts of urines often contain antimutagenic factors 
which can be removed by passing the extract through a carboxymethyl cellulose 
column. 

Ingestion of cooked beef 
Heated meat contains mutagénic heterapolycyclic amines, most of which are proven 

carcinogens in rodents (Sugimura, 1985). Sоод  after areal of cooked beef, the urine 
becomes mutagenic, as assayed in S. typhimurium ТА98 with metabolic activation; the 
mutagenicity disappears 12 h after ingestion (Hayatsu et al., 1985 а). 

We collected 6-li urine samples from volunteers before and after ingestion of 
cooked ground beef. The two previous meals that the volunteers had eaten did not 
contain cooked meat. The urines were treated with blue rayon (which is an improved 
preparation of blue cotton), and the rayon was eluted with methanol-ammonia. The 
eluate was then subjected to carboxymethyl cellulose column chromatography to 
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Fig. 1. Urinary mutageпicity due to ingestion of fried ground beef 
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Urines were collected over 6h before and for 6h after a meal containing two patties of commercially 
available fried ground beef, which weighed 65g. The total urine samples were treated with blue rayon 
(25 µтоl copper phtlialocyaninc trisulphonate per gram rayon) at 0.3 g/100 ml urine. After 30 mm of gentle 
shaking, the rayon was collected, washed with water, dried and eluted with naethanol: ammonia (50:1). The 
eluate was evaporated . to dryness, and the residue was subjected to carboxymethyl cellulose column 
chromatography (Hayatsu et a1., 1983b). The first 10-ml fraction, which was obtained by eluting the column 
with formic acid at pH 3, was evaporated to dryness and assayed for mutagenicity in S. typhimurium ТА98 
with metabolic activation using the prcineubation method (Yahagi et at., 1977). 

remove antimutagenic factors, and the mutagenicity was measured in S. typhimurium 
ТА98 with S9 rix. 

Examples are given in Figure 1. In four people, the urines were more mutagenic 
after eating the cooked meat than before the meal. 

Antimutagenic factors in urine 
During the analysis of urinary mutagerlicity after the meat meal, we became aware 

that the samples contained antimutagenic components. Thus, the mutagenicity of a 
blue-rayon extract was much lower (254 his revertants per plate) than that of a sample 
obtained by further passing the rayon extract through a carboxymethyl celulose 
column (1850 revertants). We concluded that there must be some components iп  the 
blue-rayon extract that inhibited mutagenic activity and could be removed by passage 
through the carboxymethyl cellulose column. Our previous studies on the anti-
mutagenic activity of fatty acids (Hayatsu et al., 1981a,b, 1983с; Negishi & Hayatsu, 
1984) suggested to us that the blue-rayon extract might contain fatty acids that are 
inhibitory for mutagknesis. However, that was not the case. Although the blue-rayon 
extracts were shown to contain oleic acid, as analysed by gas chromatography (Hayatsu 
et al., 1981а), the amounts (1.2 ptg/100 ml urine equivalent blue-rayon extract) were 
too small to account for the inhibitory activity. The components have not yet been 
characterized. 

In addition, enhancement of mutagermcity by passing the samples through the 
carboxymethyl cellulose column was observed in only five of six urine samples collected 
after meat meals; the sixth showed a decrease, indicating that the putative anti-
mutagenic factors occur variably among samples. 
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Table 1. Urinary mutagenicity arising from ingestion of cooked beef and 
from cigarette smoking 

Cause 	3ubject 	Urine 	Net increase in 	Mutagenicity 	Output [A]/ 
volume 	number of hts± 	of ingested 	Input [B] 
(ml) 	revertants" 	beefb 	 x 100 

(ТА98, + S9) 	B 
A 

Fried ground A 530 158 1420 11.1 
beef B`  150 64 1420 4.5 

C`  300 207 1420 14.6 
D`  880 74 1420 5.2 
A 530 172 2840 6.1 
В  290 64 2840 2.3 
C 340 41 2840 L4 

• D 190 533 2840 18.8 
A 1160 755 8900 8.5 
E 1350 1210 8900 14.8 

Cigarettesd F 1220 690 (7)d 
G — 920 (7)`` 
G 800 1320 (9)a 

[No. of revertants after meat meal or smoking] — [No. of revertants before meat mea[ or smoking] 

ы  Measured by the method of Hayatsu et al. (1983b) 
` Data obtajned from the results in Figure 1 
d Results obtained by Kobayashi & Hayatsu (1984); numbers in the parentheses, лnmber of cigarettes 

smokéd 

Comparison of meat and cigarettes with respect to their effect on urinary 
mutagenicity 

The studies described above indicate that the mutagenicity that arisés from 
ingesting cooked meat is substantial. Table 1 shows that the urinary mutagenicity 
caused by meat ingestion is similar to that due to cigarette smoking. Tt is noteworthy 
that about 10% of ingested mutagenicity in meat was excreted in the urine; however, 
the chemical structures of the muta genic components in the meat and in the urine are 
probably different (Hayatsu et al., 1985а, 1987). 

Iпgestion of cooked meat is thus a major cause of increased urinary mutageпicity. 
An important consequence of this finding is that any attempt to correlate urinary 
mutagenicity with a given causative agent should take into account the effect of diet. 
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MEASURING OXIDATIVE DAMAGE IN HUMANS: 
RELATION TO CANCER AND AGEING 
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Many uncertainties remain about the free-radical theory of ageing and the role of 
oxidative damage to DNA in cancer. The chemistry and biochemistry of radical-
induced DNA damage are now well characterized in vitro, but the complexity of 
in-vivo systems leaves this area still largely unexplored. Measurement of thymine 
and thymidine glycols in urine may be a means of assaying background levels of 
radical-induced DNA damage in live organisms. Similаг  approaches may prove 
useful for testing some of the predictions of the free-radical theory of ageing and of 
the contribution of free radicals to cancer. 

Cumulative cancer risk increases with approximately the fourth power of age (Fig. 
1), both in short-lived species such as rats and mice (about 30% have cancer by the end 
of their two- to three-year fife span) and in long-lived species such as humans (about 
30% have cancer by the end of their 85-year life span). Thus, the marked increase in 
life span that has occurred in 60 million years of primate evolution has been 
accompanied by a marked decrease in age-specific cancer rates. One important factor 
in longevity appears to be basal metabolic rate (Tolmasoff et al., 1980; Cutler, 1984), 
which is much lower in man than in rodents and could markedly affect the level of 
endogenous mutagens produced by normal metabolism. Oxidative DNA damage could 
be one major contributor to cancer and ageing related to metabolic rate (Totter, 1980; 
Cutler, 1984). 

Sources of free radicals in vivo 
Numerous mechanisms are capable of generating free radicals in vivo. The reactive 

02 species 02 , 1202, and •OH are generated in vivo during normal metabolism aid 
are also the active agents of DNA damage produced by ionizing radiation (Pryor, 
1976-1984; Ames, 1983; Nygaard & Simic, 1983). The interaction of certain cellular 
components with these 0 species could contribute both to ageing and age-dependent 
diseases such as cancer (Ames, 1983; Cerutti, 1985; Ames & Saul, 1987). OH has 
been shown to produce both base damage and strand breaks in DNA. Oxidants in the 
presence of metal ions initiate lipid peroxidation, which produces a variety of 
mutagens, carcinogens and promoters (Fig. 2) (Bischoff, 1969; Pryor, 1976-1984; 
Demopoulos et al., 1980; Ferrali et al., 1980; Imai et al., 1980; Simic & Karel, 1980; 
Petrakis et al., 1981; Shorlaпd et al., 1981; Bird et al., 1982; Levin et al., 1982), such as 
fatty acid hydroperoxides, cholesterol hydroperoxide, endoperoxides, cholesterol and 
fatty acid epoxides, enals and other aldehydes, and alkoxy and hydroperoxy radicals, 
as well as reactive 02 species. The digestive tract is exposed to a variety of these 
fat-derived carcinogens. Human breast fluid can contain high levels (up to 780 l шoп  /1) 
of cholesterol epoxide (a mutagenic and carcinogenic oxidative product of cholesterol) 

—407 
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Fig. 1. Cumulative net risk of death from cancer for rats and humans 
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Fig. 2. Lipid peroxidation 
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(Petrakis et al., 1981; 8еvапiап  & Peterson, 1984), which could originate either from 
ingested oxidized fat от  from oxidative processes in body lipids. 

Pеroxisоmeн  oxidize apprcciahie amounts of dietary fatty acids, and removal of each 
two-carbon unit generates one molecule of 1202— itself a mutagen, promoter and 
carcinogen (Plaine, 1955; Hirota & Yokoyama, 1981; Tsuda, 1981; Ito et a1., 1982; 
Reddy et al., 1982; Sрeit et al., 1982; Reddy & Laiwani, 1983). Low levels of 1202 
escape the catalase in the peroxisome (Chance et al., 1979; Reddy et al., 1982; Reddy 
& Lalwani, 1983), thus contributing to the pool of O2-derived species that can damage 
DNA and can also initiate lipid peroxidation, leading to the production of the 
mutagens and carcinogens listed previously. Phagocytosis by neutrophils generates О2 , 
1202, ‚fOC' and cliloramin (oxidizing and chlorinating agents). Exposure to light can 
raise the energy of many compounds, leading to excitation of ground state 02 to highly 
reactive singlet 02 (Ha11iwe1l & Gutteridge, 1984), a potent mutages and inducer of 
lipid and protein oxidation. 

Antioxidant defences 
Many defence mechanisms within the organism have evolved to limit the levels of 

reactive 02 species and the damage they induce. Among the defences are superoxide 
dismutase, catalase and glutathione peroxidase, as well as the antioxidants $-
carotene, tocopherols and vitamin C (Pryor, 1976-1984; Ames, 1983; Porter & 
Whelan, 1983). We have discussed several previously unappreciated antioxidants that 
have appeared during evolution. Haem is degraded to bi1iverdin, which we have shown 
is a powerful antioxidant (Stocker et al., 1987a,b; Stocker & Ames, 1987). In 
mammals, biliverdin is converted to bilirubiri, which is also a powerful antioxidant. The 
bi1irubin in human blood is bound at a specific site on albumin at a concentration of 
20 uМ  (Stocker et al., 1987a,b; Stacker & Ames, 1987), which is a much higher level 
than in rat blood. Conjugated bilirubin also appears to be the most important 
antioxidant in bile, and with the copper ions present in bile forms a powerful redox 
system for oxidizing xenobiotics and destroying hydroperoxides (Stocker & Ames, 
1987). 

We have previously discussed uric acid as a powerful antioxidant that appeared 
during primate evolution concomitant with the development of a long life span and a 
large, metabolically active brain (Ames et al., 1981). Uric acid is the main antioxidant 
in saliva, and occurs at 300 µМ  in human blood. It is present in much lower amounts in 
animals before the primates. Uric acid levels increased during primate evolution at 
about the same time as we lost the ability to synthesize ascorbic acid, so that these 
events may be related. 

We are currently working on another antioxidant, carriosine, present in high 
concentrations in human muscle and brain (R. Kohn, Y. Yamamoto, K. Cundy and 
B.N. Ames, in preparation). 

Because of the finite time between generation of a radical species and its 
destruction by a defence mechanism, low levels of reactive 02 species can exist for 
sufficient time to produce damage to cellular macromolecules (Chance et al., 1979). 
For nuclear DNA, however, the mammalian cell has three more levels of defence. 
First, nuclear DNA is compartmentalized away from mitochondria and peroxisomes, 
where most radicals are probably generated. Sесопд, most nonreplicating nuclear 
DNA is surrounded by histones and polyaniines, which may protect against radicals. 
Finally, most of the types of DNA damage produced can be repaired by efficient 
enzyme systems. .The net result of this multilevel defence is that nuclear DNA is very 
well, but not completely, protected from radicals. One view of the somatic damage 
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theory of ageing is that the amount of maintenance and repair of somatic tissues is 
always less than required for indefinite survival. Thus, some DNA damage induced in 
somatic cells by radicals will accumulate with time. 

Measuring lipid hydroperoxides 

We have developed a new, very sensitive method for measuring lipid hydroperox-
ides in tissues by coupling a chemiluminescent detection system for hydroperoxides 
with high-performance liquid chromatography (HPLC) separation (Yamamoto et a1., 
1987). We find hydrogen peroxide in human blood at a level of 5 М. Preliminary 
evidence suggests that this level increases three or four fold when normal subjects get a 
cold, presumably due to the respiratory burst from neutrophils during phagocytosis (Y. 
Yamamoto and B.N. Ames, unpublished). We find two peaks of hydroperoxide in 
normal plasma, X-OOH and Y-OOH. We have tentatively identified X-OOH as a 
long-chain hydroperoxide oxidative breakdown product of fatty acids. Y-OOH is 
present at 0.3 цМ  in normal plasma and has been tentatively identified as a 
cholesterol ester of a fatty acid hydroperoxide (Y. Yamamoto and B.N. Ames, in 
preparation). Rat tissues contain appreciable levels of lipid hydroperoxides, which 
appear in the triglyceride fraction (G. Bartoli, Y. Yamamoto and B.N. Ames, in 
preparation). We believe that these new methods and findings are relevant to heart 
disease, cancer and ageing. 

Detection of oxidative DNA damage 

Oxidative damage. of cellular DNA has been detected by chemical, physical, 
enzymatic and immunochemical methods. The chemical methods can be made highly 
specific but are relatively insensitive. Specific chemical assays have been developed for 
the free-radical DNA damage products thymine glycol (Frenkel et aL, 1981; Cathcart et 
al., 1984), 5-hydroxymethyluracil (Teebor et a1., 1982) and 8-hydroxyguaпine (Diz-
daroglu, 1985). Sоте  radioactive labelling techniques have been developed that 
promise to be useful for detecting low levels of many other lesions (Teebor et al., 
1982). Physical methods such as alkali elution and agarose gel electrophoresis have 
been used to detect strand breaks in DNA. mhese techniques can be used to detect 
subtle changes in small genomes but are of limited usefulness in mammalian cells. 
Enyzmatic methods have been used to produce nicks at damage sites so that physical 
methods can be used to detect the strand breaks (Paterson et al., 1981). Finally, 
immunochetuical methods have been developed for a number of specific lesions, 
including 8-hydroxyadenine and thymine glycol (West et a1., 1982а,b; Leadon & 
Hanawalt, 1983). 

Using these techniques, several products of DNA damage have been detected in 
DNA from cells exposed to ionizing radiation and other treatments that produce 
radicals. Mammalian cells exposed to kilorad doses of ionizing radiation were shown to 
contain increased levels of thymine glycol and 5-hydroкymеthy1uгcil (Fig. 3) (Leadoo 
& Hanawalt, 1983; Frenkel et al., 1985). Recently, Kaneko and Leadon (1986) showed 
that exposure of human fibroblasts to N-hydгoxy-2-naрhthylаmiпe, a bladder car-
cinogen that generates free radicals in the cell, leads to a dramatic increase in thymine 
glycol in the DNA. 

The methods cited have been sensitive enough to detect DNA damage induced by 
severe stresses such as kilorad doses of radiation but have not been useful for 
examining the background levels of damage products formed from normal aerobic 
metabolism. In our laboratory, we have overcome this problem by using an approach 
based on the pathways shown in Figure 4. Specific repair enzymes excise most DNA 
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Fig. 3. Thymine residues iп  DNA can be oxidized by a variety of agents to yield 
thymine glycol or hydroxymethyhnacil 
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lesions to release a free base or a deoxynucleotide. Deoxynucleotides may lose 
phosphate to become deoxynucleosides, which are not further metabolized arid may be 
recovered in the urine. Two such products of oxidative damage of DNA are thymine 
glycol and 5-hуdmxymethу1цraсi1. We have recently described a specific DNA repair 
enzyme, a DNA glycosylase from mouse cells, which repairs 5-hydroxymethyluracil 
and differs from the specific DNA glycosylase repair enzyme for thymine glycol in 
mouse cells (Iollstein et al., 1984). The existence of these specific repair enzymes 
points to the importance of this type of DNA damage in vivo. 

Fig. 4. Repair of a damaged DNA base by excision repair or a specific glycosylase 
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Table 1. Average background levels of various 
DNA damage products in human urinea 

Соmрогшдь  Level 

nmol/kg per day molecules/cell per day 

Tg 0.39 270 
dTg 0.10 70 
IMU 0.9 620 
HIdU trace trace 

°Data from Catkcart et a1. (1984). aлд  unpublished. From Ames 
and Saul (1987) 
bTg, thymine glycol; dTg, thymidine glycol; HIll, 5-hydroxy-
methyluracil; HIdU, 5-hydroxymethyl-2'-dcoдyaridiпe 

Our method suffers from being an indirect measurement of what was in the DNA 
and being potentially subject to artefacts. Nevertheless, it has two very powerful 
advantages. First, it can be made extremely sensitive, in part because DNA lesions 
from all the cells of the body are concentrated in a relatively small volume of urine. 
Second, this technique is noninvasive. 

In order to quantify the daily removal of these lesions from DNA, we developed an 
HPLC assay for thymine glycol, thymidine glycol, hydroxymethyluracil and hydroxy-
methyldeoxyuridine in urine (Cathcart et al., 1984; unpublished observations). Our 
results indicate that normal humans excrete a total of about 100 nmol/day of the first 
three compounds (Table 1). We have considerable evidence that most of this total is 
derived from repair of oxidized DNA, rather than from alternative sources, such as 
diet and bacterial flora (Cathcart et al., 1984; Ames & Sац1, 1987). This total may 
therefore represent an average of about 103 oxidi.zed thymine residues per day for each 
of the body's б  x 1013 cells. Because these products are only three of a considerable 
number of possible products of oxidative damage of DNA (Scholes, 1983; Cadet & 
Berger, 1985), the total number of aI1 types of oxidative hits on DNA per cell per day 
in man may be much more than 1о3. 

8-Нудгоxу-2'-deoxуguanosine in urine 
Our urinary thymine glycol assay is difficult to perform and takes about three 

weeks. We are thus developing a simpler urinary assay for 8-hydroxy-2'-deoxyguano-
sine, which has been measured in DNA by electrochemical detection at about 1000 
times the sensitivity of ultraviolet detection (Floyd et al., 1986; Kasai et a1., 1986; 
Kuchino et al., 1987). This assay (Cindy et al., 1987) can be done in an afternoon and 
will thus enable a much more rapid and simpler assay of urine for oxidized DNA. The 
levels in human urine appear to be of the same order as those of thymine glycol. We 
also have preliminary evidence for the presence of 8-hydroxy-2'-deoxyguaпosine in 
urine of humans with chronic granulomatous disease. These people lack the respiratory 
burst from phagocytic cells, yet they still produce 8-hydroxyguanosiпe in their urine, 
indicating that the presence of oxidized DNA bases in urine is riot a consequence of 
normal cell turnover. 

Testing the relationships among radical-induced DNA damage, cancer and ageing 
Although considerable speculation about the relationships among free radicals, 

cancer and ageing abounds, the involvement of radicals remains obscure. Perhaps the 
best circumstantial evidence implicating free radicals in ageing is the impressive inverse 
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Fig. 5. Average urinary output of thymine glycol (t) and thymidine glycol (0) by 
three species, expressed as a function of the specific metabolic rate of that species 
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interspecies correlation between specific metabolic rate and rate of ageing, i.e., species 
with high metabolic rates also have a high age-specific cancer incidence (Fig. 1.) The 
faster rate of ageing and the faster accumulation of carcinogenic events in mammals 
with higher specific metabolic rates may be explained by assuming that these species 
have higher rates of production of free radicals per cell, leading to faster accumulation 
of somatic damage, carcinogenic events aid ageing. We now have data on three species 
that provide additional circumstantial evidence for this theory and are consistent with 
the possibility that DNA is a critical target in ageing. Rats, which have a higher specific 
metabolic rate and a shorter life span than humans, excrete about 15 times more 
thymine glycol and thymidine glycol per kg of body weight than do humans (Fig. 5) 
(Cathcart et al., 1984). Mice have an even higher metabolic rate and a shorter life 
span, and they have higher levels of thymine and thymidine glycols than rats. Data 
recently obtained with monkeys are consistent with this relationship (R. Adelman, R. 
Saul and B.N. Ames, in preparation). 

We have now tested urines from normal human volunteers aged 22 to 84 years for 
thymine and thymidine glycols (Saul et al., 1987). We conclude that their urinary 
outputs are age-independent, which suggests that the rate of oxidative DNA damage in 
man does not change substantially with age. This is consistent with age-independent 
somatic damage theories of ageing (Peto et al., 1985). 

Mechanisms relating free radicals, DNA damage, cancer and ageing 
Several models relate free radicals, DNA damage, cancer and ageing. One 

possibility is that free radicals react with nuclear DNA to produce somatic mutations. 
The sources of radicals in this case could include: long-lived reactive species generated 
outside the nucleus and capable of crossing the nuclear membrane, lipid-soluble 
radicals generated in the nuclear membrane itself, and radicals generated within the 
nucleus. The types of DNA lesion that might lead to somatic mutation include: base 
changes to give point mutations, frameshift mutations and deletions, and strand breaks 
to give chromosomal rearrangements. Somatic mutation could disrupt the cell by 
altering gene products or by altering their regulation. 
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Other types of DNA damage could impair the cell without producing a mutagenic 
event. Many types of lesion, even iп  noncoding sequences, can prevent DNA 
replication and thus prevent cell proliferation. Certain unrepaired lesions in coding 
sequences might impair transcription and decrease protein synthesis. This type of DNA 
damage would be particularly important for terminally-differentiated cells that do not 
normally undergo DNA replication. Free radicals could also cause loss of 5-
methylcytosine. Since 5-methylcytosirne may be important in turning off genes during 
differentiation, oxidative DNA damage could prevent this and cause de-differentiation 
and contribute to cancer and ageing (Doerfler, 1984; Denda et al., 1985). By analogy 
with 5-hydroxуrпethуluracil, 5-hуdroxymethуlcуtosiпe could be formed by oxidative 
damage. This could lead to lack of methylation after DNA replication if the DNA 
methylase did not .recognize 5-hydroxymethylcytosine as 5-methylcytosine. Similarly, 
8-hydroxуguanine might interfere with methylation at its base-paired cytosine. 
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FORMATION OF REACTIVE OXYGEN SPECIES 
AND OF 8-HYDROXY-2'-DEOXYGUANOSINE IN DNA 

IN VITRO WITH BETEL-QUID INGREDIENTS 

М. 1гiesen1, G. Магu1, V. Bussachiпix, H. Bartsch1, U. Naiг2, J. Nairг  & 
R.A. Floyd3 

1lnternatioпal Agency for Research on Cancer, Lyon, France; 2Сaпсеr Research 
Institute, Tata Memorial Centre, Parel, Bombay, India; and 3Оklahoma Medical 

Research Foundation, Oklahoma City, OK, USA 

Using a chemiIun'inescence technique, superoxide anion (0) and НгОZ were 
shown to be formed in vitro, above pH 9.5, from betel-quid (BQ) ingredients, such 
as areca-nut extract and catechu. The formation of 0 was enhanced by Fe2+, Fе3 
and Сu2+ aid inhibited by МпZ+. Saliva was found to inhibit both 02 and 1302 
formation £&oт  BQ ingredients. Upon incubation of DNA at alkaline pH with 
areca-nut extract or catechu, in the presence or absence of Fes+, 8-hydmary-2'-
deoxyguanoвiпe was formed, as quantified by high-performance liquid chromatog-
raphy. The data suggest a possible role of reactive oxygen species (ROS) in the 
etiology of oral cancer in betel quid chewers. 

Epidemiological studies have associated chewing of BQ with tobacco (BIT) or 
tobacco alone with an increased risk for cancer of the oral cavity and of the oesophagus 
in India and other Asian countries ('ARC, 1985). Even though several tobacco-specific 
areca-nut-specific nitrosamines, all shown to exert genetic effects in at least one 
short-term test, have been identified in BIT and in the saliva of BIT chewers (Nair 
et al., 1985; Bmmnemann et al., 1986), the major causative agents in BQT-associated 
cancers have not yet been identified. Increasing evidence that ixidative damage to 
DNA by ROS may play a role in cancer initiation and promotion prompted us to 
explore whether BQ ingredients can generate ROS capable of reacting with DNA. 

Formation of 02 and 1202 by BQ ingredients in vitro 

The formation of ROS in vitro from BQ ingredients was detected following their 
reaction with lucigenin to produce chemiluminescence. Aqueous areca-nut extract (Fig. 
1) produced a sharp peak for O2 at about 2 sec, which was completely inhibited by 
superoxide dismutase (Fig. 2), and a later broad peak for 1202 which was completely 
inhibited by catalase (Fig. 1). An optimal response for 0 was found for 50 µg 
aqueous areca-nut extract, beyond which there was inhibition (Fig. 3). Various 
fractions obtained from areca nut, such as areca-nut tannins, areca-nut flavonoids, 
areca-nut catechin and catechu, were also found to produce 0 under these conditions 
(Fig. 4). 

The formation of 02 was enhanced by Fe2+, Fe3+ and Сиz{ but inhibited by Mn2+ 

1 To whom correspondence should be sent 
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Fig. 1. Formation of ROS from areca-nul extract 
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• , 50 ug areca-nut extract; ♦, 50 цg areca-nut extract + 20 units superoxide dismutase; ■, 50 sg areca-nut 
extract + 130 units catalase. Areca-nut extract was piepared from 10g dry arecs nuts, powdered in a blender 
and extracted with 250 m1 distilled 120 for 1 h. After 'iltration through a sintered glass funnel, the filtrate 
was freeze-dried. Samples containing 25 ц1 lucigenin (5 mM) and the test substances were diluted to 360 fd 
with water in a cuvette. After addition of 40 fil 0.02 M NаZC03 to initiate the reaction, response was 
monitored with a computer-controlled luminometer. 

Fig. 2. Concentration-dependent inhibition of 0 formation by superoxide dis-
mutase from 50 iьg aceca-nut extract 
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Fig. 3. Formation of 0 from areca-nut extract 
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Fig. 4. Formation of 0 from areca-nut extracts (ANE), catechu and tannin 
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Tanins (ANT), catechin (ANC) and lavonoid (ANF) fractions of areca nut were generously provided by Dr 
Н.F. Stich (University of British Columbia, Vancouver, Canada) and were prepared by the method of Stich 
et al. (1983). Tannin was obtained commercially. Catechu (reSin of Acacia catechu) and areca nut were 
obtained from local shops in Bombay, India. 

T 
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Fig. 5. Е1есt of metal ions on the formation of 0 from 50 µg areca-nut extract 
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(Fig. 5). None of these metal ions was observed to have an effect on the formation of 
1202. Saliva was found to inhibit both 02 and 1202 formation from BQ ingredients 
under these conditions. Tobacco extract produced 0 only in the presence of metal 
ions. 

Formation of 8-hydroкy-2'-deoкyguanosiпe in DNA by BQ ingredients in vitro 
The formation of 8-hydroxy-2'-deoxyguaпosine in calf thymus DNA, following 

incubation with BQ ingredients at alkaline pH, was quantified by high-performance 
liquid chromatography with electrochemical detection (0.8 V) after enzymic hydrolysis 
(Floyd et al., 1986). The method allows measurement of one modified base in about 
106 molecules deoxyguanosine. 

For the assays listed in Table 1, 15 mg calf thymus DNA were dissolved in 10m! 
distilled water containing the BQ ingredients as listed. After initiation of the reaction 
with 3 ml 0.21 Na2CO3 (pH 10.9-11), the mixtures were incubated for 60 min at 
37°C. Following extraction with 3 x 10 ml ethyl acetate and 2 x 10 ml isoamyl 
alcohol: chloroform mixture (3 :1), the DNA in the aqueous phase was precipitated 
with excess ethanol, washed with cold ethanol and dried under vacuum. DNA 
hydrolysis was carried out by the procedure of Beland et al. (1979). 

In agreement with enhanced ROS for nation, areca-nut extract and catechu, in the 
presence or absence of Fе3+ , led to an increased yield of 8-hydroкy-2'-dеoxуguanosine 
(Table 1). Yields were highest when the phenolics were replaced by 1202, indicating 
the latter as a possible intermediate. 

Conclusions 
Our study demonstrates that, under alkaline conditions, ROS are generated from 

areca nut and catechu, essential ingredients used by BQ chewers. The lime that is 
taken with BIT, BQ or tobacco can elevate the pH in the microenvironment of the 
oral cavity, and the likelihood that ROS are generated locally from the BQ ingredients 
during the chewing process is high. Thus, the ROS concentration may be sufficiently 
high to temporarily overload the ability of saliva to destroy it. The possibility of 
oxidative damage is further substantiated by our findings that 8-hydroxy-2'- 
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Table 1. Formation of 8-hydroxy-2'-deoxyguanoвiпе  in DNA 'n vitro 

Reaction mixture 8-Hydroxy-2'-
deoxyguanosine 
(цmol/mg DNA) 

DNA + Nа2СО3 50 
DNA + Nа2СО3 + areca-nut extract (15 mg/10 ml) 250 
DNA + Nа2С03 + catechu (15 mg/ 10 ml) 400 
DNA + Na2СО3 + Fе3± (5 цМ) 150 
DNA + Na2СО3 + Fe3+ (5 цМ) + areca-nut extract (15 mg/10 m1) 350 
DNA + Nа2СОЭ  + Fe3+ (5 цМ) + catechu (4.4 mg/10 ml) 350 
DNA + Nаzсоз  + Fe3+ (5 aм) + 1202 (50 ц1 of за%/1о  ml) 1250 

DNA + Na2СО3 + Fe2+ (1 цМ) 250 
DNA + NaСО3 + Fег  (1 fil) + areca-nut extract (15 mg/10 iii) 200 
DNA + Nа2со3 + Fe2+ (1, М) + 1202 (50 ~t of 30иo /1о  ml) 750 

deoxyguanosine is formed at alkaline pH in DNA upon incubation of BQ ingredients, 
such as areca-nut extract or catechu, with or without Fез+ 

If such a situation occurs, the ROS formed in uwo could lead to oxidative damage 
of DNA in the target cells of the oral cavity of BQ and BQT chewers. Attempts arc 
under way to analyse buccal tissue specimens from BQ, BIT and tobacco chewers for 
the presence of DNA bases modified by ROS and other BQ and BIT constituents. 

References 
Beland, F.A., Dudley, K.L. & Cascano, D.A. (1979) Rapid isolation of carcinogen-bound 

DNA and RNA by hydroxyapatite chromatography. J. Chromatogr., 174, 177-186 
Brunneniaim, K.D., Prokopczyk, B., Hoffman, D., Nair, J., Ohshima, H. & Bartsch, H. (1986) 

Laboratory studies on oral cancer and smokeless tobacco. In: Hoffmann, D. & Harris, C.C., 
eds, New Aspects of Tobacco Carcino genesis (Banbury Report No. 23), Cold Spring Harbor, 
NY, CSH Press, pp. 197-213 

Floyd, R.A., Watson, J.J., Wong, P.K., A1tmiller, D.H. & Rickard, R.C. (1986) Hydroxyl free 
radical adduct of deoxyguanosine: sensitive detection and mechanisms of formation. Free 
Radical Res. Commun., 1, 163-172 

IARC (1985) IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to 
Humans, Vol. 37, Tobacco Habits other than Smoking; Betel-quid and Areca-nut Chewing; 
and some Related Nitrosamines, Lyon 

Nair, J., Ohshiina, H., Friesen, M., Croisy, A., Bhide, S.V. & Bartsch, H. (1985) Tobacoo 
specific and betel-nut specific N-nitroso compounds: occurrence in saliva and urine of betel 
quid chewers and formation in vitro by nitrosation of betel quid. Carcinogenesis, 6, 295-303 

Stich, H.F., Ohshima, H., Pigпatelli, B., Michelin, J. & Bartsch, H. (1983) Inhibitory effect of 
betel nut extracts on endogenous nitrosation in humans. J. nati Cancer inst., 70, 1047-1050 



FORMATION OF DNA ADDUCT 
8-HYD BOXY-2' -D EOXYGUANO SINE 

INDUCED BY MAN-MADE MINERAL FIBRES 
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Swеdеп  

Two man-made mineral fibres, rockwoo1 and gtesswool, were found to mediate 
hydroxylation of deoxyguanosme and calf thymus DNA to form the DNA adduct 
8-hуdroxy-2'-deoкyguanosiпe. The modification of the nucleoside is probably me-
diated by bydroxyl radicals and may play a role ш  fibre-induced carcinogenesis. 

Epidemiological studies have suggested that an excess of lung cancer is associated 
with exposure to man-made mineral fibres (Enterline & Marsh, 1984; 5аracci et al., 
1984), as observed in experimental animals (IARC, 1987). The underlying mechanism 
of this carcinogenic activity is not fully understood; however, one possibility is that the 
fibres induce formation of active oxygen species that interact with DNA. 5uch oxygen 
radical-mediated DNA damage has been shown to occur with asbestos fibres (Kasai & 
Nishimura, 1984). We now demonstrate that not only asbestos but also man-made 
mineral fibres are able to modify nucleosides. 

Experimental 
First, a mixture (total volume, 2.0 ml) containing 10.0 ml deoxyguanosine in 

100 mM phosphate buffer, pH 7.5, and rockwool or glasswool was incubated in the 
dark at 37°C in a shaking water bath. After different times of incubation, aliquots were 
removed and analysed for 8-hydroxy-2'-deoxyguanosine, according to Floyd et al. 
(1986) . 

Second, calf thymus DNA (2.5 mg/m1) and 20 mg rockwool or glasswool were 
incubated as described above. After different times of incubation, the samples were 
centrifuged, the supernatants were collected and DNA was digested with nuclease P1 
for 2 h at 37°C, followed by incubation with alkaline phosphatase for 4 h (Kasai & 
Nishimura, 1984). The resulting deoxynucleoside mixture was injected into a high-
performance liquid chromatography apparatus, and deoxyguanosine and 8-hydroxy-2'-
deoxyguaпosine were identified by ultraviolet and electrochemical detection, respec-
tively (Floyd et al., 1986), the latter at subpicomole levels. 

Incubation of deoxyguanosine in the presence of rockwool or glasswool in vitro 
resulted in a time-dependent increase in the level of 8-hydroxy-2'-deoxyguanosine (Figs 
1 and 2). No major quantitative difference in 8-hydroxy-2'-deoxyguanosine formation 
was seen between the two fibre species. After exposure of calf thymus DNA to 
rockwool or glasswool in vitro for different times, an enhanced formation of 
8-hydroxy-2'-deoxyguanosiпe was observed (Fig. 3). To our knowledge this is the first 
time that man-made mineral fibres have been shown to generate this type of DNA 
adduct. 

—~22 
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Fig. 1. Hydroxylation of deoxyguanosine to 8-hydroxy-2'-deoxyguаnosine 
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Fig. 2. Formation of 8-hydroxy-2'-deoxyguanosine with time iп  mixtures containing 
deoxyguanosine and rockwool (•), glasswool (■) and with no fibre (V) 
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Fig. 3. Formation of 8-hydroxy-т-deoxyguаnosine in calf thymus DNA incubated 
with rockwool (•), glasswool (■) and with no libre (V) 
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Conclusion 
Oxidative stress is believed to be of importance in tumour initiation and promotion 

(Cerutti, 1985). To the extent that the carcinogenic effect of asbestos is due to 
production of oxygen radicals, with subsequent damage of DNA, it is tempting to 
speculate that the carcinogenic activity of man-made mineral fibres seen in animal 
experiments (Wagner et al., 1984), and as suggested by epidemiological studies, may 
operate in the same way as for asbestos. 
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PROSPECTS FOR EPIDEMIOLOGICAL STUDIES ON 
HEPATOCELLULAR CANCER AS A MODEL FOR 

ASSESSING VIRAL AND CHEMICAL INTERACTIONS 

F.X. Bosch & N. Mimoz 

International Agency for Research on Cancer, Lyon, France 

Chronic mfection with hepatitis B virus (HBV) accounts for 1-10% of hepatocellu-
lar carcinoma (ICC) iп  low-risk countries and for 56-94% in high-risk populations. 
However, although HBV is perhaps the second most important human carcinogen 
so far identified, chronic HBV infection is neither a sufïiicient nor а  necessary cause 
of ICC. Other factors must be causally related to ICC, and some of them have 
been identified: aflatoxins, tobacco smoking, and use of alcohol and oral contracep-
tives. The evidence for an association between these factors and ICC is reviewed, 
as well as their joint effects. Finally, prospects for epidemiological research on 
ICC, and specifically the assessment of viral and chemical interactions, are 
discussed. 

Worldwide, ICC is the seventh most common form of cancer in males and the 
ninth in females. It is the most common malignant tumour among males in western, 
nuddle and eastern Africa, the second most common in southern Africa and south-east 
Asia and the third most common among males in China. It is a relatively rare tumour 
in most parts of America, Europe, northern Africa and middle and eastern Asia 
(Parkin et al., 1984). 

During the last decade, a series of epidemiological and laboratory investigations has 
established an association between HBV and ICC. The association is restricted to 
chronically persistent forms of HBV infection and is strong, specific and consistent. 
Most epidemiologists accept that the association is causal. However, the fact that 
hepatitis B infection is not a necessary cause is indicated by the existence of varying 
proportions of ICC cases that do not have the hepatitis B surface antigen (HBsAg). In 
countries with high ICC incidence, 10-30% of the cases are found to be НBsAg-
negative; but in intermediate and low-risk countries, the fraction of cases without 
HBsAg can be as high as 50-85%. That the viral infection itself is not a sufficient cause 
is indicated by the fact that only a small fraction of HBsAg carriers eventually develop 
ICC. Therefore, other factors must be causally related to ICC, and some have 
already been identified. However, the evidence that supports these associations is still 
less well defined than the evidence for HBV. Laboratory and epidemiological studies 
indicate that aflatoxins play an important role in the development of ICC in certain 
areas of the developing world. Other studies show an increased risk among cigarette 
smokers, alcohol consumers and long-term oral contraceptive users. The different 
relative contributions of each of these putative risk factors in high- and low-risk areas 
for ICC and uncertainties about the magnitude of the risk, make ICC one of the 
most promising models for epidemiological assessment of the interactions between viral 
and chemical factors in human cancer. 

—427— 
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The evidence for IBV 
The association between ICC and HBV has been reviewed extensively (Ѕzmunws, 

1978; Beasley, 1982; Trichopoulos et a1., 1982; Blumberg & London, 1985; Nishioka, 
1985; Munoz & Bosch, 1987). In summary, correlation studies have demonstrated that 
there is a strong positive correlation between the incidence of or mortality from ICC 
and the prevalence of IBsAg carrier state (Szmuness, 1978; Munoz & Linsell, 1982). 
There are some as yet unexplained exceptions to this general pattern: for example, a 
high prevalence of HBsAg carriers and a low incidence rate of ICC have been 
reported among Greenland Eskimos (SkiпhФj et al., 1978; Melbye et aL, 1984). 

Case-control studies in high- and low-risk populations have shown that the relative 
risk (RR) associated with the presence of IBsAg in sera ranges from ten to infinity, 
and in most studies from ten to 20 (Prince et a1., 1975; Kew et al., 1979; Yarrish et al., 
1980; Lingao et al., 1981; Lam et al., 1982; Yeh et al., 1985а; Austin et al., 1986; 
Trichopoulos et al., 1987). 

In cohort studies, the occurrence of ICC among HBsAg carriers has been 
compared with that of noncarrier control populations. Estimates of the RR vary from 
seven to over 100, with 95% confidence limits ranging from 2 to 212 (Mufioz & Bosch, 
1987). These prospective cohort studies provide unequivocal proof that 11V infection 
precedes the development of ICC. That this association is specific as well as strong is 
suggested by the lack of association of ABV with other cancers (Prince et al., 1975), 
including metastatic liver cancer (Trichopoulos et al., 1978). In populations at high risk 
for ICC, the attributable risk for chronic HBV infection ranges from 56 to 94%, and 
that in low-risk populations from 1 to 10% (Mufioz & Bosch, 1987). 

The evidence for aUatoxms 
Aflatoxins are mycotoxins elaborated by Aspergillus flavus aid Aspergillus para-

siticus fungi. Human exposure can occur following ingestion of contaminated food or of 
products derived from animals that have consumed allatoxin-contaminated feeds. The 
main sources of aflatoxin in most countries are peanuts, peanut derivatives aid corn. 
There are four major aflatoxins, В1i 12, G1 and G2, for which there is strong evidence 
of a carcinogenic effect in many animal species, aflatoxin B1 being the most potent 
(Busby & Wogan, 1984). 

The evidence for their carcinogenic role in humans is less conclusive because of the 
lack of appropriate methods to assess past exposures at the individual level. The 
development of sensitive tests for detecting recent exposure by measuring aflatoxin 
metabolites or DNA adducts in urine, sera and milk could be the first step in this 
direction (Garner et al., 1985; Groopman et al., 1986). 

The results of recent animal experiments suggest that after chronic exposure to 
dietary aflatoxin 11 there is cumulative binding to albumin (up to 6-7% of the 
administered dose) aid that the levels correlate with those of allatoxin-DNA adducts in 
liver cells. Following acute (single-dose) exposure, 1-3% aflatoxin B1 was found to be 
bound to plasma albumin. If these albumin adducts are also stable in humans, such 
measurements would reflect exposure to aflatoxin during the four to six weeks prior to 
sampling (that is, the average lifetime for human albumin). Therefore, this assay is 
presently the most promising means for assessing aflatoxin exposure in epidemiological 
studies (Wild et al., 1986; Sabbioni et al., 1987). The epidemiological evidence relating 
aflatoxins to ICC consists of population correlation studies, sometimes referred to as 
ecological studies (Shank et al., 1972; Peers & Lise!!, 1973; Peers et al., 1976; Van 
Rensburg et al., 1985; Peers et al., 1987), and case-control studies (Bulatao-Jayme et 
a1., 1982; Lam et al., 1982). 
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Fig. 1. Correlation between incidence of 1CC in males over 15 years of age and 
estimates of aflatoxin B1 exposure: Kenya, 1973; Swaziland, 1976, 1987; Mozam-
bique and Transkei, 1985; Thailand, 1972 
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Figure 1 summarizes the correlation between estimates of exposure to aflatoxm B1 
iп  various high-risk countries for ICC and the corresponding ICC incidence rates in 
males over 15 years of age. Although the techniques used to estimate aflatoxin 
exposure and to estimate ICC incidence rates vary from study to study, the overall 
correlation is highly significant. There are some indications that the strength of the 
correlation might be different in other contexts. Some surveys in parts of 5outh and 
Central America suggest that allatoxin contamination of crops is high (Varsaysky & 
Sommer, 1977; De Campos & Olszyma-Marzys, 1979; Ochomogo, 1979), and the 
occurrence of ICC is rare in these populations (Parkin, 1986). In a study in the USA, 
a weak correlation was found between mortality from ICC in the periods 1968-1971 
and 1973-1976 and extrapolated estimates of exposure to aflatoxin in the previous 
eight to 66 years for white males resident in south-eastern rural areas (estimated 
exposure, 13-197 ng/kg bw per day) and corresponding males in northern and western 
areas (estimated exposure, 0.2-0.3 ng/kg bw per day) (Stoloff, 1983). The main 
difficulties in interpreting these correlation studies in terms of causality are that (i) the 
assessment of afiatoxin exposure does not take into account individual variation or 
variation in risk among the population of a geographic area; (ii) there is no temporal 
relation between current levels of aflatoxin exposure and current incidence rates of 
ICC; (iii) the possibility of confounding due to some other unmeasured factor canot 
be ruled out; and (iv) in most of the countries in which these studies have been 
performed, the completeness of cancer registration and the diagnostic accuracy are 
inadequate. 

In two case-control studies it was attempted to determine aflatoxin exposure using 
dietary questionnaires and aflatoxin measurements in local foodstuffs. In the Philip-
pines, RR of 17.0 and 13.9 were reported for individuals classified as receiving an 
overall mean load of aflatoxin described as `very heavy' or `moderately heavy', as 
compared to those with a light mean load (p c 0.05). The effect of aflatoxin was higher 
among heavy alcohol consumers (RR = 35.5) (Bulatato-Iayme et al., 1982). 

A study in Hong Kong (Lam et al., 1982) showed no effect of aflatoxin, as 
measured by the frequency of consumption of corn and beans, the two major sources 
of aflatoxin in foodstuffs in Hong Kong (Shank et al., 1972). The two major drawbacks 
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of published case-control studies on aflatoxin and ICC are, firstly, that the methods 
used for assessing exposure to aflatoxin (dietary questionnaires and surveys of aflatoxin 
in foodstuffs) are stш  extremely crude, and, secondly, that concurrent exposure to 
НВV has to be taken into account. The methodological difficulties are threefold. 
(i) Dietary questionnaires tend to provide estimates of recent diets, and these are high-
ly influenced by seasonal and secular changes as well as by disease status. (ii) In most 
case-control studies, measurements of the aflatoxin contents of foodstuffs obtained 
from market or household surveys have been used to estimate aflatoxin exposure, 
reflecting current or recent ailatoxin contents of the most common foodstuffs. Even if 
these surveys sometimes reflect seasonal variation, no reliable information is available 
on the applicability of current results to the more distant past, which is probably the 
relevant period in terms of carcinogenesis for current ICC cases. This is particularly 
important in countries where changes in agricultural practices (improvements in 
storage, introduction of pest-resistant strains of maize) have been introduced recently. 
(iii) Aflatoxin occurs in only a fraction of a particular foodstuff (i.e., 4% of maize 
samples and 20% of peanut samples were contaminated in 5wаziland, whereas 84 and 
99% of the same food items were contaminated in the Philippines). Therefore, in 
populations with a monotonous diet (as is the case in African settings), most people 
would have been exposed to the foodstuff, whereas only a few would have been 
exposed to aflatoxin. 

Finally, a proper assessment of the contribution of aflatoxin to ICC must take into 
account the strong causal association between HBV and ICC. 

Stndies on the joint elTects of exposure ta aflatoxin and HBV 
Because of methodological difficulties in assessing chronic exposure to aflatoxin at 

the individual level, our knowledge of the joint effects of HBV and aflatoxin in the 
development of ICC are still limited. Only a few studies in China and two in Africa 
have addressed the issue, but the results are inconclusive. 

Studies in China 
ICC is the third most important cause of death from cancer in China. High-

incidence areas have been identified in the south-eastern coastal areas. The average 
world standardized mortality rates have been reported to be as high as 111.75 and 
20.9/100 000 for males and females, respectively, in some districts of Guanxi province 
(Yeh et al., 1985b). Iп  this province and in Quidong county, another high-risk area 
located in the Changjiang (Yangtse) River delta, the epidemiology of ICC has been 
studied extensively; the risk linked to HBsAg carrier status has been documented 
repeatedly and is consistent with findings elsewhere. For example, a case-control study 
in Guangxi province showed a matched odds ratio of 17.0 [95% confidence interval 
(СI), 4.3-99.4] for HBsAg carriers. The corresponding attributable risk can be 
estimated as at least 80% (Yeh et al., 1985а). In a cohort study in Quidong province, 
about 2500 HBsAg carriers and 12 000 non-HBsAg carriers were followed up for 5.5 
years; the ratio of incidence rates for ICC was 18 (Sun & Chu, 1984) . 

In some studies, aflatoxin exposure was also considered. In one study, mortality 
from ICC was strongly correlated both with the presence and concentration of 
afiatoxin B1 in food and with the prevalence of HBsAg in males (Yaobin et al., 1983). 
However, in some areas, pronounced gradients in ICC mortality rates do not parallel 
corresponding changes in the prevalence of HBsAg. Because in some of these areas a 
correlation between dietary aflatoxin and ICC was found, it was suggested that 
differences in aflatoxin exposure would offer a better explanation for the variations in 
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ICC than IBsAg prevalence (Armstrong, 1980; Sun & Chu, 1984; Sun et a1., 1986). It 
has also been suggested that mortality rates for ICC among HBsAg carriers resident 
iп  areas with heavy аflаtoxin В1 food contamination were higher than corresponding 
rates for IBsAg carriers residing in areas with Iight aflatoxin В1 contamination (Yeh et 
a1., 1985b). In none of these studies was the evaluation of exposure to aflatoxin made 
at the individual level, and no information on other risk factors was reported. In 
addition, some of these studies are dif#icult to evaluate due to insufficient information 
on the methods used. 

Studies in Africa 

Two reports from Africa have discussed the effects of joint exposure to 11V and 
aflatoxin in ICC. In Mozambique (Van Rensburg et al., 1985), the incidence of ICC 
was estimated from various sources, and a significant correlation was found between 
aflatoxin contamination of cooked food and ICC risk in six areas of high ICC 
incidence (six districts of Inhambarie province), in an area of intermediate incidence 
(Manhica-Magude) and in a low-risk area (Transkei). These results are in contrast to 
the lack of geographical correlation between ICC incidence and HBsAg prevalence 
rates in various countries and in territories of southern Africa including Mozambique 
(P. Cook—Mozaffari, in preparation). The authors also report a declining time trend 
for ICC in various population groups in South Africa, which was attributed to 
increased awareness of the risk of mouldy foodstuffs and improvements in the food 
supply chain. Similar observations have been made by other investigators in a South 
African mining population (Harington et aL, 1975; Bradshaw et al., 1982). Van 
Rensburg et al. (1985) concluded that the IBsAg carrier state was an early-stage event 
that would increase individual susceptibility to ICC and that aflatoxin (particularly 
transient exposures to very high levels of aflatoxin) acts as a late-stage carcinogen, 
leading to ICC. Iп  Swaziland (Peers et al., 1987), a study was conducted to assess 
specifically the relationship between aflatoxin exposure, НВV infection and the 
incidence of ICC, which is the most commonly occurring malignancy among males. 
In brief, levels of aflatoxin intake were evaluated in dietary samples from house-
holds across the country. The prevalence of hepatitis B markers was estimated in 
blood donors, and ICC incidence was reported through a national system of 
hospital-based cancer registration. Across four broad geographical regions, there was a 
more than five-fold variation in the estimated daily intake of atlaloxin, ranging from 
3.1 to 17.5 ug. The proportion of IBV-exposed individuals was very high (86% in 
men), but varied relatively little by geographical region; the prevalence of iBsAg 
carriers was 23% in men, and varied from 21 to 28%, which are among the highest 
rates so far reported. ICC incidence varied over a five-fold range and was strongly 
associated with estimated levels of aflatoxin in the diet. In an analysis involving ten 
smaller subregions, aflatoxin exposure emerged as a more important determinant of 
the variation in 1CC incidence than the prevalence of HBsAg. However, in addition 
to the shortcomings of the correlation studies described above, these results should be 
interpreted with caution in view of the underreporting of ICC cases to the registry and 
the crudeness of the estimates of aflatoxin exposure. The strong association found 
between aflatoxin and ICC does not contradict the strong effect of HBsAg carrier 
status on ICC; indeed, within the study period, a case-control study was also 
conducted, and a RR of 19.0 (95% CI, 2.5-149.3) was found for HBsAg carriers. The 
HBV attributable risk was 80.5% among males. AIthough virtually all of the ICC 
cases were exposed to HBV, only half were HBsAg positive, which might suggest that 
a proportion of the ICC cases, ranging from 20% to perhaps 50%, would not be 
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explained by HBV and afiatoxin could be acting as an independent risk factor for ICC 
rather than simply as а  cofactor with HBV. 

Tobacco and alcohol 
Moderate excesses of ICC have been observed in the data from some of the major 

cohort studies on smoking and cancer (Garfinkel, 1980; Hirayama, 1981; Oshima et al., 
1984). Iп  four cohort studies of groups identified as having excessive consumption of 
alcohol in Norway, Finland, Denmark and Japan, increased risks for ICC have been 
observed (Tuyns, 1980). In a case-control study within a cohort in Japan, a strong 
positive association with alcohol and a dose-response relationship were demonstrated: 
for heavy drinkers (more than 80 ml alcohol/day), a RR of 8.0 (95% CI, 1.3-49.5) was 
found, and this increased risk persisted after adjusting for smoking (Oshima et al., 
1984). In some cohort studies among alcoholics, however, no increased risk for ICC 
has been demonstrated (Rothman, 1980). These results should be interpreted with 
caution, because most of these studies are based on death certificates, which are known 
to be unreliable as diagnostic sources of primary liver cancer. In addition, in cohort 
studies, confounding with other unmeasured risk factors cannot be ruled out. Most of 
the evidence available on the interaction between HBV and chemicals is therefore 
based on case-control studies. 

Joint eltects of HBV, tobacco and alcohol 
Four studies have addressed the joint effects of НBV, cigarette smoking and 

alcohol (Table 1). Lam et al. (1982) conducted a case-control study on ICC if Hong 
Kong in which HBV status and smoking and drinking habits were assessed. Their 
conclusion was that HBsAg and cigarette smoking are both independent risk factors for 
ICC. The association between cigarette smoking and ICC was restricted to 
HBsAg-negative ICC cases and was stronger for cases older than 50 years. A RR of 
3.3 (95% CI, 1.0-13.4) was reported for the IBsAg-negative cases of all ages, and the 
corresponding parameters for cases older than 50 were RR 8.2 (95% CI, 1.5-91.9). 
However, in this study, only 19 ICC cases were negative for HBsAg; therefore, to 

Table L Joint eliects of HBsAg, alcohol and cigarette smoking on risk for ICC 

Reference Cases/Controls Factor RR (95% CI)' 

L.am et a1. (1982) 107/107 iBsAg 21.3 (10.1-45.9) 
19/88 (HBsAg-) smoking (°50 years) 8.2 	(1.5-91.9) 

Smoking (All ages) 3.3 	(1.0-13.4) 
Alcohol 1.6° 

Austin et ai. (1986) 67/63 HBsAg п 	ales) M \1O Alcohol 3.3° 
Trichopoulos 194/456 HBsAg 13.7 	(8.0-23.5) 
et al. (1987) 104/456 (HBsAg-) smoking (20-30 cigarettes/day) 2.4° 

(+ 30 cigarettes/day) 7.3° 
Yu et a1. (1983) 78/78 Hepatitis 13.0 	(2.2-272.4) 

Alcohol 4.2 	(1.3-13.8) 
Smoking 2.6 	(1.0-6.7) 
smoking (Alcohol?' 80 g/day) 14.0 	(1.7-113.9) 

Adjusted by age, sex and either smoking or alcohol 
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establish comparisons, the group of heavy smokers was defined as current smokers of 
20 or more cigarettes per day and the reference group consisted of nonsmokers and 
smokers of 1-19 cigarettes per day combined. In addition, the number of drinkers 
in the study group was very low. A more recent evaluation of the HBsAg-negative 
subjects in the same study showed a RR of 1.6 for a cumulative drinking exposure of 
over 65 drinks/year versus nondrinkers and a RR of 1.9 for smokers of 25+ pack-years 
versus nonsmokers. These estimates were adjusted for sex, age and either tobacco or 
alcohol use (Yu & Henderson, 1987). 

Yu et al. (1983) published a case-control study conducted in Los Angeles, USA in 
which the RR for a history of hepatitis was 13.0 (95% CI, 2.2-272.4) and that for a 
history of blood transfusion, 7.0 (95% CI, 1.7-43.1). HBV markers were not measured 
in the study population. The RRs for heavy exposure to alcohol (80+ g/day versus 
0-9 g/day) and cigarette smoking (current smokers of more than one pack/day versus 
non- and ex-smokers combined) were 4.2 (95% CI, 1.3-13.8) and 2.6 (95% CI, 1.0-
6.7). A stratified analysis showed a RR of 14.0 (95% CI, 1.7-113.9) for heavy alcohol 
consumption (80+ g of ethanol per day) among heavy smokers (1 pack/day), whereas 
the RR was only 1.8 (95% CI, 0.7-5.0) for the group of heavy smokers with low 
alcohol consumption (0-79 g/day). On a multivariate analysis, these significant 
increases in risk remained after adjusting for alcohol, tobacco and history of hepatitis 
and/or blood transfusion. In this study, the effect of cigarette smoking was significant 
for all ICC cases, of which 19% had a history of hepatitis and 29% a history of having 
received a blood transfusion. 

Austin et al. (1986) reported a RR of 3.3 and a significant dose-response 
relationship for drinkers of 65 or more drink-years (a measure of cumulative 
consumption) compared to nondrinkers. No effect was found for cigarette smoking. 
For all subjects, the relative rate of ICC among smokers compared with nonsmokers 
after adjustment for alcohol was 1.0 (95% CI, 0.5-1.8). For HBsAg-negative cases, the 
relative rate was 1.1 (95% CI, 0.5-2.4). The risk linked to HBsAg bad a lower 95% 
confidence limit of 3.8. HBsAg-positive ICC cases (18%) were younger than HBsAg-
negative ICC cases (p <0.01), and all were males (p = 0.01). None of the female 
ICC cases was PBsAg-positive. No significant difference was found between white 
and nonwhite ICC patients in respect to HBV status, although the proportions of 
HBsAg positivity were 17% for whites and 47% for nonwhites (p = 0.68). 

Trichopoulos et al. (1987) reported the largest case-control study of ICC in which 
the independent contributions of IBV, smoking and alcohol have been assessed. This 
study is an expansion of a previous report in which a possible role of tobacco was first 
postulated for ‚By-negative cases of ICC (Trichopoulos et al., 1980). The RR for 
ICC among HBsAg carriers was 13.7 (95% CI, 8.0-23.5); and in the presence of 
cirrhosis it was considerably higher (30.7 versus 7.1 for HBsAg carriers without 
cirrhosis). A significant dose-response effect of cigarette smoking was found among 
HBsAg-negative ICC cases, which remained after adjusting for alcohol consumption. 
For HBsAg-positive cases, a nonsignificant increased risk for ICC was found, but 
there was no clear dose-response relationship. No effect was found for alcohol. Neither 
of the two factors had a significant effect on risk in the presence of HBsAg. Iп  this 
hospital-based study, 42% of ICC cases had concurrent cirrhosis — lower than the 
proportion found in other European series. For example, in the UK, about 70% of 
ICC patients have concurrent cirrhosis (Melia et al., 1984). Twenty per cent of the 
cases and 14% of the controls were in the high alcohol consumption group (70+ g of 
ethanol per day, equivalent to one litre of wine). The prevalence of heavy drinkers 
(80+ g per day) in Italy, Spain, Swmerbnd and France is two to three times higher 
than in Greece (G. Pequignot et al., unpublished results). 
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Two other studies have investigated the effects of cigarette smoking and/or alcohol 
intake, but markers of HBV were not determined. One study showed an effect of 
alcohol consumption on ICC and a small effect of tobacco, which disappeared after 
adjusting for alcohol (Hardell et al., 1984); in the other report, no significant effect was 
identified, although a nonsignificant dose-response for alcohol was found (stemhagen 
et al., 1983). 

The evaluation of the joint effects of tobacco, alcohol and HBV can be affected by 
study design, particularly by the source of cases and controls, the prevalence of the risk 
factors and the size of the study. These methodological problems might explain some 
of the discrepancies seen. The finding of Austin et al. (1986) of a significant difference 
in the prevalence of RBsAg among ICC cases according to sex, age and perhaps race, 
indicates that these factors should be taken into account in any future study. The 
evidence for an effect of cigarette smoking on ICC seems to be convincing for 
HBsAg-negative cases. The results obtained among IBsAg-positive cases are com-
patible with an increase in risk added by cigarette smoking; however, because the 
association of ICC with HBsAg is so strong, more powerful studies than the ones so 
far conducted might be required to detect the effect of any other additional risk factor. 

Oral contraceptives 
The occurrence of benign liver adenomas among oral contraceptive users has been 

reported repeatedly as case reports, and an increased risk among users has been found 
in two case-control studies. Case reports of ICC among oral contraceptive users have 
also been published (IARC, 1979). More recently, three case-control studies of ICC 
have been reported; the results are summarized in Table 2. A case-control study based 
on 11 cases showed a strong association between average duration of oral contraceptive 
use and ICC (Henderson et al., 1983). Two other case-control studies showed that the 
risk for ICC among oral contraceptive users was significantly increased, had a 
dose-response relationship with duration of exposure and was present in women with 
ICC who were either positive or negative for HBV markers (Forman et al., 1986; 
Neuberger et al., 1986). 

An analysis of the time-trends in mortality from 1CC in England and Wales 
showed a small but consistent increase in young women in the last decade. However, 
the trend was not found for other countries with similar patterns of oral contraceptive 
use (Forman et al., 1983). The overall evidence so far available appears to indicate an 
association between use of oral contraceptives and ICC. However, these data should 
be interpreted with caution in view of the relatively small size of the studies involved 
and the resulting impossibility of controlling for possible confounders. 

Prospects for epidemiological research on ICC 
The role of chronic HBV infection in the causation of ICC has been demonstrated 

convincingly in different countries and among different populations. HBV infection 

Table 2. Oral contraceptives and ICC: case-control studies 

Reference No. of cases Years of use RR (95% CT) 

Henderson et ad. (1983) 11 5.4 vs. 1.6 13.5 	(1.2-152.2) 
Neuberger et al. (1986) 26 8 4.4 	(1.5-12.8) 

22° .8 7.2 	(2.0-25.7) 
For nаn et al. (1986) 19 ever 3.8Ь  (1.0-14.6) 

.8 20.1 	(2.3-175.7) 

"Excluding four women with HBV markers 
ЬAdjusted for age at diagnosis and year of birth 
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seems to be responsible for 5-95% of ICC cases; however, only a fraction of the 
IBsAg carriers in high-risk countries develop ICC (less than 10%) over their average 
life span. Therefore, although it is perhaps the second most important human 
carcinogen, viral infection is neither a sufficient nor a necessary cause of ICC. 

The role of chemicals in the causation of ICC is a relevant area of research 
because it can help in understanding the carcinogenic process in the liver and because it 
might provide opportunities for ICC prevention other than HBV vaccination. 

Exposure to oral contraceptives, cigarette smoking and alcohol consumption is 
reliably assessed in most epidemiological studies by means of questionnaires 
and/or medical records. In contrast, assessment of ailatoxin exposure based on 
measures of aflatoxin metabolites or adducts in biological specimens can be done at the 
individual level only for exposures taking place a few days to a few weeks prior to 
sampling. Therefore, one has to rely on repeated measurements of short-term aflatoxiri 
markers in individuals followed up prospectively. Pilot studies should be undertaken to 
help to establish the best methods for monitoring aflatoxin exposure in epidemiological 
field work. For example, animal experiments indicate that aflatoxin-albumin adducts 
closely reflect aflatoxin binding to hepatocytes (Wild et al., 1986), but these adducts 
have not yet been measured in humans exposed acutely to known quantities of 
aflatoxin. While these methods are being developed, the relevant specimens could be 
collected and stored at —70°С  for a defined cohort of subjects in whom exposure to all 
known risk factors for ICC is being determined. 

Such a study has now been initiated in Thailand, with IARC support. The main 
objective of the study is to determine the roles of HBV, aflatoxin, tobacco, alcohol, 
steroid hormones and N-nitroso compounds in the development of ICC and other 
chronic lives diseases, such as chronic hepatitis and cirrhosis. The study design is a 
prospective five-year follow-up of approximately 3000 male HBsAg carriers aged over 
30. The cohort has been identified from among first-time blood donors between 
1985-1987 aid army recruits. Follow-up will be done yearly. On the first and last visits, 
a questionnaire, a physical examination and blood and urine samples will be collected; 
ultrasound scanning of the liver will be performed at each visit. Follow-up visits will 
include all the above except the questionnaire. At the end of the five-year period, 
incident ICC cases occurring in this cohort will be compared with those in an 
appropriate set of controls. The questionnaires will assess exposures to cigarettes and 
alcohol, as well as crude estimates of intake of aflatoxins and N-nitroso compounds. 
Blood analysis will allow comparisons of HBV markers with aflatoxin adducts to 
albumin and other aflatoxin markers that might become available by the end of the 
study period, of haemoglobin adducts to other chemicals, of profiles of steroid 
hormones and of а  -fetoprotein levels. Urinary analysis will allow comparisons of the 
excretion of certain N-nitroso compounds, aflatoxin metabolites and 3-methyladеniпe 
adducts. The cohort comprises HBsAg carriers only, so the results will provide 
information specifically on the role of aflatoxin in promoting the IBsAg chronic carrier 
state to more advanced liver conditions, including ICC, in the presence or absence of 
several other chemicals. Prospective monitoring of cohorts of non-lB sAg carriers with 
different levels of ailatoxin exposure could be envisaged in order to assess the effects of 
aflatoxin on ICC risk in the absence of HBV. However, this approach would require 
very large sample sizes in order to yield a significant number of cases, since the 
proportion of IlsAg-negative ICC cases is sizeable (40-60%) in most countries 
where both ICC incidence and aflatoxin in the diet are low. 

Studies to clarify the role and mechanism of action of smoking, alcohol and oral 
contraceptives are needed. These studies should provide detailed quantitative informa-
tion on exposure to cigarette smoking, other forms of tobacco and alcohol, including 
information on age at first exposure and time since last exposure among individuals 
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who have abandoned these habits. The study design could be case-control studies with 
emphasis on these aspects or follow-up studies of cohorts of individuals who have given 
up smoking and/or drinking. 5amрlе  size and length of follow-up would have to be 
estimated according to the magnitude of risk provided by current results. Considering 
that the number of women using oral contraceptives is enormous in developed 
countries and is increasing in some developing countries, the assessment of any 
increases in risk should be viewed as an important public health issue on which further 
research is needed. In order to evaluate the role of oral contraceptives in countries 
with low risk for ICC, large collaborative case-control studies could be undertaken. In 
high-risk countries for ICC, studies of smaller size can be envisaged, such as 
case-control studies of ICC or follow-up of oral contraceptive users. In such studies, 
the role of aflatoxin should be assessed simultaneously. 

Fmaiiy, intervention studies would provide valuable information on the effects of 
eliminating or reducing exposure to 'BV, aflatoxin, smoking and alcohol on the ICC 
risk. 
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DNA restriction fragment length polymorphism (RFLP) analysis has been success-
fиllу  applied both to evaluate possible human susceptibility factors as well as to 
identify genes involved in malignant transformation of human cells. In this report 
we review previous applications of RFLP analysis to evaluation of human mahg-
пancies and discuss our RFLP studies of human bronchogenic carcinoma, which are 
in progress. Preliminary results of our analysis of the RFLP associated with the сНа  
ras variable tandem repeat (VTR) indicate that rare alleles of this VTR are more 
frequent in patients with bronchogenic carcinoma than in controls. 

Bronchogenic carcinoma is the most common cause of cancer mortality in both men 
and women in the цSА  (Silverberg & Lubera, 1987). Epidemiological data have made 
the causative association between cigarette smoking and bronchogenic carcinoma 
abundantly clear (US Public Health Service, 1982), yet some important questions 
regarding the etiology of this disease remain (Harris, 1987), including why some heavy 
cigarette smokers do not develop bronchogenic carcinoma and some nonsmokers do. 
In addition, while it is clear that many agents in cigarette smoke may damage DNA 
through a variety of mechanisms, it is not clear which genes must be altered in order 
for a cell to be malignantly transformed. Because bronchogenic carcinoma generally 
occurs later in life and usually after many years of exposure to xenobiotics, it has been 
proposed that a progenitor epithelial cell is transformed only after multiple genes have 
been altered (Ashley, 1969; Fraumeni, 1975; Doll, 1978), and, further, that perhaps a 
particular combination of activated proto-oricogenes and inactivated `tumour suppres-
sor' genes is involved (Klein & Klein, 1986). Therefore, if a number of genes are 
postulated to control bronchial epithelial cell proliferation, and an individual inherits 
one or two abnormal ones, the individual may be at increased risk for developing 
bronchogenic carcinoma without manifesting an easily discernible inherited suscep-
tibility pattern. In agreement with this, epidemiological studies of bronchogenic 
carcinoma as well as other common adult tumours have found a small but consistent 
two- to four-fold increase in cancer incidence in the families of cancer patients, when 
other factors are controlled (Anderson, 1975). 

One approach to improving our understanding of mechanisms involved in malig-
nant transformation has been to study hereditary conditions of increased cancer 
incidence. Several such conditions have been described (Table 1; Ponder, 1984; 
Schneider et al., 1986). These diseases may be transmitted by single-gene, polygenic or 
chromosomal mechanisms. Some hereditary conditions predispose only one type of 
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Table 1. Examples of inherited disorders associated with an increased risk of 
cancera 

Constitutional chromosomal abnormalities 
Down's syndrome 
Юiпеfelter's syndrome 

Mendelian 'rails 
(1) Inherited cancer syndromes 

Retinoblastoma 
Familial polyposis coli 
MuItiple endocrine neoplasia syndromes II, ПI 
Wilms' tumour 

(2) Inherited preneoplastic states 
DNA repair defects and chromosomal instability syndromes: xerodcrma pigmentosum; Fanconi's 

anaemia, Bloom's syndrome; ataxia telangiectasia; Werner's syndrome 
Disturbances of tissue organization 

Hamartomatous syndromes: Peutz-Jegher's; Cowden; пеurofibromatosis 
Other conditions iп  which disturbance of tissue proliferation, differentiation or organization is 

associated with increased cancer risk: disorders of skin keratimzation (?); п-1-antitтypsin 
deficiency 

Immune deficiency syndromes 
Metabolic variation: albinism; aryl hydrocarbon hydroxylase inducibility (?); variations in oestrogen 

metabolism 

Multifactorial predisposition 
Ethnic cancer differences 
Familial cancer aggregations 

°Ftот  Ponder (1984) 

tissue to neoplasia (e.g., actinic keratosis predisposes to basal-cell carcinomas of the 
skin and familial polyposes coli predisposes to tumours of the gastrointestinal tract), 
while others predispose to tumours in different tissues (e.g., hereditary retinoblastoma, 
Bloom's syndrome and ataxia telangiectasia). 

Description of restriction fragment length polymorphism analysis 
New experimental approaches to identifying people genetically predisposed to 

cancer are being evaluated, e.g., restriction enzyme DNA fragment length analysis of 
genetic polymorphism (RFLP). Until recently, genetic predisposition could be assessed 
only by measuring gene products, e.g., histocompatibility antigens on cell surfaces, 
isoenzymes and pharmacogenetic phenotypes. Advances in molecular biology now 
make it роssiыe to measure genetic polymorphism at the DNA level, which greatly 
expands the potential for assays of polymorphisms in biomedical research. Genetic 
polymorphism can be measured by restriction enzyme digestion and DNA hybridiza-
tion (Fig. 1; White et al., 1983). RFLPs are of two types — site or insertion/deletion 
polymorphism. In the case of site polymorphism, the recognition site for a given 
restriction enzyme in a particular region of DNA either appears or disappears as the 
result of point mutation. Accordingly (Fig. 1), in the site-absent genotype, one large 
fragment instead of two smaller fragments is observed.. Conversely, in the site-present 
genotype, three fragments (one of expected size and two smaller) instead of two 
fragments are seen. In the case of insertion/deletion polymorphism, variation in 
fragment length is the result of insertion or deletion of DNA sequences and can be 
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Fig. 1. DNA polymorphism as detected by restriction enzyme digestion, DNA 
electrophoresis and DNA hybridization 

Restriction digestion by i'estriction enzyme R1 or RZ 
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A site polymorphism is determined by the presence o absence of a restriction site and is therefore detected 
only by restriction enzymes that recognize that site. An insertion/deletion polymorphism is determined by 
the presence of varying numbers of copies of a repeat sequence (solid boxes) and may be detected by any 
restriction enzymes that have sites relatively close to either side of the variable tandem repeat (VTR) 

detected by any restriction endonuclease that possesses recognition sites that tightly 
span the region of sequence alteration. Because the insertions or deletions can assume 
a continuum of lengths, multiple alleles are possible. 

RFLP detection of hereditary susceptibility to cancer 
This approach has already proven beneficial for identifying individuals with a 

genetic predisposition to a variety of diseases, including retinoЫastoma, noninsulin-
dependent diabetes mellitus, Huntington's disease, and haemoglobinopathies (Fran-
comano & Kazazian, 1986). The same тоlесиЖг  approach, using specific DNA probes, 
e.g., for oncogenes and ectopic hormones, is now being studied to determine its 
potential for identifying persons with a genetic predisposition to cancer. The human 
Ha-ras proto-oncogene may prove useful for these studies because it contains a 
hypervariable insertion/deletion polymorphism. The molecular basis for this 
insertion/deletion polymorphism is a region of 30 to 100 tandem nucleotide repeats 
with a 28-base pair consensus sequence aligned head-to-tail that is approximately one 
kilobase downstream from the structural gene of Ha-ras. The function of this variable 
tandem repeat (VTR) is unknown, but it may have gene enhancer activity and appears 
to be inherited in a Mendelian fashion. It has been determined that there are four 
common alleles, а1—а4, and numerous alleles of intermediate or rare occurrence in the 
population (Fig. 2). An increased frequency of rare alleles at this locus has been found 
in certain cancer patients, including those with bladder carcinoma (Krontiris et al., 
1986) and breast carcinoma (Lidereau et al., 1986). Preliminary data indicate that rare 
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Fig. 2. Basis for cHa-ras polymorphism 
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The VTR region associated with cHa-ras is located 3' to the structural gene. There are four common alleles, 
a1, а2, а3 and a4. The autoradiogram includes control DNA (lanes C) from patients that had the alleles a2 
and a3 or the alleles a1 and а4 , and DNA from three matched pairs of human normal and bronchogenic 
carcinoma DNA; N, DNA from normal tissue; T, DNA from tumour tissue. In the hrst case, the patient 
possessed alleles a1 and a3; in the second case, allele a1 and a smaller rare aide; and in the third case, allele 
ai and a rare allele 

alleles are also more frdquent in patients with bronchogenic carcinoma (A. Weston et 
a/., unpublished). Evidence for (Krontiris et al., 1985) and against (Gerhard et al., 
1987) the involvement of Ha-ras in sporadic and familial melanoma has been reported. 

Evidence for tumour suppressor genes 
Most known hereditary causes of tumours were discovered because they manifested 

as dramatic clinical syndromes with a Mendelian pattern of inheritance. In some of 
these diseases, an increased rate of spontaneous mutation has been observed to be 
associated with chromosomal instability. This instability may be due to defective DNA 
repair in the case of xeroderma pigmentosum (Cleaver & Bootsma, 1975) or to 
defective ligase activity in the cases of Fanconi's anaemia and Bloom's syndrome 
(Hirsch-Kauffmann et al., 1978; Willis & Lindahl, 1987). In contrast, for some diseases 
that confer hereditary susceptibility to childhood tumours, such as retinoblastoma, 
analysis of certain epidemiological data has suggested a `two-hit' mutation model of 
carcinogenesis (Moolgavkar & Knudson, 1981) (Fig. 3). According to this model, 
genetic predisposition may be due to inheritance of the first autosomal mutation, so 
that only one additional genetic event is required. Therefore, these individuals may 
already have cells predisposed to develop cancer due to a germline genetic lesion. By 
inference, the gene(s) involved may play a role in cellular homeostasis, including 
controlling proliferation, terminal differentiation and angiogenesis. In retinoblastoma, 
there is now substantial cytogenetic and molecular evidence for a putative `tumour 
suppressor' gene located on the long ann of chromosome 13 (13q) (Murphree & 
Benedict, 1985). RFLP techniques have been used both to link the hereditary 
susceptibility for retinoblastoma to other genes previously mapped to the long arm of 
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Fig. 3. Two-hit mutation model of carcinogenesis 
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A, An individual inherits the first mutated gene that controls nephroblast cell proliferation, and the second 
allele is inactivated through a somatic cell event, in this case а  deletion of a portion of the short arm of 
chromosome b. B, if either the germinal or the somatic mutation event involves chromosome nondisjunction 
or a deletion on the short arm of chromosome п  (tip), it may be detected by digesting genomic DNA from 
the affected individual with the restriction enzyme R, and after electrophoresis and Southеrп  blotting, 
hybridizing with a З2Р-1аЬе11ед  DNA probe. If a deletion of the short arm, including the locus homologous to 
the probe, has occurred on one of the chromosomes, the allele on that chromosome, in this case allele b, will 
not be represented on the autoradiogram taken of the hybridized Southern blot. C, An R site absent in allele 
a and present in allele b explains bands observed in S 

chromosome 13, and to find somatic mutations on 13q that are specific to retinoЫas-
toma tumour cells by comparing them with normal cells from the same patient. 
Possibte mechanisms to produce somatic mutation at the retinoblastoma locus in 
tumour cells include (1) chromosomal nondisjunction, (2) nondisjunction arid re-
duplication, (3) initotic recombination with gene rearrangement, (4) deletion, (S) gene 
inactivation and (6) mutation (Cavenee et al., 1983; Fig. 4). Mutations caused by 
mechanisms 1-4 may be detected by RFLP analysis as a reduction from heterozygosity 
to homozygosity (1 and 2) or hemizygosity (4) or a change in the band pattern due to 
gene rearrangement (3). 

Further indirect evidence for these presumed dominant-acting `tumour suppressor' 
genes includes (1) karyotypic and RFLP data for a reduction to homozygosity or 
hemizygosity on the short arm of chromosome 11 in Wilms' tumour (Fearon et ai., 

1984; Koufos et al., 1984; Orkin et al., 1984; Reeve et al., 1984) and bladder cancer 
(Fearon et aL, 1985), on chromosome 22 in acoustic neuroma (Seizinger et al., 1986) 
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Fig. 4. Mechanisms that produce homozygosity or hemizygosity at the retinoblas-
toma locus 
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An individual has inherited only one active allele at the rеdдo6аstопiа  locus. Inactivation at the second 
allele in a somatic eel, leading to loss of replication control, may occur by any of the illustrated mechanisms. 

and on chromosome Зр  in renal-cell carcinoma and small-cell carcinoma of the lung 
(Zbar et al., 1987; Naylor et al., 1988; Table 2) and (2) evidence from studies with 
human cell hybrids (Stanbridge et al., 1983; Sager, 1985; KaelЫing & Klinger, 1986); 
e.g., Stanbridge and coworkers (Geiser et al., 1986) have reported suppression of 
tumorigenicity with continued expression of the cHa-ras oncogene in ы  bladder 
carcinoma-human ftbroblast hybrid cells. This finding suggests that, even in the 
presence of an activated proto-oncogenc, `tumour suppressor' genes are 'dominant-
acting'. In addition, the same group has reported that introduction of normal human 

Table 2. Chromosomal location of putative suppressor genes for specific 
human malignancies 

Malignancy Chromosome location Reference 

Retinoblastoma 13g14.1 Friend et a1. (1986) 
Lee et al. (1987) 

Osteosareoma 13g14.1 Fung et al. (1987) 
Wilms' tumour 11р13 Riccardi et al. (1987) 
Renal-cell carcinoma Зр11-21 Zbar et al. (1987) 
Small-ce11 carcinoma 3р11-21 Whang-Peng et al. (1982) 
Neuroblastoma 22 5eizinger et al. (1917) 
Bladder carcinoma 11p Fearon et a1. (1985) 
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chromosome 11 into Wilms' tumour cells via rnicrocell transfer controls tumorigenicity 
(Weissman et al., 1987). Recently, a DNA sequence with properties of the Rb gene has 
been isolated, loss of which correlates with the development of retinоыаstoma and 
osteosarcoma (Friend et al., 1986; Fung et al., 1987; Lee et al., 1987). One step 
towards proving that this isolated gene in fact suppresses tumorigenicity will be to 
conduct gene transfection studies and to observe resumption of growth control in the 
transfected cells. 

RFLP detection of somatic mutations in bronchogenic carcinoma 
RFLP analysis may prove valuable for locating somatic gene mutations involved in 

bronchial epithelial cell transformation, as it has for retinoblastoma. An important 
difference in the approach to investigation of hereditary tumours from that for conunon 
solid tumours is that, because there is no clear hereditary component in most cases of 
the latter, it has not been possible to conduct linkage analysis studies in order to 
localize on the chromosome the gene or genes responsible. Therefore, selection of 
probes to be used in RFLP analysis of bronchogenic carcinoma is based on other 
criteria, including proximity to chromosomal areas associated with other types of 
cancer (Table 1), evidence from somatic cell hybridization and gene transfection 
studies (Yoakum et al., 1985), aid, in some cases, such as small-cell carcinoma of the 
lung, cytogenetic evidence (Whang-Peng et al., 1982). In addition, it is important to 
select probes with a high polymorphic information content (PIC). The PIC value is 
dependent on the number of alleles revealed by the probe and their relative frequency 
in the gene pool, and it refers to the likelihood that genomic DNA from any individual, 
digested with a particular restriction enzyme, will be heterozygous at the region 
probed. The higher the NC the more likely it is that an individual will be 
heterozygous. VTR probes invariably have a high PIC because they have many alleles. 
As our initial probes we chose six DNA fragments localized on chromosome 11 
(IRAs, INS, CALC, CAT, INT2, ‚B') (Fig. 5) and six fragments localized on six 
other chromosomes: 3(raf ), 13(p9А7), 15(DOSLC3), 17(DOSLС4), 18(DOSLС6) and 
20(DOSLC2). We are presently investigating matched pairs of normal and tumour 
tissue DNA from more than 50 non-small-cell lung cancer patients by RFLP analysis. 
These experiments are designed to test the hypothesis that the loss of as yet undefined 
chromosomal genetic elements that may be candidates for `tumour suppressor' genes 
are associated with human bronchogenic carcinoma. Matched-pair DNA is digested 
with restriction enzymes and subjected to agarose el electrophoresis in adjacent lanes. 
After Southern transfer, blots are hybridized to P-labelled probes and subjected to 
autoradiography. As depicted in Figure 1, it is possible to determine whether a person 
is heterozygous from the size and number of bands present. Bands that appear on the 
autoradiograms are analysed densitometrically. If an allele is represented by more than 
one band, one is selected as that to be analysed; this selection is usually based on 
sequence homology to the probe (a higher sequence homology produces a more 
intense band). The ratio of the densitometric values for the bands representing the two 
alleles in the normal tissue is divided by the same ratio obtained for the tumour tissue. 
This ratio of a ratio, or odds ratio, should be 1.0 if there is no deletion of either allele 
in the tumour; it should be greater than or less than 1.0 if one of the alleles is deleted. 

An important consideration when doing RFLP analysis of primary solid tumours is 
that they contain varying amounts of normal cells, such as fibroblasts, lymphocytes, 
macrophages and cells associated with blood vessels, including endothelial cells and 
muscle cells. As a result, if there is a deletion of the probed region in the tumour cells, 
because of the contribution of DNA from normal cells, a band or bands representing 
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Fig. 5. Relative location of polymorphic loci on chromosome 11 
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one allele may be diminished but not absent. For this reason, an important control is 
evaluation of haematoxalin-and-eosin-staincd sections from the same block of tissue in 
order to estimate the percentage of normal cells included in the block. It would be 
expected that the densitometric value for the band representing the allele deleted in 
the tumour would be directly related to the percentage of stroma present on the slide, 
assuming that the section on the slide is representative of the piece of tumour from 
which the DNA was extracted. 

There are at least two other possible reasons that a presumably deleted allele might 
remain partially represented, both having to do with tumour heterogeneity. Firstly, 
although the somatic mutation model of carcinogenesis predicts that human tumours 
are monoclonal in origin (Burnet, 1974), and there is evidence to support this from 
animal and human studies (Fialkow, 1978; lannaccone et al., 1978; Cossman et al., 
1983; Desforges, 1985), there are few data on the percentage of each human tumour 
type that is in fact monoclonal, and there are no direct data for bronchogenic 
carcinoma. If a tumour were polyclonal in origin, then even though the same 'tumour 
suppressor' gene may have been doubly mutated in all progenitor cells contributing to 
the tumour, if deletions played a role in each case, the size of the deletion would vary 
for each progenitor cell. Since the probed region is some distance from the putative 
suppressor gene, the probed region may be deleted iп  some progenitor cells but not in 
others. Secondly, a known cause of tumour-cell heterogeneity is karyotypic instability. 
Tumours frequently comprise a variety of cell populations with differing karyotypes. 
However, if it is assumed that a tumour is monoclonal in origin, then even if the 
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karotype is unstable and varies from cell to cell it is unlikely to lead to a mixed 
population with respect to a genetic region bearing a `tumour suppressor' gene. If the 
initial transforming event involved a deletion that included the probed region, then 
that allele would be irretrievably lost from all daughter cells. Alternatively, if the initial 
deletion spared the probed region, it would probably lose its linkage to the putative 
suppressor gene; although, conceivably, chromosomal areas adjacent to a previously 
deleted area are more likely to be deleted than are other areas. In conclusion, when a 
signal representing an allele is diminished but not entirely absent, the residual signal is 
probably due to DNA contributed by nonmalignant cells that were in the tumour 
specimen. 

Future studies 
We are also investigating other chromosomes and conducting multivariate analysis 

of the data in order to discern somatic mutations associated with bronchogenic 
carcinoma. We will include in future studies probes for chromosomal regions that 
contain genes associated with other forms of hereditary predisposition to cancer, 
including acoustic neuroma associated with neurofibromatosis (chromosome 22) and 
familial ductal carcinoma of the breast (chromosome 13), since some of these may also 
be involved in bronchogenic carcinoma. Recent developments in the field are likely to 
make future RFLP analysis more efficient. For example, a method for locating new 
VTR probes was recently described (Nakamura et al., 1987), and many such probes 
should become available soon. As discussed above, VTR probes have a higher PIC 
than non-VTR probes and should provide more information from each case studied. 
These VTR probes will be widely available through the American Type Culture 
Collection. In addition, newly acquired gene mapping data and polymorphic probe 
information are now rapidly filed with the Yale gene bank, access to which is widely 
available. 

After locating chromosomal areas associated with cancer, using the methods 
described, it will be necessary to use more powerful techniques to isolate the actual 
genes. Recently described cloning and electrophoresis methods that have proved useful 
in locating other genes through `reverse genetics' (Friend et al., 1986; Monaco et al., 
1986; Royer-Pokora et al., 1986; Estivill et al., 1987) may prove useful in this project. 
Although RFLP analysis should help to identify the general location of genes involved 
in common malignancies, in most cases more powerful tools will be required to identify 
them precisely. The recent development of pulsed-field electrophoresis combined with 
innovative cloning techniques (Poustka & Lehrach, 1986; Barlow & Lehrach, 1987; 
Burke et al., 1987) should prove valuable in gene isolation. 
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APPLICATION OF BIOLOGICAL MARKERS TO THE 
STUDY OF LUNG CANCER CAUSATION AND PREVENTION 

1'.Р. Perera, R.M. Santella, D. Brenner, T.-L. Young & I.B. Weinstein 

School of Public Health, Columbia University, New York, NY, USA 

Lung cancer is now the major cause of cancer deaths in the USA and is an 
increasingly significant cancer worldwide. Biological markers could be used to 
prevent lung cancer by allowing more timely and precise understanding of the role 
of environmental factors. Sо  far, biological markers that can serve as carcinogen 
dosimeters have been investigated in only a small number of pilot studies of 
populations with current or past exposure to lung carcinogens. We describe several 
of our collaborative studies involving smokers, .various worker populations, lung 
cancer cases and controls in order to illustrate the advantages and the limitations of 
`molecular epidemiology'. The enzyme-linked imnumnosorbent assay (ELISA) with 
antibodies to polycyclic aromatic hydrocarbon (PAH)-DNA adducts has been used 
in conjunction with one or more of the following: physicochemical techniques to 
monitor carcinogen adducts on haemoglobin, cytogenetic methods to quantify sister 
chromatid exchange (SCE) and chromosomal aberrations, and Southern and western 
blot analyses of oncogene activation. 

Increased levels of markers of biologically effective doses have generally been 
seen in exposed and high-risk groups when compared to controls. We have also 
observed significant background levels of such markers and interindividual variation 
in levels of certain biological markers resulting from exposures to carcinogens. Thus, 
these methods may be particularly useful in identifying segments of the population 
that have received a significant effective dose and hence can be considered to be at 
elevated risk оf cancer. Sueh studies are necessary to validate laboratory methods 
and lay the groundwork for more definitive molecular epidemiological investigations 
of lung cancer. 	 . 

Introduction: biological markers and lung cancer 
In keeping with the goals of this volume, we discuss the potential usefulness of 

biological markers in the study of human lung cancer causation, in risk assessment and 
in prevention. To illustrate the possibilities and the pitfalls of the approach Known as 
'molecular' or `biochemical epidemiology, we summarize the results of several of our 
pilot investigations involving populations with documented current or past exposure to 
a class of airborne carcinogens. Reference is also made to related research by other 
investigators in the field. 

The need for biological markers 
Conventional epidemiological methods are inadequate to identify causal factors in 

common cancers such as that of the lung. The long latency of lung cancer generally 
precludes reliable estimation of exposure, from which one can identify qualitative risks 
(hazards) and establish dose-response relationships and quantitative estimates of risk. 

---~51— 
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Moreover, epidemiological studies afford limited opportunity to evaluate mechanisms 
by which carcinogens (interacting with other environmental and host factors) exert 
their effect and to identify groups with increased susceptibility resulting from genetic 
aid environmental factors. Most importantly, conventional epidemiology precludes 
prevention, as it relies on tumour incidence or mortality as the dependent variable — 
an approach sometimes referred to as body counting'. Although in its infancy, 
molecular epidemiology could allow more precise, timely identification of risk factors 
and of the mechanisms by which cancer occurs (foi review see Bridges, 1980; Perera & 
Weinstein, 1982; Wogan & Gorelick, 1985; Harris, 1985; Ehrenberg et al., 1986; 
Peres, 1987). 

Biological markers can achieve these goals in several ways: (i) by indicating host 
factors (e.g., health status and genetic traits) that predispose individuals to cancer; (ii) 
by acting as markers of an internal or biologically effective dose of carcinogens; and 
(iii) by indicating a very early preclinical stage in cancer development, obviating the 
need to await tumour formation. The focus of this paper is on the second point — the 
usefulness of biological markers as dosimeters of lung carcinogens — because, in our 
view, this role is currently the best developed of the three. This is not to minimize 
progress in the study of potential markers of susceptibility such as arylhydrocarbon 
hydroxylase activity, shown in some but not all investigations to be significantly higher 
in lung cancer cases than in controls (Paigen et al., 1977; Kouri et al., 1982). 

By acting as dosimeters, biological markers such as DNA and protein adducts, 
cytogenetic effects, DNA damage and somatic cell mutation can also enhance the 
power of a study to identify causal relationships by reducing misclassification enor. 
That is, they can differentiate those individuals who have sustained a biologically 
significant dose of carcinogen from those who, albeit with comparable external 
exposure, have not. The importance of such differentiation is underscored by studies 
that demonstrate a high degree of variation in levels of DNA and protein adducts 
among individuals with similar exposures in the work place environment or clinical 
setting (Shamsuddin et al., 1985; Bryant et al., 1986; Reed et al., 1986; Perera et al., 
1987, 1988). 

Markers of early preclinical response would also increase the power of epidemiolo-
gical studies by providing a more frequent and earlier endpoint than tumours.. At 
present, however, available biological markers can serve as dosimeters but have not yet 
been definitively correlated with tumour incidence. This will require prospective or 
nested case-control studies to establish their predictive relationship to cancer risk. 

A recognized limitation of available markers is that they cannot provide informa-
tion on all stages of the carcinogenic process, since they largely reflect exposures to 
that subset of carcinogens that act via genetic toxicity. There is, however, general 
agreement that a group of individuals shown in properly controlled studies to have 
experienced a significant biologically effective dose of a carcinogen can be presumed 
to be at higher risk of cancer and that this information can serve as a valuable early 
warning system or `red flag' to those concerned with surveillance and prevention 
(Vainio et al., 1983). 

There is a major need for markers of biologically effective dose in the study of lung 
cancer. Lung cancer is the leading cause of cancer deaths in the USA (136 000/year) 
and a common cancer worldwide (Muir & Nectoux, 1982). The US annual incidence 
_rate (150 000) is very similar to the mortality rate, reflecting the low five-year survival 
rate of lung cancer patients (13% for all stages). During the past three decades (1957 to 
1981-83), US males experienced a 184% increase in age-adjusted lung cancer death 
rates, while in women lung cancer mortality escalated at an even greater rate (360%) 
(American Cancer Society, 1987). In most countries, there has been a consistent 
increase in lung cancer over the past 50 years (Muir & Nectoux, 1982). 
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It is estimated that active cigarette smoking is responsible for the great majority of 
lung cancer (Surgeon General, 1986) and for about 30% of all cancer (Tomatis, 1985). 
However, а  significant fraction is believed to be attributable to other environmental 
factors (Doll & Peto, 1981; Toxic Substances strategy Committee, 1980); with respect 
to lung cancer, one of these is passive smoking (Surgeon General, 1986; National 
Research Council, 1986). Other known or suspected environmental risk factors include 
exposures to synthetic organic chemicals, products of fossil fuel combustion (e.g., 
РАН), metals and fibres, and radon (Deсоuflé, 1982). Workers exposed to these 
agents have significantly increased risks of lung cancer; but risk is not confined to the 
work place: there is growing evidence that man-made pollutants in the ambient air 
contribute to lung cancer incidence in the general population. (See Регега  & 
Weinstein, 1982, for review.) 

Frequently, experimental data demonstrating the carcinogenicity of a chemical have 
preceded epidemiological findings. This is true for aflatoxin, 4-аmiпobiphenyl, 
bis(chloromethyl)ether, diethylstilboestrol, melphalan, mustard gas and vinyl chloride 
(Tomatis, 1979; Huff et al., 1986). Unfortunately, in a number of cases, steps to 
prevent or reduce human exposure were taken only after epidemiological evidence of 
causality became available. 

Lack of biomonitoring data on human lung carcinogens 
Could human biomonitoring data have predicted — qualitatively or 

quantitatively — the increased human cancer risks that have been found to be 
associated with specific environmental exposures by conventional epidemiological 
studies? Unfortunately, as shown in Table 1, human biomonitoring data on known or 
probable human lung carcinogens are still too limited to evaluate this question. In 

Table 1. Summаry of available data on biological markers in humans 
exposed to known or suspected chemical Iung carcinogens° 

Chemical 	 Chromosomal 	SCE 	Adducts 
aberrations 

Acrylonitrile - 
Amitrole 
Arsenic -- —+ 
Asbestos (+) 
Bis(chloromethyl)ether (+) 
Beryllium 
Cadmium 
Chromium (VI) + — — — - 
Chloromethylmethylether (+) 
Cutting oils 
Dimethyl sulphate 
Lead —+- 
Mustard  gas 
Nickel (+)(+) — - 
PАНЬ  +` ±nd 	+ 
Vinyl chloride + + + + + (+) — - 

+++++ + 

°List of carcinogens: Decouild (1982); data: M. Waters, F. Stack & A. Brady (US Environmental 
Protection Agency Activity Profile Data Base, personal communication) (except for РАН) 
bAs components of mixtures 
`Studies of cigarette smokers 
dMiner et al. (1983) 
(+), weakly positive or positive in a study of limited quality; (—), weakly negative or negative in a 
study of limited quality 
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Table 1 we have listed the human data (in vivo) for chemicals for which there was 
epidemiological evidence of a causal association with lung cancer as of 1982 (Decouflé, 
1982). This list is not complete. For example, there is now epidemiological evidence 
that formaldehyde is a probable human carcinogen (IARC, 1987), with the lung as a 
target site. 

Some representative studies of biological markers 
Our research at Columbia University has focused on PAH-DNA adducts, protein 

adducts, cytogenetic effects and the occurrence of activated oncogenes in cross-
sectional and serial studies of exposed populations at risk for lung cancer and, 
retrospectively, in lung cancer cases — all with appropriate controls. 

Standardization studies 
Levels of PAH-DNA adducts measured by ELISA, using a polyclonal antibody 

which recognizes diol epoxide-DNA adducts of benzo[a]pyrene (BPDE-I) and related 
РАН, are higher than reported previously (Perera et al., 1987). These values reflect 
improved quantification based on studies in which antibody recovery of adducts was 
compared in low and highly modified standards. Specifically, in collaborative studies 
with M. Poirier and C.C. Harris and his colleagues at the National Cancer Institute, 
USA, highly modified (15 pmo]/ug) and law-modified (4.4 fmol/цg) samples of 
BPDE-I-DNA were used to validate adduct recovery by colour and fluorescent ELISA 
under the conditions of our standard assay (R. 5aпtella et al., in preparation). The 
antibody detected adducts in the low-modified DNA sample (4.4 fmоl/µg) with 
2.5-fold (colour) and ten-fold (fluorescent) lower efficiency than in the more highly 
modified DNA sample (15 pmol/ug). Previously, we routinely used the highly modified 
DNA sample to generate standard curves; however, since human samples have a 
modification level close to the 4.4 fmol adduct/lгg standard, it is more appropriate to 
use the low-modified standard in assaying human samples. Therefore, values for 
adducts in the biological samples have been `corrected' by multiplying by factors of 2.5 
(colour) aid 19 (fluorescence). Currently, we are routinely using a low-modified 
standard in assays of human samples to eliminate the need for this correction. 
However, these corrected values are based on BPDE-DNA standard curves; the 
antibodies are known to recognize other PAl-DNA adducts with varying affinities, so 
the data provide an approximate indication of total PAH-DNA adducts. 

Studies of cigarette smokers 
We have studied 22 smokers and 24 nonsmokers using a battery of markers (Perera 

et al., 1987): PAl-DNA adducts in white blood cells using the ELISA described 
above; 4-amino biphenyl-haemoglobin (4-ABP-Hb) adducts measured by negative-ion 
chemical ionization mass spectrometry (collaboratively with M. Bryant and 5. 
Tannenbaum and his colleagues at the Massachusetts Institute of Technology, Boston, 
MA, USA); SCE in cultured lymphocytes; and cotinine in plasma measured by 
radioimmunoassay (in collaboration with N. Haley of the Naylor Dana Institute for 
Disease Prevention, Valhalla, NY, USA). The results for one or more blood samples 
drawn from the same individual are given in Table 2. Values are given for samples with 
detectable levels of adducts (i.e., corresponding to 25% or greater inhibition). 

Briefly, all four markers were found at higher levels in smokers than in 
nonsmokers. The difference between the means for detectable levels of PAH-DNA 
adducts in white blood cells from smokers and from nonsmokers was 0f only borderline 
significance (sample 2), possibly because of the large number of `background' 
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Table 2. Levels of biological markers in healthy volunteers: mean 
(c E)o,b 

Marker 	 Smokers 	 Nonsmokers 

PAl-DNA ([mol /fig) 
Sample 1 0.33 (0.053) 0.29 (0.035) 

5/22` 7/24 
Sample 2 0.32 (0.068)- 0.16 (0.033) 

4/21 4/21 

4-лвP-нь  (pg/g) 
5amрlе  1 154.5 (11.3)** 32.2 (2.9) 
(п) (19) (18) 
5amрlе  2 139.0(7.9)5 * 36.2 (5.02) 

(п) (9)  (6) 

5СЕ  (average no./metaphase) 10.8 (0.603) B.1 (0.47) 
(n) (11)  (10) 

Cotinina (ng/m1) 419.2 (47.4)** 0.3 (0.032) 
(п) (10)  (10) 

°Опе  or two successive blood samples per subject 
Ьsmokerјпoпsmokвr diffеквпcе: j, borderline significance; ' p С0,01; ** p С0.001 
`Fraction of individuals (samples) with detectable levels of adducts 

(noncigarette related) exposures to PAl. In smokers, the levels of PAH-DNA adducts 
were highly correlated with several indices of cigarette smoking (pack-years, lifetime 
tar intake) and with dietary intake of charcoal. We also observed an effect of passive 
smoking on DNA adducts in nonsmokers. 

Smokers had significantly higher levels of the other three markers than controls 
(Table 2). Reduced lapse of time since smoking had a significant effect on both 
4-ABP-Hb and cotinine levels. Interestingly, 4-ABP-Hb was significantly correlated 
with cotinine, 5СЕ  and DNA adducts. These results indicate the usefulness of a battery 
of markers with varying specificities for the exposure of interest. 

Studies of foundry and coke-oven workers 
Another study (carried out collaboratively with K. Hemminki, Institute of 

Occupational Health, Finland) has demonstrated a dose-response relationship between 
exposure of 35 iron-foundry workers and PAH-DNA adducts in white blood cells 
(Perera et al., 1988; Hemininki et al, this volume). (See Table 3.) Workers were 
classified as having low (c0.05 glm3), medium (0.05-0.2 ц,g/m3), or high (>0.2 µg/ 
m3) exposure to benzo[a]pyrene (as an indicator of total РАН). 

These results are roughly consistent with the PAH-DNA adduct levels seen in our 
study of smokers of about one pack per day (mean 0.32 fmollj.tg), who are exposed 
daily to approximately 0.5 tg beпzo[а]pyreпe, since foundry workers with estimated 
medium exposure (and mean adduct levels of 0.62 fmol/ug) would be expected to 
inhale about 1 g benzo[alpyrenc daily (approximately a two-fold greater dose than 
that of the smokers), assuming that workers inhale 10m3 air during an 8-h shift with no 
physiological filtration of benzo[ajpyrene. 

Shamsuddro et al. (1985) reported a range of PAH-DNA adducts (0.06-
0.4 fmol/,ug) in 7/20 white blood cell samples from foundry workers, using a 
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Table 3. PAH-DNA adducts in Finnish foundry 
workers: mean (SЕ) 

Exposure group 	Adduct level (fmril/µg) 

High 	 1.50 (0.55) 
4/4° 

Medium 	 0.62 (0.147) 
13/13 

Low 	 0.32 (0.065) 
13/18 

Control 	 0.22 (0.077) 
2/10 

"Fraction of samples (individuals) with detectable levels of 
adducts 

competitive ultrasensitwe enzymatic radioimmunoassay. However, they did not classify 
workers as to work place exposure. 

We have also carried out a small study of coke-oven workers (in collaboration with 
M. Bender, R. Leonard and O. White of Brookhaven National Laboratory, USA). 
The ЕLISA with colorimetric detection was used to quantify PAH-DNA adducts; SCE 
and chromosomal aberrations were scored in cultured lymphocytes. Four of 24 exposed 
workers and none of 11 laboratory worker controls had detectable levels of adducts 
(mean and SЕ, 0.45(0.05)). This value is low compared to the range of adduct levels 
reported by Harris et al. (1985) in coke-oven workers (0.4-34.3 fmol/цg). The mean 
SСЕ  value, adjusted for smoking, was significantly higher (p = 0.009) in 27 coke-oven 
workers (including the subjects studied with respect to PAH-DNA binding) than in 
controls, who comprised six unexposed steel workers and 50 Brookhaven National 
Laboratory employees. Chromatid-type, but not chromosome-type aberrations, were 
also significantly increased in incidence in the exposed group (deletions, p = 0.0002; 
exchanges, p = 0.05) (Bender et al., 1988). 

Studies of patients with lung cancer 
In studies in progress of lung cancer cases and controls, we are investigating the 

relationship between various molecular markers (adducts, SCE and altered oncogenes) 
and lung cancer risk, jn contrast to previous investigations of the relationship between 
estimated exposure and these markers. This research follows a pilot study in which 
detectable levels of PAR-DNA adducts were seen in tumour tissue, tissue adjacent to 
tumours and white blood cells of 5/15 primary lung cancer patients and in none of eight 
controls (Perera et al., 1982). 

Currently, we are investigating whether the lung cancer cases have higher levels of 
adducts, SCE and activated oncogenes than subjects without cancer (orthopaedic 
patients) with similar smoking histories. 5uch a finding would constitute circumstantial 
evidence that the propensity to activate and bind carcinogens to DNA and to sustain 
other types of genetic damage is a risk factor for lung cancer. 

There is considerable evidence that activation of proto-oncogenes plays an 
important role in the neoplastic transformation of cells and may be triggered by a 
variety of types of genetic damage (point mutations, translocations, deletions and 
abnormal amplification). Structurally altered or amplified oncogenes of the myc and ras 
families have been detected in a number of human tumours, including carcinoma of the 
lung. (5ее  Bishop, 1987, for review.) c-myc amplification has frequently been seen in 
various epithelial tumours (including lung) in association with advanced or aggressive 
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tштюurs (Yokota et a1., 1986). Of particular interest to us is the possible relationship 
between environmental exposure to mutagens/carcinogens (e.g., in cigarette smoke) 
and oncogene activation in the causation of lung cancer. 

In collaboration with D. Grunberger and M. Goldfarb at Columbia University, 
New York, USA, we are investigating the prevalence of genetic alterations in the 
c-myc and c-ras proto-oncogenes in lung tumours arid in tissue adjacent to tumours 
from surgical lung cancer cases and in lung tissue from autopsy controls. DNA samples 
are being analysed by Southern blot hybridization using several c-myc probes as well as 
the standard NIH 3Т3 DNA transfection focus assay. We are evaluating the relation-
ship between the occurrence of altered proto-oncogenes, smoking history and 
clinicopathological characteristics of each subject. 

Using a complementary approach to the study of oncogene activation in human 
cancer, in collaboration with P. Brandt-Rauf at Columbia University, USA, antibodies 
directed against protein sequences encoded by several oncogenes (including c-myc and 
c-ras) have been used to assay sera from 18 of the lung cancer cases enrolled in the 
DNA adduct studies described above. The rationale is that oncogene activation in 
target tissues might result in the release of related protein into the peripheral 
circulation, thus providing a convenient marker. The method, a modified western blot, 
has been adapted from that previously applied by Niman et al. (1985) to urine samples. 
Thus far, the sera of 18 lung cancer patients, half of whom were also enrolled in the 
study of oncogenes in lung tissue, have been evaluated, as well as sera from 20 controls 
(healthy volunteers whose smoking status is unknown). Evidence for the presence of 
the c-Ha-ras P21 protein was seen in a large proportion of cancer patients (83% 
compared to 10% of controls). Thus far, we have not seen evidence of c-myc in the 
sera of cancer patients; further studies are under way. The c-Ha-ras P21 protein was 
present in sera from two of the 20 controls. Prior studies have detected ras protein 
products in sera from smokers, suggesting that exposure to carcinogens may activate 
oncogenes (Niman et al., 1985). Further studies are now being carried оиt on a more 
comparable group of controls (orthopaedic patients). 

Conclusion 
These studies demonstrate a significant variability between individuals in the levels 

of various biological markers in DNA and in haemoglobin. For example, in smokers of 
one to two packs per day, the range of PAH-DNA adducts was none detected to 
0.5 fmol/ tg; while the levels of 4-ABP-Hb adducts ranged from 75-256 pg/g. Other 
studies have demonstrated that patients treated with the same cumulative dose of the 
chemotherapeutic drug cisplatin (400 mg/rn2) form varying levels of adducts (none 
detected to 0.18 fmol/g; Reed etal., 1986). Thus, as mentioned above, these methods 
may prove to be valuable in evaluating carcinogenic hazard and risk to segments of the 
population who, albeit with low exposure to environmental pollutants, sustain a 
significant, biologically effective dose of carcinogens. 

These studies also showed elevations in the levels of various biological markers in 
exposed populations (smokers and workers) compared to appropriate control groups. 
In the smokers, these increases were highly significant for 4-ABP-Нb and cotinice and 
of borderline significance for PAl-DNA adducts, possibly reflecting the substantially 
greater background' exposure to benzo[a]pyrane and other РАН  compared with 
4-ABP and nicotine. The study of foundry workers has demonstrated the clearest 
dose-response relationship between an environmental exposure and DNA adducts. 
However, the levels of adducts observed in several groups with comparable estimated 
exposure to РАН  (e.g., heavy smokers and workers with low exposure) are generally 
consistent. 
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The new methods for studying DNA damage in vivo oпеr cancer epidemiologists 
both a new study endpoint and a refinement of exposure measurement. Up to the 
present, they have not been applied in studies that satisfy standard epidemiological 
criteria. In particular, more attention must be paid to the selection of study samples 
and to ensuring adequate numbers of study subjects. There are substantial problems 
in studying the link between DNA damage and carcinogenesis at the individual 
level, including the long latency and the multifactorial etiology of most cancers. 
Acute leukaemia induced by alkylating agent therapy represents one of the few 
human situations in which such studies are feasible, since patients are exposed at 
carefully measured and recorded doses, the risk is high and specific, and follow-up 
is good. A considerable saving in resources could be achieved by storing samples 
from a large number of treated patients and carrying out analyses of DNA damage 
only in those from people who develop leukaemia and from suitably chosen 
matched controls. 

Epidemiologists search for etiological agents by studying the association between a 
disease state and various other characteristics, in a study population large enough to 
eliminate the effects of chance, and chosen in such a way as to avoid the effects of bias. 
The new methods for detecting DNA damage in vivo offer exciting possibilities to 
epidemiologists, both as a way of defining a rather specific disease state on the basis of 
the presence or absence of damage, or as a refinement of exposure measurement using 
DNA damage as a biological dosimeter. The term molecular epidemiology' has been 
adopted to describe studies in which either of these strategies is used (Perera, 1987). 

This field is nonetheless very young and has so far yielded few studies that would 
stand up to a rigorous examination by epidemiological criteria. It is the purpose of this 
paper to examine ways in which molecular epidemiology could be strengthened, by 
indicating how the study designs fail to satisfy these criteria, and suggesting how they 
should be modified to enable them to do so. We then put forward our proposal for 
studies of patients treated with cytotoxic drug therapy, which we believe offer the best 
hope of yielding useful epidemiological results on the relationship between DNA 
damage (both mutational events and gene rearrangements) and carcinogenicity. 

Studies of DNA damage as an endpoint 
Sо  far, most epidemiological studies in which DNA damage has been measured 

have treated it as an endpoint. Groups of exposed and unexposed individuals are 

—460— 



CARCINOGENICITY AND DNA DAMAGE 	 461 

selected and then compared with regard to some parameter of DNA damage. 
Exposures studied have included cigarette smoking (IARC, 1985: Everson et al., 
1986), benzo[a]pyrene in occupational settings (Harris et al., this volume; Hemminki et 
al., this volume; Perera et al., this volume) and cytotoxic drugs used in the therapy of 
malignant and nonmalignant disease (Raposa, 1978). The goal of these studies is to 
relate the external dose to the level of DNA damage. 

In planning these studies, several basic epidemiological principles should be 
respected. The first is in the choice of subjects. As far as possible, exposed individuals 
should be comparable to those unexposed with respect to factors that may influence 
levels of DNA damage, apart from the exposure itself. The most important such factor 
is probably age, although sex, ethnicity and, in certain cases, smoking status may be 
important. The requirement of comparability applies equally in situations in which 
unexposed individuals are unavailable for study and comparisons must be made 
between groups of individuals exposed ta different dose levels. This may be the case if 
the study subjects are cancer patients, all of whom are receiving the same DNA 
damaging drug. 

Another important design principle is that of an adequate sample size. Too often, 
studies of DNA damage are based on a handful of individuals, and, even if significant 
differences are seen between exposed and unexposed, confidence intervals on the 
differences are still rather wide. 

Finally, the statistical treatment of these studies has been rather simplistic. Typical 
analyses do not go further than a t-test or Wilcoxon statistic comparing the level of 
damage between groups. There has been little exploration of the degree of within-
person variation in measurements of DNA damage, or of the closely related issue of 
whether it is in fact more appropriate to make comparisons within the same person 
before and after exposure, or between groups of exposed and unexposed subjects. 
Statistical analysis could also usefully adjust for factors such as age and smoking status, 
if they have not been controlled for in the design. Another important statistical 
question concerns the choice of exposure 'tire window' (Rothman, 1981) to be used in 
relating external exposure to DNA damage. The most important determinant of adduct 
levels may be exposure in the immediate past, while chromosomal aberrations may 
relate to exposure over a longer period. 

All of these ideas have parallels in epidemiological studies in which more 
conventional endpoints, such as cancer incidence, are studied. Their importance is 
undiminished when DNA damage is the outcome of interest, and they will have to be 
taken into account before molecular epidemiology can be accepted as a valid part of 
epidemiology. 

Studies of DNA damage as an exposure measurement 
Use of DNA damage as a measure of exposure is of great interest to epidemiolo-

gists, since it gives them the chance to sharpen their usually clumsy instruments for 
measuring the true level of risk factors. The hope is that, instead of relying on 
questionnaires and other indirect sources of exposure information, one could utilize a 
measurement that reflects directly the immediate consequences of an exposure on the 
DNA of target cells, or of other cells that may be viewed as surrogates for the target 
cells. Studies of this kind can define a biological marker of exposure that is a better 
predictor of cancer risk than the external exposure level itself. If, indeed, for a given 
level of external dose some individuals suffer more genetic damage than others, this 
could indicate variation in constitutional susceptibility to the agent and lead to a means 
of distinguishing individuals who are at higher risk of cancer. 
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5o far, all of the studies in which DNA is used as a measure of exposure have 
utilized the case-control design, in which patients with cancer are compared with 
healthy controls with regard to the degree of DNA damage. The comparison has been 
made between samples of tumour material from cases and normal tissue from controls 
(Peres et al., 1982) or between peripheral lymphocytes in both groups. 

The case-control design offers the advantage that, by using all cases arising in a 
given population and only a small number of controls per case, the study can give 
almost as precise results as if all individuals in the population had been studied 
(Breslow et al., 1983). The design suffers from two major disadvantages, which are 
particularly pertinent when DNA damage is measured as an indication of exposure. 
First is the problem of temporal ambiguity. Since the damage is measured in cases after 
cancer has developed, the malignancy itself may have some effect on the measurement 
of DNA damage, particularly if tumour material is used. The second problem is that 
even if the measurement is unaffected by the presence of disease, it may be totally 
unrelated to exposures that occurred in the past which gave rise to the cancer. 

The alternative to the case-control approach is a prospective study, in which DNA 
damage would be assessed before the onset of disease. While largely circumventing the 
temporal difficulties of the case-control study, the prospective approach presents huge 
practical problems. Foremost is the number of study subjects required. Even for a 
relatively common tumour, such as lung cancer in men, it would be necessary to 
measure DNA damage in thousands of individuals, and to follow them for decades in 
order to have sufficient cases in the study population. One alternative would be to 
study older people, in whom the incidence of cancer is high, but one would then be 
back in the position of measuring DNA damage that was not necessarily relevant to the 
subsequent incident cancers. 

A further problem with both case-control and the prospective designs arises from 
the multifactorial nature of most types of cancer. Even a relationship as well 
established as that between lung cancer and cigarette smoking has not been elucidated 
to the extent that one could specify which DNA adducts should be measured as 
predictors of cancer risk. 

Using either of the designs, a strict adherence to epidemiological guidelines should 
be maintained. Just as for the studies of DNA damage as an endpoint, it is essential 
that studies be large and that subjects be sampled in a way that is clearly defined, and 
free of bias. 

Studies of the correlation between DNA damage and carcinogenicity 
A third approach is one in which DNA damage is studied as an endpoint following 

exposure separately to a number of different agents or to different dose levels of the 
same agent. The DNA damaging effect of each exposure is then compared with its 
carcinogenicity, using in each case some appropriate potency index. This approach has 
been used extensively in animal experiments. Lutz (1986) examined the correlation 
across chemical compounds between the degree of DNA binding in rat liver and the 
carcinogenicity of the compound. Parodi et al. (1983) carried out similar studies of the 
relationship between the ability of compounds to induce sister chromatid exchanges 
and other kinds of DNA damage in rodents, and their carcinogenic potency. 

Results of this kind obtained in humans have been far more limited. Bryant et al. 
(this volume) have reported that aromatic amine adducts are formed in haemoglobin in 
vitro more often in smokers of black than in smokers of blond tobacco, in a ratio that is 
consistent with the relative bladder carcinogenicity of the two tobacco types, but this 
correlation is limited to two points. 
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Correlation studies are certainly very useful in exploring relationships between 
short-term markers of DNA damage and long-term carcinogenicity. Their major 
drawback is that they often utilize disparate study populations, in whom neither the 
evaluation of DNA damage nor the assessment of carcinogenicity is carried out in a 
consistent manner. 

Exposure to anticancer drugs as an epidemiological model for studying DNA 
damage 

It is now well established that many drugs and combinations of drugs used in the 
therapy of malignant disease (and some nonmalignant conditions) greatly increase the 
risk of acute leukaemia, and possibly other tumours, in survivors (IARC, 1981). Some 
authors (Pedersen-Bjerregaard & Larsen, 1982) have put the cumulative risk of 
leukaemia as high as 10% for the ten-year period following the start of cytotoxic 
therapy for Hodgkin's disease. Although attempts have been made to modify the 
carcinogenicity of anticancer drug therapy, either by substitution of agents (Bon-
nadonna & Santera, 1982), modification of intensity, simultaneous administration of 
neutralizing compounds (Brock et al., 1979) or better targetting of the drug to the 
tumour rather than to sensitive normal tissues (Eisenbrand et al., 1986), the risk of 
second malignancy probably remains substantially elevated over the background. 

Although it is known that most alkylating cytotoxic drugs are carcinogenic, there 
remain substantial questions that require quantitative answers. These include the 
relative carcinogenicity of different agents, the effect of changes in dose rate and of 
radiotherapy on their carcinogenicity, and the extent to which short-term measure-
ments such as DNA damage can be used to predict carcinogenicity, at both group and 
individual levels. 

While the primary goal of any study of anticancer drug carcinogenicity is to improve 
therapy, it must be recognized that such studies can also provide a unique window into 
the mechanisms of leukaemogenesis induced by alkylating agents. Although rather 
specific, there is perhaps no better human model for quantitative validation of DNA 
damage as a predictor of carcinogenicity, for several reasons. 

Firstly, in addition to being a high-risk exposure, drug therapy is the only known 
carcinogenic agent that is given to humans at carefully measured doses and for which 
reliable exposure records are maintained over long periods. Furthermore, cancer 
patients are followed up rather well and are easily accessible for further clinical or 
laboratory investigation during the course of treatment. Finally, acute leukaemia 
induced by alkylating agents is extremely specific, to the extent that it can be 
characterized by certain karyotypic abnormalities (Rowley et al., 1977). One can 
therefore be almost certain of the exposure that led to the cancer, and when it 
occuned. This is in Coдtrast to many other cancers, the etiology of which is either 
unknown or multifactorial. 

A number of investigators have recognized the unique research opportunities 
presented by this situation. Several studies have been carried out in which DNA 
damage, as defined by elevated levels of chromosomal aberrations or sister chromatid 
exchanges in peripheral lymphocytes, was evaluated in patients following treatment 
with cytotoxic drugs (Lambert et al., 1978; Neistadt et al., 1978; Raposa, 1978; 
Lambert et al., 1979). For one anticancer agent, cisplatin, it has been possible to 
demonstrate the presence of adducts in lymphocytes, and to characterize various 
different types of adducts (Poirier et al., 1982; Fichtinger-5chepman et al., 1986; Reed 
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Table 1. Studies of 5СЕ  frequency in the peripheral iymophocytes of 
patients following anticancer drug therapy 

Drug Treated Average Control Reference 
patients dose (g) group 
(SCE/cell) (SСЕ/cell) 

Busulphan 11.0 0.49 6.9 Misawa (1978) 
Cyclophosphатпide 17.9 5.0 13.1 Debova et al. (1983) 

25.9 1.1 8.9 Raposa (1978) 
Chlorambucil 14.5 4.3 8.1 Palmer et al. (1984) 
Actinomyclis D 17.3 2.0 14.0 Lambert et al. (1979) 

et al., 1986). In the near future, monoclonal antibodies could be available to detect the 
adducts of many other agents (Tilby et al., 1987). 

Unfortunately, it is difficult to draw quantitative conclusions from most of the 
studies oit chromosomal effects following therapy with anticancer agents. One 
fundamental question is the degree to which the carcinogenicity of anticancer agents 
correlates with their potency in inducing DNA damage. We have approached this 
question by using data on sister chromatid exchange (SCE) frequency from the 
pubIished literature. 

By analogy with estimates of potency in inducing SCE calculated from animal 
experiments (Parodi et al., 1983), one can propose the excess frequency per unit dose 
as an index for SCE induction in treated patients. This index may be estimated as 

I _ fг  - fс, 
d 

where f, is the frequency of 5СЕ  in treated patients, f is the frequency in controls, and 
d is the dose received by treated patients, in grams. 

We conducted a search of publications on SСЕ, and found for four cytotoxic drugs 
sufficiently detailed data to allow estimation of the potency index These data are given 
in Table 1; in Table 2, we give estimates of 5СЕ  potency as well as the corresponding 
estimates of carcinogenic potency for these drugs in humans, based on studies of 

Table 2. Potency estimates for inducing leukaemia and SСЕ  in humans, 
and all tumours in rats 

Drug Human leukaemia Rat Human 5СЕ  
(ten-year incidence/g (all tumours, (excess exchanges/ 
total dose) ТD50°) cell per g total dose) 

Busulphan 1.3 0.12 8.4 
Cyclophisphaidde 0.28 2.1 0.96 (Debxva) 

15.5 (Raposa) 
Chloranibuci 3.0 0.71 1.5 
Actinomycin D - 0.00095 1.6 

° Daily exposure in mg/kg body weight per day required to halve the tumour-free frequency (Peto et 

a1., 1984) 
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leukaemia, and in rats, based on long-term experiments (Kaldor et al., 1988). It 
should be noted that, unlike the human potency index and the SCE index, the potency 
index for rats is smaller for more potent agents. 

A visual examination of the correlation reveals major inconsistencies between the 
SCE index and the indices of carcinogenic potency. For example, the two estimates for 
cyclophosphamide differ by over 15-fold. According to one study, it is the strongest 
agent in inducing SCE, while according to the other it is the weakest. Similarly, 
actinomycin D is a far more potent animal carcinogen than the other agents, but it is 
one of the weakest inducers of SCE in humans in vivo. These discrepancies could 
indicate that SCE induction is not a valid predictor of carcinogenicity. However, 
problems in the calculation of these indices should be taken into consideration in the 
interpretation of the results. 

Firstly, they are based on very few individuals, and no attempt has been made to 
quantify the precision of each estimate. Another important factor is the time at which 
evaluation of SCE was made, relative to treatment with the cytotoxic agent. It is 
known that the SCE frequency is elevated soon after treatment and declines rapidly 
thereafter (Einhorn et al., 1982), so that a difference among the studies in the time at 
which cells were sampled could have a significant effect on the observed SCE level. 
Further differences in the SCE index could be due to the use of total dose in the 
denominator, when in fact the dose over a restricted period may be more 
appropriate in the calculation. Finally, in all of the reported studies, the comparisons 
between exposed and unexposed are not corrected for age or for other factors that may 
influence SCE level. 

This review of data on SCE highlights several of the epidemiological issues that 
were raised in the earlier part of this article. Obviously, the studies summarized here 
were not planned as full-scale epidemiological investigations, but it is clear that before 
real quantitative interpretations can be made, further studies are required that do take 
these issues into consideration. 

A study of DNA damage in relation to carcinogenicity 
In parallel to the small-scale investigation of DNA damage in patients following 

cytotoxic drug therapy have been studies of the long-term cancer risk in these patients. 
These studies have been principally carried out in survivors of Hodgkin's diseasé, 
ovarian cancer and a few other malignancies. We have recently completed evaluations 
of second cancer risk among over 133 000 survivors of Hodgkin's disease, ovarian 
cancer and testicular cancer (Kaldor et al., 1987) and are in the process of carrying out 
detailed case-control studies of specific aspects of therapy in relation to the risk. 

The approach we have taken in these studies is to establish as large a cohort as 
possible of patients treated with one or more index cancers. Treatment details are 
abstracted only for individuals who develop a second cancer and for several matched 
controls from the cohort who do not. In this way, a considerable saving is made in 
resources, and the comparisons between second cancer cases and matched controls 
with regard to therapy are almost as precise as if the whole cohort had been studied. 

Exactly the same approach can be used to study the relationship between DNA 
damage, whether measured at the molecular or chromosomal level, and the risk of 
drug-induced second cancer in treated patients. In collaboration with the European 
Organization for Research and Treatment of Cancer (EORTC), we are currently 
planning a long-time investigation of this kind. 

The study will proceed in several phases. Thé first is the establishment of a 
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collaborative group of major hospitals, which will vary somewhat according to the 
index cancer site due to the different degrees of specialization among treatment 
institutes. A central register will then be established of all patients diagnosed with one 
of the index cancers at a participating hospital. These patients will then be followed up 
prospectively for the occurrence of second malignancies, particularly acute non-
lymphocytic leukaemia, and, as each second cancer arises, the therapy record for that 
case and several matched controls will be examined with the goal of signalling 
carcinogenic therapeutic modalities as rapidly as possible. 

In parallel to the registration of index and second cancers, blood samples will be 
taken from each patient diagnosed with one of the index cancers, immediately 
following diagnosis aid then subsequent to therapy. The red and white blood cells will 
be separated and stored at -70°C. For patients who develop an acute leukaemia, or 
possibly other cancers, following therapy for the first cancer, and for matched controls 
who remain free of a second cancer, the samples will be analysed for DNA adducts and 
chromosomal aberrations and comparisons made between the second cancer cases and 
these controls. 

This study has two general aims. The first is to find some early marker of second 
cancer risk, which can be used to identify patients who appear to be placed at higher 
risk by their therapy. For these individuals, appropriate modifications aimed at 
reducing risk could be applied. The second goal is to gain information of a fundamental 
nature on the relationship between short-term measures of DNA damage and the risk 
of malignancy. The studies carried out to date have revealed that many agents that 
cause cancer following occupational, iatrogenic or other exposure are also capable of 
causing various kinds of DNA damage, but it has not yet been possible to establish a 
link at the level of the individual between DNA damage and cancer risk. Studies of 
cancer patients would appear to offer the best possibility of obtaining this information, 
since the carcinogenic effect of exposure to cytotoxic drugs occurs rather rapidly and 
the fact that patients are already undergoing systematic follow-up facilitates the taking 
of samples and the recording of the incidence of second cancers. 
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T-Lymphocyte clones from healthy males and females and from melphalan-treated 
ovarian carcinoma patients were studied with regard to sporadic chromosomal 
aberrations and clonal karyotype: 85% of the clones showed a normal, diploid 
karyotype, and sporadic aberrations were found to occur at about the same low 
frequency as in short-term lymphocyte cultures. An abnormal karyotype was found 
in 11 of the 72 clones studied. Loss of an X chromosome, which was the most 
frequent abnormality in female clones, was verified by densitorvetry of Southern 
blots of clonal DNA hybridized with a probe for the X-linked hprt locus. Abnormal 
karyotype due to chromosomal rearrangement was found in nine clones, and, in five 
of these, chromosome 12 was involved in the aberration. About 33% of the clones 
from meIphalan-treated patients had an abnormal karyotype, in comparison with 
about 10% of clones from healthy control subjects. This difference indicated that 
melphalan treatment may induce stable chromosomal rearrangements that are eaт-
patiЫe with cellular proliferation and clonal expansion. 

Improved procedures for long-term culture of human T-lymphocytes have made it 
possible to study mutations induced in vivo in the X-linked locus for hypoxanthine 
phosphoribosyl transferase (hprt) by cloning freshly isolated T-cells in medium 
containing thioguanine (TG) (Albertini et al., 1982; Morley et a1., 1983). The human 
T-cell cloning technique also provides а  new approach for the detection of chromoso-
mal mutations derived in vivo, i.e., stable changes in the clonal karyotype which may 
have important phenotypic effects. We have combined these methods in a project in 
progress to detect and characterize a wide range of spontaneous and induced mutations 
in T-cell clones from healthy subjects and patients subjected to cytostatic treatment. 

Here, we report on the frequency of sporadic chromosomal aberrations and 
chromosomal loss in G-banded metaphases from unselected and TG-resistant T-cell 
clones, as compared to the frequency of aberrations in short-term lymphocyte cultures. 
A number of clonal chromosomal abnormalities have been identified in the karyotypes 
of unselected and TG-resistant T-cell clones from healthy males and females, as well as 
from melphalan-treated ovarian carcinoma patients. In two female clones, the loss of 
an X chromosome was verified by densitometry of Southern blots of clonai DNA 
hybridized with labelled hprt DNA. 

Cell cultivation and T-cell cloning 
Cells were obtained from three healthy male and female donors and from three 

female patients with ovarian carcinoma. The patients had been treated with melpha1an 
3.5-4 years before the present study with а  total dose of 350-420 mg during an 11- to 
12-month period. 

The procedure for T-cell cloning was adopted from Albertini et al. (1982), with 
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minor modifications. Fico11-isopaque-purified lymphocytes from huffy coats (male 
donors) or 30-50 ml of peripheral blood (female donors) were resuspended in growth 
medium (RPMI-1640 containing 1% phytohaemagglutinin, 10% fetal calf serum, 5% 
human serum, supplemented with 30-40% conditioned medium) and distributed into 
96-well microtitre plates. The cell density for unselected clones was five cells/well in 
0.2 ml growth medium containing 2-4 x 104 lethally ultraviolet irradiated lymphocytes; 
that for TG-selected clones was 3-6 x 1О4 cells/well in growth medium containing 
2 µg/m1 TG. After 10-14 days' incubation, growing clones were resuspended in fresh 
medium without TG and transferred to new plates for further expansion. Samples for 
chromosome analysis were taken at several intervals during clonal expansion. The cells 
were resuspended in fresh medium in 1.5-ml microfuge tubes and colchicine was added 
for 1-2 h. Short-term (72 h) cultivation of lymphocytes, G-banding and chromosome 
analysis were as described previously (Lambert et al., 1986). Only cells with 45 or more 
chromosomes were analysed. 

Sporadic loss of a single chromosome 
All short-term lymphocyte cultures studied were from female donors. About 13% 

of the metaphases in these cultures were found to have lost a chromosome, which was 
usually an X chromosome (Table 1). Iп  addition, chromosomes 19-22 appeared to be 
lost more often than the larger chromosomes. The three melphalan-treated patients 
showed a similar pattern of chromosome loss. The predominance of X chromosome 
loss in these cells speaks against an artefactual cause of the event, and suggests that 
female lymphocytes have an increased tendency to lose one of the X chromosomes. 

The unselected T-cell clones studies so far were obtained from two healthy males. 
Chromosome loss occurred in 12.5% of the cells, and seemed to affect the chromo-
somes at random (Table 1). 

In TG-resistant T-cell clones, the frequency of metaphases with a missing chromo-
some was 8-15% in the three groups studied (Table 1). Chromosome loss seemed to 
be a random event in these TG-resistant clones, although there was a tendency for 
preferential loss of smaller chromosomes. Sporadic loss of an X chromosome in female 
cefls occurred less often in TG-resistant T-cell clones than in short-term cultures. 

Sporadic, structural chroniosomal aberrations 
The predominating structural aberrations in female short-term cultures were 

typical, long X fragments. These fragments were not conserved in the T-cell clones, 
where aberrations seemed to be randomly distributed (Table 1). 

As shown in Table 2 and discussed previously (Lambert et al., 1984, 1986), the 
dominant aberrations in short-term cultures of patients' cells were exchanges and 
complex aberrations. These types of aberration were less frequent in the T-cell clones 
than simple breaks and deletions. The total frequency of structural aberrations in T-cell 
clones from healthy females and patients was 5-7%, as compared to 6% in short-term 
cultures from female controls (excluding the typical, long X fragments). The relatively 
high frequency of aberrations in the TG-resistant clones of healthy males (14%) was 
due partly to an exceptionally high number of sporadic aberrations (10/55 cells) in one 
subject. 

Abnormalities of the clonal karyotype 
As shown in Table 3, a total of 72 T-cell clones has been karyotyped. One clonal 

aberration was found among nine unselected male clones, and one among 15 
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Table 1. Frequency and distribution of sporadic chromosomal aberrations in meta-
phases of short-term cultures and T-cell dons from three healthy males and 
females and from three patients treated with melphalan for ovarian carcinoma 

Chromo- Numbers of missing chromosomes (Mc) and structurai aberrations (Ah) 

some 
Shогt-term Unselected TG-Resistant 
cultures T-cell clones T-cell clones 

Females Patients Males Males Females Patients 
Mc 	Ab Mc Ab Mc 	Ah Mc 	Ah Mc Ah Mc AЬ  

1 1 	2 0 4 0 	0 0 	1 0 1 0 2 

2 1 	2 0 4 0 	0 0 	4 0 3 1 0 

3 0 	1 1 1 1 	0 0 	0 1 0 1 0 

4 0 	1 0 2 0 	0 0 	4 1 1 0 1 

5 1 	1 1 3 0 	0 0 	1 0 1 0 0 

6 0 	0 1 2 0 	0 1 	2 1 2 0 0 

7 3 	1 0 1 0 	1 0 	0 1 0 0 1 

8 0 	0 3 5 1 	0 0 	1 4 0 0 0 

9 0 	1 0 4 1 	1 1 	5 3 1 0 0 

10 0 	2 3 2 1 	2 1 	0 1 1 0 1 

11 1 	1 0 0 1 	0 1 	3 0 1 0 0 

12 1 	1 2 0 0 	0 1 	3 2 1 0 0 

13 2 	2 0 1 0 	0 0 	0 3 1 0 0 

14 1 	0 2 2 1 	0 1 	0 1 1 2 1 

15 0 	1 1 0 0 	0 3 	0 4 0 0 0 

16 0 	0 1 1 1 	0 0 	0 0 0 0 0 

17 2 	0 1 1 2 	0 2 	1 2 0 0 1 

18 1 	0 2 1 0 	2 0 	1 3 2 0 1 

19 2 	0 6 0 1 	0 0 	0 5 0 0 0 

20 6 	0 2 0 2 	0 2 	0 4 0 2 1 

21 0 	1 5 1 0 	0 1 	0 6 0 1 0 

22 3 	0 4 0 1 	0 0 	0 2 0 0 0 

X 9 	12 9 4 0 	0 0 	0 1 1 1 1 
Y — — — — 0 	0 0 	0 — — — - 
Total no. 
of Ab: 34 	29 44 39 13 	6 14 	26 45 17 8 10 

No. of cells 
studied: 264 436 105 154 299 99 

No. of clones 
studied: — — 9 19 33 15 

TG-resistant male clones. One of the female patients was found to have a constitu-
tional deletion of the X (F9I86, 46, XXр—). 

Loss of an X chromosome (as a single event or in combination with other 
abnormalities) occurred in one of the clones from healthy females and in two from the 
melphalan-treated patients, but in none of the male clones. Two other female clones 
(F17/86-10 and F17/86-18) showed abnormalities of the X chromosome. Thus, loss or 
rearrangement of the X seems to be a relatively frequent karyotypic abnormality as it 
was found ii 5/48 (10%) of the female, TG-resistant T-ce!! clones. 

Although the data obtained so far are limited, they nevertheless suggest that 
abnormal karyotypes are relatively infrequent among T lymphocyte clones from 
healthy subjects. A tendency towards a higher frequency of abnorma! karyotypes was 
observed in clones from patients (5/15, 33%) that in clones from healthy females 
(4/33, 12%). 
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Table 2. Types of sporadic chromosomal aberrations in short-term cultures and 
T-се11 clones from healthy males and females and from meiphalan-treated ova-
rian carcinoma patients 

Culture 	No. of 	No. and types of aberrations° 	 Total no. of 
clones/cells 

	

	 aberrations 
Break Del Die Exch Ring Cx Add 

chrom 

Short-term 
cultures 

Females —/264 4 2 0 5 0 6 4 17 
Patients —/436 6 6 1 18 0 8 0 39 

Unselected 
T-cell clones 

(males) 9/107 1 0 0 2 0 1 0 4 
TG-Resistant 
T-Cell clones 

Males 19/157 8 2 3 1 1 6 1 22 
Females 33/297 9 2 0 1 0 2 1 15 
Patients 151101 4 0 0 1 0 2 0 7 

° Del, deletion; Die, djcentric chromosome; Euh, translocations and other exchanges; Cx, cells with complex 
rearrangements involving several chromosomes; Add chrom, supernumerary chromosome 

Table 3. T-Сен  clones with abnormal karyotypes from healthy males and females 
and from melphalan-treated ovarian carcinoma patients 

Selection 
conditions 

No. of clones 
(abnormal/ 
studied) 

Abnormal clones 

Clone 	No. of cells 
no. 	(abnormal! 

studied) 

Karyotype 

Unselected 
clones 

Males 1/9 F3/86-23 (19/19) 46,XY,t(1р;12q) 
TG-resistant 
clones 
Males 1/15 F1/86-21 (7/10) 46,XУ,деl(2)(р13);де1(17)(р12); 

+ mar(11q); + тaг(13q?) 
(1/10) 46,XУ  
(Two other eels had deletions of 2(р13), 11(g22) or 17р, 
+ unidentified markers) 

Females 4/33 F10/86-8 (12/12) 45,Х, = X 
F15/86-6 (9/9) 4б,XX,inv(7)(р15g33) 
F17/86-10 (8/16) 47,КX,таг(?Хр--) 

(7/16) 47,XX,таг(?Хр—) + ace 
(1/16) 46,ХX 

F17/86-18 (3/3) 46,X, — X, — 12,— 13,dеl(9)(q22), 
+ таг(Xр;12q), + mаг(Xq;13q), 
+ mаг(12р;?) 

Patients 5/15 F9/86-7 (6/6) 45,Хр  — , —X, —2, —8, —8, —9, 
+ 4таг(?) 

F9/86-8 (4/4) 46,ХХр  — ,деl(12)(р11) 
F9/86-9 (8/8) 47,КXр  — , + mai(G?) 
F14/86-8 (5/8) 46,XX,t(5;12)(g31>q13) 

(3/8) 46,xХ  
F16/86-16 (10/10) 45,X,— К  
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No evidence was obtained that any of the 63 TG-resistant clones bad acquired the 
mutant phenotype as a result of gross chromosomal deletion or rearrangement of the 
distal part of Xq(26-27), where the hprt gene is located. In all the clones that had lost 
an X chromosome, the remaining X seemed normal (except the constitutionally 
deleted Хр— in F9186). 

Blot hybridization of DNA from TG-resistant T-cell clones 
TG-resistant T-cell clones were expanded to 1-3 x 10 cells. The DNA was 

extracted, digested with Pst 1-endonuclease and subjected to electrophoresis and 
Southern blotting according to standard procedures. Blot hybridization was carried out 
with a full-length hprt probe (рIРт-30, kindly provided by C.T. Caskey) labelled by 
random priming. As shown in Figure 1, the probe recognizes autosomal pseudogenes 
in two bands of about 7.5 and 8.5 kb, and five X-linked hprt bands which range in size 
from 1.4 to 5.0 kb. 

None of the male or female clones in Figure 1 reveals any obvious deviation from 
the Pst-1 band pattern of normal, unselected clones (not shown). As loss of bands 
indicating deletions may be difficult to detect in female clones due to the presence of 
DNA from the inactive X chromosome, the gels were analysed in a scanning 
densitometer, using the hprt pseudogenes as a reference for quantification. These genes 
are located on the autosomes and show two distinct bands well separated from the 
X-linked hprt bands. The area under the X-linked hprt band peaks from the 
densitometer tracings was divided by the area under the two pseudogene band peaks 
(Fig. 1). The quotient was found to be 3.37 t 0.59 for the four male XY clones, and 
5.24 f 0.41 for six of the female clones that bad a normal XX karyotype. Two of the 
female clones that had lost an X chromosome (F917 and F16/6, Table 3) had quotients 
of about 3, i.e., very similar to that of males. All other female clones, including four 
clones that were not karyotyped, and F9/9 with a clonal abnormality involving a G 
chromosome (Table 3), showed quotients between 5.2 and 6.0, indicating the presence 
of a diploid set of X chromosomes. The densitometer tracing did not reveal any other 
change in the relative size of the X-linked band peaks that could indicate deletions of 
single bands. Representative densitometer tracings are shown in Figure 1. 

Conclusions 
Chromosome analysis of T lymphocyte clones appears to be a useful method for 

detecting genomic damage in human somatic cells. Structural aberration and loss of a 
chromosome were found to occur at random and with about the same low frequency in 
the metaphases of Т-cell clones as in short-term lymphocyte cultures. No evidence for 
preferential engagement of specific chromosomes or break points in these sporadic 
aberrations was obtained. 

Out of 72 T-cell clones studied, 85% showed a normal, diploid karyotype. The 
abnormal karyotypes in females clones often engaged the X chromosome, corroborat-
ing previous observations of a high frequency of X-chromosome abnormalities in 
short-term cultures of female lymphocytes (Lambert et al., 1986). Iп  two female 
clones, the loss of an X chromosome was verified by densitometry of blot hybridized 
clonal DNA using a hprt probe. The frequency of clonai karyotype abnormalities in 
TG-resistant clones was 16%, but none of the abnormalities appeared to affect the hprt 
locus. Thus, large chromosomal deletion or rearrangement sees to be a rare cause of 
the mutation in this locus. 

A tendency for a higher frequency of clones with abnormal karyotype was observed 
in the group of melphalan-treated patients (33%) than in the healthy female controls 
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(12%). This may indicate an effect of the cytostatic treatment, but the limited data do 
not permit a definite conclusion. 
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Proto-oncogenes are cellular genes that are expressed durmg normai growth and 
development processes. These genes can be activated to cancer-causing oncogenes 
by point mutations or by gross DNA rearrangement, such as chromosomal traпs-
lоcatiоп  or gene amplification. Activated versions of proto-oncogenes have been 
observed ш  various human and rodent tumours. Examples will be discussed, as will 
the activation of proto-oncogenes by chemical carcinogens. Most chemicals are 
classified as potentially hazardous to humans on the basis of long-term car-
cinogenesis studies in rodents. Oncogene analysis of tumours of spontaneous origin 
and from carcinogenesis studies may aid in risk analyses on the basis of rodent 
carduogenesis studies. 

Increasing evidence suggests that a small set of cellular genes are targets for genetic 
alterations that contribute to the neoplas tic transformation of cells. These genes, 
termed proto-oncogenes, were initially discovered as the transduced oncogenes of 
acute transforming retroviruses (Bishop, 1985). Recent studies have established that 
proto-oncogenes can also be activated as oncogenes by mechanisms independent of 
retroviral involvement (Varmus, 1984; Weinberg, 1985). These mechanisms include 
point mutations and gross DNA rearrangements such as translocations and gene 
amplifications. The activation of proto-oncogenes by genetic alterations results in 
altered levels of expression of the normal protein product, or in normal or altered 
levels of expression of an abnormal protein. 

Proto-oncogenes are expressed during `regulated growth' such as embryogenesis, 
regeneration of damaged liver and stimulation of сец  mitosis by growth factors. 
Proto-oncogenes are highly conserved, being detected in species as divergent as yeast, 
Drosophila and humans. Included are genes which encode for growth factors (sis), 
growth factor receptors (feu, erb B, fms), regulatory proteins in signal transduction 
(ras family), nuclear regulatory proteins (nyc, myb, fis) and tyrosine kinases (scr, 
аbl). Thus, the encoded proteins appear to play a crucial role in normal cellular growth 
and differentiation. 

The activation of proto-oncogenes in spontaneous and chemically induced tumours 
has been studied in great detail over the past several years. The number of 
proto-oncogenes that must be activated in the multistep process of carcinogenesis is 
unclear at present, although the concerted expression of at least two oncogenes, ras 
and myc, is needed for the transformation of a primary cell in vitro (Land et al., 1983). 
Iп  addition to activation of proto-oncogenes. loss of specific regulatory functions such 
as tumour suppressor genes may be a distinct step in rieoplastic transformation (Barrett 
et al., 1987). We discuss the detection of activated oncogenes in human tumours and in 

—477— 



478 	 ANDERSON ET AL. 

spontaneous arid chemically induced tumours of rodents as well as the role of these 
oncogenes in the multistep development of neoplasia. The implications of activated 
oncogenes in rodent tumours are discussed in terms of extrapolation of data on 
carcinogenesis in rodents to human risk assessment. 

Activation of proto-oncogenes by gene amplification and chromosomal translocation 
The induction of aberrant expression of proto-oncogenes by gene amplification and 

chromosomal translocation has been observed in several types of human and rodent 
tumours (Meltzer et a1., 1986; Alitalo et al., 1987; Croce, 1987). Such aberrant 
expression appears to be an important component in the development of some 
neoplasias. Aberrant expression consists of elevated levels of the normal protein 
product or deregulated cell-cycle expression of the gene. It should be emphasized that 
it is not necessary for the protein to be structurally altered—only abnormal expression 
of the proto-oncogene. Elevated levels of proto-oncogene expression have been 
observed when apparently neither gene amplification nor chromosomal rearrangement 
was involved (Gazdar et al., 1985; Escot et ai., 1986). Thus, other, perhaps more 
subtle, types of mechanism can also induce aberrant expression. For example, deletion 
of a region upstream from the c-туь  locus which resulted in increased messenger RNA 
levels was observed in some leukaemias and lymphomas (Barletta et al., 1987). 

The myc family of genes and c-rnyb code for nuclear proteins, and these genes 
respond to mitogenic agents. The bel-2 gene is also expressed in B and T lymphocytes 
after stimulation of the cells with mitogens (Reed et al., 1987). HER-2/пеи  codes for a 
protein that is a putative receptor for a growth factor (Schechter et al., 1984). Thus, it 
is not surprising that aberrant expression of these genes contributes to the development 
of neoplasia in numerous tumour types (Alitalo et al., 1987; Сгocе, 1987; Slатоп  et 
al., 1987). 

Chromosomal translocation can also result in the expression of an altered protein 
product. The c-abl proto-oncogene is recombined with the bсr gene in 95% of chronic 
myelocytic leukaemia. The c-aЫ-bсr protein product is a transforming protein with 
kinase activity. An altered c-ahi protein has also been observed in a few cases of acute 
lymphocytic leukaemia (Croce, 1987). 

The development of neoplasia is a multistep process (Land et al., 1983; Weinberg, 
1985; Barrett et aL, 1987), and activation of a proto-oncogene may represent one step 
in the tumorigenic process. In general, gene amplification is associated with tumour 
progression. For example, N-myс  amplification correlates with the stage classification 
of iieuroblastoma. The degree of gene amplification is a better predictor of survival 
time than any clinical data (Brodeur et al., 1984; Seeger et al., 1985). Similarly, the 
degree of HER-2/пeи  amplification is inversely related to survival and time to relapse 
in women with breast cancer (Slamon et al., 1987). The degree of gene amplification in 
patients with stage I disease may thus be useful in design of treatment strategy. The 
high percentage of neoplasms showing c-rn ус  translocation in Burkitt's lymphoma, and 
the prevalence of c-ahi translocation in chronic myelocytic leukaemia suggest that gene 
translocation represents one important step in the development of these cancers 
(Croce, 1987). 

Detection of oncogenes by DNA transfection assays 
A number of oncogenes present in both human and animal tumours have been 

detected by the NIН/3T3 transfection assay. This test involves the ability of the 
NIH13T3 mouse fibroblast to accept and express genes from donor tumour DNA, 
resulting in the formation of transformed cells. Shih et al. (1979) were the first to show 
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that DNA from carcinogen-transformed cell lines could cause transformation of 
NIH/3Т3 cells after transfection. This transformation was characterized by a change in 
the morphology of the NIH/3T3 cells and by anchorage-independent growth. Other 
investigators using this technique were then able to show that dominant transforming 
genes or oncogenes were present in human tumours and in carcinogen-induced animal 
tumours. An extension of the NIH/3T3 transfection assay that affords greater 
sensitivity is the nude mouse tumorigenicity assay (Fasano et al., 1984). This involves 
cotransfection of NIH/3Т3 cells with tumour DNA and a selectable marker gene. The 
selected cells are then injected subcutaneously into the immuno-compromised mice. 
The tumours that develop in the nude mice are then analysed to characterize the 
transforming gene. 

Members of the ras gene family were the first activated proto-oncogenes detected in 
the NLH/3T3 assay. I-ras, K-ras and N-ras acquire transforming activity by a point 
mutation in their coding sequence (Barbacid, 1987). Iп  early studies using the 
NIH/3Т3 assay, ras gene activation was detected in a low percentage of human 
tumours (approximately 10%). However, more recent studies utilizing the nude mouse 
assay (Bos et al., 1985), gene amplification in conjunction with oligonucleotide 
hybridization (Bos et al., 1987а) and thé RNase A mismatch cleavage method 
(Forrester et al., 1987) have been used to detect activated ras genes at a much higher 
frequency in some human tumour types (Table 1). For example, Bos et al. (1987b) 
detected activated ras genes in 27% of cases of acute myelocytic leukaeniia examined; 
Ananthoswamy et al. (1987) detected Ha-ras genes in four of six human squamous-cell 
carcinomas examined; and Bos et al. (1987а) and Forrester et al. (1987) detected 
activated K-ras in 33-40% of human colon tumours. Other oncogenes have been 
detected in human tumours, including lea (Ochiya et al., 1986), hst (Sakamotо  et al., 
1986), trk (Martin-Zanca, 1986) and a transforming gene in human thyroid carcinomas 
(Fusco et al., 1987). The prevalence of these non-ras genes in human tumours is not 
clear at present. 

A variety of animal tumour model systems has also been examined for activated 
genes using the NIH/3Т3 assay (Barbacid, 1987; Sukumar, 1987). These include 
spontaneous tumours in rats and mice, tumours that arise after single or multiple doses 
of carcinogen, and tumours that anse after long-term exposure to a carcinogen. 
Examples of the activated genes in the different tumour model systems are shown in 

Table 1. Activated oncogenes detected in human tumours by DNA transfection 
assai 

Tumour 	 Number positive/ Oncogene 	 Reference 
number tested 

Colon 26/66 K-ras(26)Ь, N-rаs(2)` Fonester et a1. (1987) 
Colon 11/27 K-ras(10), N-ras(1) Bis et al. (1987а) 
Acute myelocytic leukaemia 12/45 N-ras(10), K-rаs(2) Bos et a1. (1987!) 
Squamous-cell carcinoma 4/6 H-ras(4) Artanthoswamy et aL (1987) 
Acute myetocytic leukaemia 

and preleukaemic cullsd 3/8 N-ras (3) Hirai et al. (1987) 
Thyroid papillary carcinoma 5/20 Unknown(S) Fusco et al. (1987) 
Hepatocellular carcinoma 2/11 Јса(2) Ocbiya et al. (1986) 

"The basis for detection of the oncogenes listed in this table is the ANA txantfection assay; biochemical methods have 
епhапсед  the sensitivity to detect mutations in ras genes. 
te parentheses, the numbcr of samples with that oricogene 

`Two tumours contained both K-ras and N-ras. 
dАctivateд  N-ras was detected in DNA irons bone-marrow cells before patients developed acute myelocytic leukaemia 
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Table 2. Activated oncogenes detected in rodent tumour models by the DNA 
transfection assay 

Модег  Tumour Number positive/ 
number tested 

Oneogene Reference 

Spontaneous Mouse liver 17/27 H-гas(15У, raf(1), Fox & Watanabe 

unknown(1) (1985); Reynolds 

et al. (1986) 

single dose 

‚NU Rat mammary 61/71 H-ras(б1) 5ukumar et al. (1983) 
vC Mouse liver 10/10 H-ras(10) Wiseman et al. (1986) 

Continuous dose 
Aflatoxiri B1 Rat liver 10/11 К-ras(2), цпknown(9) McMahon et al. (1986) 
TNM Rat and mouse lung 18/19, 10/10 K-гаг(18), К-ras(10) 5toweгs et a1. (1987) 
DMBA Mouse skin 4/4 H-гаг(Э), unknown(1) Bizub et al. (1986) 

Initiation-promotion 
DMBA +TPA Mouse skin 33/37 H-ras Balmain & Pragnell 

(1983) 

Transplacerital dose 

ENU Rat neuroblastoniaa 3/3 пеи(3) Schechter e' al. (1984) 
‚NU Rat sehwannomas 10/13 пеи(10) Sukumar (1987) 

Radiation 
Gamma Mouse skin 4/4 K-ras Cl'ierrero e' al. (1984) 
Ionizing Rat skin 6/10 1-ras Sawey e' al. (1987) 

°MNU, N-metlsyl-N-nitrosourea, УC, vinyl carbamate; TNM, tetranitromethane; DIBA, 7,12-dimethylЪeпz[a]anthracene; 
TPА, 12-O-tetradecaпoylрhогbol 13-acetate; ENU, N-ethyl-N-nitrosourea 
`'In parentheses, the number of samples with that oncogeile 

Table 2. Like the human tumours, the majority of the activated oncogenes detected in 
animal tumours are members of the ras gene family. Other oncogenes have been 
detected in animal tumours using the NIH/3Т3 assay, including the activated пеи  
oncogene found in nervous-tissue tumours induced in rats by transplacental exposure 
to N-methyl-N-nitrosourea (Schechter et a1., 1984) or N-ethyl-N-nitrosourea (Suku- 
таг, 1987). The neu proto-oncogene was activated by a single point mutation, пеи  and 
the ras genes are the only examples of oncogeries detected in tumours which are 
activated by a point mutation. 

The non-ras genes detected in human and rodent tumours by DNA trarisfection 
assays are presented in Table 3. The prevalence of these oncogenes in human and 
rodent tumours is unclear at present, and, for most of these putative oncogenes, the 
mechanism of activation of the proto-oncogene is also unknown. The identification of 
new classes of cuicogenes, as well as the detection of novel mutations in the ras gees 
(Reynolds et al., 1987), should be enhanced by extension of the NIH/3Т3 transfection 
method to the nude mouse tumorigenicity assay and by development of transfection 
assays that include recipient cells other than йьгоыаsts. 

Activation of oncogenes by carcinogens 
8tudies in animal tumour model systems suggest that chemicals and radiation may 

play a role in the activation of oncogenes by point mutation. Point mutations resulting 
in the activation of ras proto-oncogenes in several chemically induced rodent tumours 
are consistent with the known alkylation patterns of the carcinogens. For example, the 
mutation at the 12th codon of the H-ras gene detected in rat mammary tumours 
induced by N-mcthyl-N-nitrosourea (5ukumar et aL, 1983) is consistent with the 
formation of the O6-methylguaniпe adduct. The activating mutation in the 61st codon 
of the H-ras gene found in mammary tumours and skin tumours induced by 
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Table 3. Non-ras oncogenes detected in human and rodent tumours by the 
DNA transfection assay 

Tumoura Тreatmeпtь  Oncogene Reference 

Neujoblastoma (R) ENU пеи  Scheсhteг  et a1. (1984) 
Schwannoma (R) 'NU tseu Sukumar (1987) 
Stomach carcinoma (H) — hst Sakamoto et al. (1986) 
Colon carcinoma (H) — trk Martin-Zanca et al. (1986) 
Hepatocellular carcinoma (M) Untreated raf Reynolds et al. (1987) 
Hepatocellular carcinoma (H) — lea Ochiya et al. (1986) 
Hepatocellular carcinoma (R) AFB ? ‚dahu 	et аL(1986) 
Hepatocellular carcinoma (M) Untreated ? Reynolds et al. (1987) 
Hepatoce11ular carcinoma (M) Furfural ? Reynolds et al. (1987) 
Pulmonary adenocarcinoma (M) Untreated ? U. Candrian and M.W. 

Anderson, unpublished 
Nasal squamous carcinoma (R) MMS ? Garte et al. (1985) 
Skin carcinoma (М) DMBA ? Bizub et al. (1986) 
Skin carcinoma (M) DBA ? Bizub et al. (1986) 
Thyroid carcinoma (H) — ? Fusco et a1. (1987) 

°Iп  parentheses, species in which tumours occur:R, rat; M, mouse; H, human 
ЬЕNц, N-ethyl-N-nitrosourea; 11U, N-metlxyl-N-nitrosmsrea; AFB, allatoxm В1; MMS, methyhnethane 
suiphorsate; DMBA 7 12-dјше tјlујbеnг[аlалthгаСспе ; DBA, dibenz[c,hlanthracene 

7,12-dimеthylbeпz[a]апthrасепе  is consistent with its binding to adenosinc residues 
(Zarbi et a1., 1985). `Hot spots' for activating mutations in ras oncogenes have been 
observed; for example, the GGT or GGA— GAT or GAA mutation observed in the 
12th codon of H-ras oncogenes detected in tumours induced by N-methyl-N-
nitrosourea is always at the second G of this codon, even though a similar mutation at 
the first G could also produce an activated ras oncogene. If the sequence of specificity 
for the binding of a chemical to DNA corresponds to a known biological `hot spot' in 
an oncogene, the chemical is potentially a very potent carcinogen. 

Some chemicals may not directly activate the oncogenes detected in tumours. This 
possibility must be considered when activated oncogenes are observed in spontaneously 
occurring tumours (Table 2). The chemical may increase the background tumour 
incidence by a mechanism such as cytotoxicity or receptor-mediated promotion. If the 
pattern of activated oncogenes in chemically induced tumours is different from that in 
spontaneously occurring tumours, then the chemical probably causes the mutations, at 
least in some of the tumours (Reynolds et al., 1987). 

Although gene amplification and chromosomal translocation have been observed in 
several types of human tumours, these activating mechanisms have not been observed 
or studied extensively in spontaneous or chemically induced rodent tumours. Sawey et 
al. (1987) did observe c-myc gene amplification or restriction polymorphisms in 
addition to activated K-ras genes in rat skin turnours induced by ionizing radiation. 
Quintanilla et al. (1986) suggested that amplification of the mutated H-ras gene may be 
involved in the progression of mouse skin pаршomas to carcinomas. Further studies 
are required to determine the possible role of chemicals and radiation in the activation 
of proto-oncogenes by gene amplification, chromosomal translocation and other 
mechanisms that can alter gene expression. 

Carcinogen-induced rodent tumour models may be useful in determining the 
temporal activation of oncogenes in tumour development. Evidence from several 
animal studies suggests that activation of the ras proto-oncogene is an early event. The 
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activated ras gene has been detected in many benign tumours, including mouse skin 
papillomas and lung and liver adenomas, and rat basal-cell and clitoral-gland tumours. 
This implies that activated ras was present in the cell that clonally expanded to these 
benign tumors. In addition, it was shown recently that mouse epidermal cells injected 
in vivo with the viral Ha-ras gene can be promoted with 12-O-tetradecаnoylphoгbol 
13-acetate to papillomas (Quintanila et aL, 1986). Thus, activation of the ras 
proto-oncogene may be the initiation' event in some model systems. Moreover, 
dormant `initiated' cells with the activated ras gene can survive surrounded by normal 
cells until stimulated to proliferate by some endogenous or exogenous agent. 

Extrapolation from rodents to humans 

The transformation of a normal cell into a tumorigenic cell involves the activation 
and concerted expression of several proto-oncogenes, as well as, perhaps, inactivation 
of suppressor genes. The activation of ras proto-oncogenes represents one step in the 
multistep process of carcinogenesis for a variety of rodent and human tumours. This 
activation is probably an early event in tumorigenesis and may be the `initiation' event 
in some cases. Thus, a chemical that induces rodent tumours by activation of ras 
proto-ocogenes can potentially invoke one step of the neoplastic process in humans 
exposed to the chemical. Moreover, dominant transforming oncogenes other than ras 
have been detected in chemical-induced rodent tumours (Table 3). The involvement of 
these oncogenes in the development of human tumours is unclear at present. 

Most chemicals are classified as potentially hazardous to humans on the basis of 
long-term carcinogenesis studies in rodents. While such studies are often designed to 
mimic the route of human exposure in the environment or the workplace, the dose 
given is usually higher than that ta which humans are actually exposed. This, coupled 
with the appearance of species- and strain-specific spontaneously occurring tumours in 
vehicle-treated rodents, complicates the extrapolation of rodent carcinogenic data to 
determine human risk. Oncogene analysis of tumours of spontaneous origin and from 
long-term carcinogenesis studies can be useful in several ways. It allows analysis of the 
mechanisms of tumour formation at the molecular level. For instance, the finding of 
activating mutations in different codons of the Ha-ras gene in chemical-induced liver 
tumours, but of activating mutations in only one codon of the Ha-ras gene in 
spontaneous liver tumours, could, in the absence of any cytotoxic effect, indicate that 
the chemical itself activates the Ha-ras proto-oncogene by a genotoxic event. 
Comparison of patterns of oncogene activation in spontaneous and in chemically 
induced rodent tumours, together with cytotoxic information, should be helpful in 
determining whether the chemical is mutagenic, cytotoxic, has a receptor-mediated 
mechanism of promotion, or has some combination of these (and other) modes of 
action. This type of analysis might be of particular importance for compounds that are 
not mutagenic in short-term tests but which are carcinogenic in long-term bioassays 
(Tennant et al., 1987). Species-to-species extrapolation of risk on the basis of 
carcinogenesis data may become more reliable with examination of oncogene activa-
tion and expression. For example, K-ras oncogenes with the same activating lesion in 
the 12th codon were observed in both rat and mouse lung tumours induced by 
tetranitromethane (Stowers et ai., 1987). Even though nothing is known about the 
DNA damaging properties of this chemical, these data suggest that it acts in the same 
manner to induce tumours in both rats and mice. These and similar approaches to 
explore the mechanisms by which chemicals induce tumours in animal model systems 
may remove some of the uncertainty in risk analysis on the basis of rodent 
carcinogenesis data. 
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LOOKING AHEAD: ALGEBRAIC THINKING ABOUT 
GENETICS, CELL KINETICS AND CANCER 

W.G. Thilly 

Center for Environmental Health Sciences, Massachusetts Institute of Technology, 
Cambridge, MA, USA 

The cancer cell phenotype is modelled as a set of necessary genetic changes 
containing from one to three changes for any particular set of developmentally 
identical cells (tissue). This analysis suggests that a person in whose tissue an early 
genetic change occurs during ontogeny will perforce have a markedly higher 
number of cells in single sectors containing the necessary set of genetic charges. It 
is hypothesized that this numerical expectation is a dominant factor in determining 
the probability that a particular person will develop a tumour in a particular tissue. 

Lars Ehrenberg started something when he first argued and then sought the 
relationship between internal dose and cancer in occupationally exposed persons. 
Today, many of us at this conference honounng Lars are working on ways to measure 
individual chemicals in human proteins or DNA, as well as in fat depots or excreta. 
Others are working on techniques to measure specific kinds of genetic change in human 
cell samples. Mу  own laboratory is engaged in a testing struggle to develop means to 
obtain mutational spectra from fewer than 106 cells. 

Personally, I see no reasonable alternative to following Ehrenberg's trail and 
devising means in analytical chemistry and analytical genetics to study ordinary humans 
directly. Although I have worked some 20 years in the study and development of 
human cci systems, I am dissatisfied with this area of research because, while yielding 
reproducible data, I have never been able to conceive of a means of applying this 
information in a sensible way to improving our understanding of hazards ta human 
health. 

On the basis of the advances in analytical chemistry and genetics, some of which are 
discussed here, and on what I think are reasonable projections for the next few years, I 
believe we will be able to obtain knowledge of hundreds of chemical adducts and 
simultaneously obtain mutational spectra from tissues in several thousand donors over 
the next ten years. 

I for one will not be surprised to see the mutational spectra of particular chemicals 
in persons experiencing moderate to high exposures. However, how can one foresee 
what will be found in the vast majority of people who are not exposed to untoward 
levels of any known carcinogen, save sunlight, and still account for the majority of 
cancer cases? 

Here, I perceive a chasm between geneticists and oncologists that I would like to 
address: the quantitative relationships between individual cellular genetic changes, 
growth of mutant cells as colonies (sectors) within tissues and the probability that 
tumours will appear in these tissues. 

P(tumour formation) = f (number of required mutations, mutation rates, sector size, 
characteristics of phenotypic expression) 

—486-- 
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In introducing the analysis, though incomplete, that follows, I acknowledge my 
debt to Max Delbruck, whose search for quantitative concepts in biology has benefited 
us all and also to Lars Ehrenberg, who looked to the actual amounts of chemicals and 
cancers in people to try to solve one of the more challenging problems of biology. 

The case of a single required oncimutation 
Let us imagine a tissue which, during gestation, increases from a small number of 

precursor cells to reach a finite size. For the sake of argument, let this tissue increase 
from one cell to N cells. During tissue growth to N cells, mutations will of course 
occur, whether induced by exogenous factors or spontaneously by any of a number of 
possible processes. Let us consider what would happen if mutation i were to occur at a 
constant rate i over this entire period. 

During tissue growth, mutations can occur in every division cycle, and existing 
mutants will increase each subsequent division by a factor of two. Ignoring turnover of 
cells during this period, we may write 

N=28 

in which g is the number of binary cell divisions necessary to increase a population 
from one cell to N. For such a population, the expected number of mutants Nm will 
simply be 

Nm = gr, 2g = gг  N. 
These mutant cells will have arisen in all generations from a smaller number of 
mutations. The expected number of mutations Мг  is just 

Мi = ln 2rг  (28 ). 

Let us further posit that no tumour can arise in a tissue in which that mutation i has not 
occurred. The fraction of all growing tissues in which no mutation has occurred may be 
estimated by use of Poisson distribution, in which the rare events (mutations) are 
distributed randomly over all individual cell divisions. Thus, the probability of a tissue 
at generation g having no mutation of type i is just 

Р(М; = О)8 = е-~n гr~ {~> . 

It follows that the fraction of tissues that have already received at least one mutation is 

Р(М  _ 1)g = 1 — e-tп  2f (2g) 
v 

since 

The case of two required oncomutations 
With a little paperwork, one may derive similar expressions for the case of two 

necessary genetic changes (mutations, generically) i and j, having rates of occurrence 
per cell generation of r and r1, respectively. 

Once again, the cell number increases from 1 to N = 2~, but now the number of 
cells with both mutations is 

Nm = g2г1i, 2g = g2Y'1PlN. 

When we speak of доиЫе' mutants, some care must be taken to define the 
event — mutation — which creates them. A double mutant is defined as containing 
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both mutations j and], which are independent. The `mutation' giving rise to the double 
mutant is here defined as any event which finally yields a double mutant. 

Three such events yield double mutants in any generation of population growth: 

(1) Simultaneous mutation to i and j in the same cell in the same generation. For any 
generation, g, the number of such events is 

Г~r~ 2g 

(2) Mutation of type i in cells already mutant of type j. The number of mutants of type 
j is simply i g2g, so the number of such events is 

rг  rlg 28 

(3) Mutations of type j in cells already mutant of type i. The number of mutants of 
type i is r, g2~, so the number of such events is 

r, r;g 2g. 

summing all of these events in any generation, we discover them to be 

OМq = r1r;(28 + 2g 2г). 

Integrating this expression over g from g = 0 yields an estimate of the number of 
mutations giving rise to double mutants over the growth of the tissue, given that g is 
large: 

М~; = 2.88g 2i- 

For an expanding tissue, the probability of having no double mutant of type i and 
type j is again simply the probability that none of these three posited events will yield a 
double mutant. Using the Poisson expression 

P(MU — 0) = 

where i'4 is the average number of any of the three double mutation events in a tissue 
at generation g, 

Р(М; =0)+Р(М 1)=1; 

so it follows that the fraction of all tissues containing at least one double mutant is 

1 — е  '" =1— е288 гыгг;. 

The case of three required oncomutations 
By the same reasoning and the back of an infinitely large envelope, we may extend 

this line of reasoning to the triple mutant id,.. 
The number of triple mutations, i.e., newly arising triple mutants in any generation 

g 1s 

лМг  k = rjr~rk(2g + 3g 2g + 3g2 2g). 

Integrating this expression OМ,;k over all generations and assuming g is large yields 
3g22g 

1f 2 

or 

1;k = 4. ЗЗgг  2g. 
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Table 1. Summary of model 

Mutation 	Rates Mutants Mutations P(M _ 1) 
(Nm) (M) 

g 2gr, 0.7 2gr 1— exp [-0.7 2gг  ] 
1+] 	r;rf gz 28кг  2.9g 2~r r~ 1 — exp [-2.9g 2sг~ 
i +j+k 	rV гk g3 28r;rJrk 4. 3g2 25ггk 1— exp [_4.3g225Г  гk 

As above, we may predict the fraction of tissues at generation g which do not contain 
any triple mutants as 

= 0) = е-a.ззg= гк  

and the fraction which contains one or more such mutants as 

Р(Мгlk 1) = 
1 — _4.33g22 rггJrk 

These formulae are summarized in Table 1. 

Oncomutation during organ growth 
Figure 1 is a diagram of the relationship between the fraction of persons who would 

have any particular one of the posited mutations necessary for subsequent tumour 
formation and cell generations during organ growth. The rate of mutation chosen for 
the example is close to the average rate at which we think single base-pair substitutions 
occur in human cells (about 10- mutations/cell generation). 

In the example of Figure 1, we note that 2.2% of the population would have had 
this particular first necessary mutation by the 25th generation, while 50% of the 
population would not have it until the 30th generation. For an organ of 237 generations' 
growth (10h1 cells), the mutants in the 2.2% of the population would have formed 
sectors or colonies of mutant cells at least 23'-25, or 4000 cells. In an average (50th 
percentile) organ, this sector would be only 237_30, or 128 cells. Comparison of the 
experience of 2.2% of the population with the model, or 50% experience, is not done 

Fig. 1. Relationship between fraction of persons with a mutation necessary for 
tumour formation and cell generations during organ growth 

Р(м 21) = 1-B-1п  22~ 

GENERATIONS 

20 30 

r,=10-9 
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Fig. 2. Age distribution of liver aid bдiary cancer incidence and relationship 
between fraction of. persons with a mutation necessary for tumour formation and 
cell generations during organ growth 
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A background hereditary mutant traction of 10 is assumed and sector minimum of 4000 mutant cells in a 
1011 cell organ is shown as an illustration. 

without purpose. The integrated frequency of the 15 most common cancers in the US 
population is about 2%. 

This, of course, may just be another random product of academic wool gathering, 
but I am not so sure. In preparing for this conference. I made reference to the Atlas of 
Cancer Mortality for US Counties, 1950-1969 (US HEW Publication No. (NIH) 
75-780) and was struck by the overall shape of the time dependence of actual cancer 
frequencies with age. In Figure 2, I have plotted the age distribution of liver and biliary 
cancer appearance (average of males and females). I have also estimated that some 
fraction of our population will actually inherit the particular necessary mutation and, 
assuming a generational mutation rate of 10Г10 and 105 generations of humans (2 x 106 
years), then we would expect about 10-5 of our population to inherit this variant gene. 

The shapes of both curves begin with a constant portion to account for inherited 
oncomutants distributed over the human population. Both curves reach an apparent 
maximum plateau. Both constant regions are joined by considerable portions which are 
clearly log-linear with either age or cell generation. The magnitude of the increase for 
liver cancer frequency is about 4 x iO 4/5< 10-', or 800. The maximal magnitude of 
the increase in probability of obtaining a first oncomutation is 1/10-5. However, if 
organ growth and phenotypic expression were such that only the early (2.2 percentile) 
oncomutations could be expressed, then the oncomutation magnitude (total 
expressed/inherited) would be about 2200 (2.2 x 10_2/10_5). 

What this similarity suggests is a physiological transformation between the 
generation of jackpots of early oncomutants in a developing organ and the probability 
of observing a tumour in that organ as a function of age. 

Early jackpot-kearly tumour 
Late jackpot- late tumour 

No jackpot-* no tumour 
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Furthermore, it appears that 65 years of life are necessary and sufficient to 
transform the smallest jackpots experienced in human liver into liver tumours and that 
this age-dependent function has a doubling age of 4.8, or approximately five years. 

This reflection on the shape of the human cancer incidence versa age function is 
relatively recent, and is admittedly not yet well thought out. Sоте  ideas that have 
arisen, however, may be worth noting. 

Sector size and parenchymal growth control 
Sector size may be important in escaping from normal growth control. This could 

arise by shielding cells in the sector's interior from a controlling electrochemical 
network. In three-dimensional tissue such as liver, such control via diffusion might 
depend on the cube root of sector cell number in tissues arrayed in two dimensions, as 
the square root of sector cell number. 

The passing of time, however, after an organ reaches maturity should not permit 
increase in mutant sector size, unless the mutation itself confers the ability to escape the 
cell death phase of normal cell death and division in an organ of constant size. If such 
were the case, then oncomutant sectors would expand with a doubling time equal to 
the turnover time in the normal tissue, or somewhat greater if protection from death 
phase' was not complete. In the liver cancer example, the doubling time would be 
about five years to transform single mutation jackpot sectors producing a tumour in a 
particular year of life. 

Sector size and the occurrence of necessary second oncomutations 
Second mutations are similarly dependent on sector size via cell division. In this 

hypothetical case, the second mutation has not yet occurred in the first oncomutant 
jackpot sector, but, as the sector grows, the probability of the necessary second change 
increases to 1 and a tumour appears. This possibility also clearly depends on whether 
the first oncomutation confers on the sector the ability to avoid fully or in part the - 
death phase of cell turnover in a tissue. Interestingly, a phenotype associated only with 
the putative first mutation fixes its temporal order in the oncological process. A 
necessary oncomutation that would not confer the deathless phenotype would not 
increase in sector size during adult life. 

Second mutations could also occur during steady-state turnover, but these would be 
expected to accumulate linearly, not exponentially, with time. 

Dilution of stable wild-type gene products 
One perfectly horrible experience I had in my early years on the faculty of the 

Massachusetts Institute of Technology was discovering that the human B cells in which 
we were trying to induce mutation to б-thioguаniпe resistance had a phenotypic lag of 
14 days. This traumatic discovery caused me to suspect the existence of long-lived, or 
even stainless-steel, gene products that can be removed from genotypically mutant cells 
only by subsequent cell division and consequent dilution. 

If the wild-type gene product of the gene mutated in the jackpot sector were, in 
fact, infinitely long-lived, then it would be diluted when cells of the sector divided, as 
in normal cell turnover. I cannot lightly discard this notion because it has the 
characteristics necessary to accomplish transformation of the jackpot accumulation 
function into the human cancer incidence function. It requires only a finite jackpot 
sector size and the passage of time in a normal physiological mode of cell turnover. 

One further minor point may be added as a codicil. It may also be possible that the 
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wild-type gene product has a half-life of several years. In such a case, cell turnover 
would not even be necessary. Eventually, all oncomutant sectors of sufficient size in an 
organ would be expressed as tumours, and, in advanced human age, the annual 
incidence would be expected to drop significantly. In this regard, one notes that 
tumours of the brain and nervous system in which cell turnover, while occurring, does 
not generally involve the greater mass of the organ, are in fact greatly reduced in 
frequency after age 65. 

Conclusion 
This model essentially predicts that jackpot mutations early in organ development 

are dominant factors in human tumour formation. The model might be tested by 
treating fetal animals with radiation or directly-acting chemicals as a function of cell 
number in the developing organ aid examining the time to appearance of tumours 
later in life. 

We are now considering examining the mutant sector concept directly in human 
autopsy samples using our new technique of high-fidelity DNA amplification and 
denaturing gel electrophoresis. These have the resolving power to observe single 
base-pair mutations directly in the DNA contained in as few as several dozen cells and, 
I believe, may put the central hypothesis presented here to the test. 

Some may wonder if this hypothesis ignores the role of postnatal exposure to 
carcinogenic stimuli, and it is important to note that it does not. The model does, 
however, place such subsequent events within the context of inducing expansion 
and/or subsequent necessary mutation in an. already existing and possibly expanding 
proto-oncoclone within an organ at risk. 

Max Delbrück first worked out the arithmetics of mutational jackpots. John Calvin 
promoted the idea that we are born predestined to be doomed or blessed. Lars 
Ehrenberg has kept a focus on the events that occur in real people, and I wish to do 
the same. 
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levels in foundries, 191 
metabolism of, 107-11, 210 
metabolites of, 38586 
visualization of guanine modified by, 290 

Benzo[ajpyrene dioI epoxide-DNA addict 
antibodies to, 9, 42-43, 146-53, 18283, 190-94, 

196-99, 201-206, 451, 454, 456 
in coke-oven workers, 9, 10, 43, 181, 183, 

184-85, 201,204-205, 210 
in cultured human skin, 384-87 
in liver, 211 
in lung tissue, 42-43, 146-53, 196-99, 211, 451, 

454 
in lymphocytes, 209-10 
in microsomes, 209-10 
in mouse skin, 211, 384-87 
in placenta of smokers, 45-47, 208-10  

in white blood cells 
of cancer patients, 183, 184,456 
of foundry workers, 9, 10, 22, 43, 190-94, 
454-55 

of roofers, 9, 43, 182-83 
Benzo[alpyrene diil epoxide-haemoglobin ad- 

duct, 181-87 
Betel quid 

aid formation of reactive oxygen species in 
vitro, 417-21 

chewing 
and adducts in oral mucosa, 46 
and micronuclei formation in oral mucosa, 10, 

137, 138, 141 
and nitrosation in oral cavity, 87 

Binding efficiency, of antibodies to DNA adducts, 
201-206 

Biochemical epidemiology, 73, 381-82 
Bladder (see Urinary bladder) 
Blood (see also Haemoglobin; Lymphocytes; 

Plasma protein; Serum; White blood cells) 
2-acetylаmiпопuогeпe adducts in, 162 
cancers of (see also Leukaemia) and exposure to 

ethylene oxide, 265, 267, 268 
compartments of cancer patients, cisplatin in, 

329-31 
Blot hybridization, 445, 457-58, 473-75 
Blue cotton, 401 
Blue rayon, 401-402 
Bovine papilloma virus (plasinid pd BPV-1), 139- 

40 
Breast milk, aitatoxin B1 in, 10, 56, 68, 71-72, 428 
Bronchial cells, DNA adducts in, 137, 139, 140- 

43,146-53 
Bronchioli, j5- and 7-mеthylguапiпe in, 104-105 
Bronchogenic carcinoma (see also Lung) 

analysis of by restriction fragment length poly- 
morphism, 439-47 

and cigarette smoking, 439, 453, 456-57 
susceptibility to, 439-42, 447 

Burkitt's lymphoma, oncogene translocation in, 
34, 35, 478 

j 

СiR Sep-Pak 
for clean up 

of breast milk, 71-72 
of urine, 60, 63, 69, 232 

for recovery of mutagens from urine, 396-99 
Cancer 	. 

and acetylator phenotype, 166-68 
and alkylating agents, 304 
and ethylene oxide, 265-69 
and free radicals, 407, 412-14 
and nitrosation, 76, 83-88 
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Cancer (contd) 
and oxidative DNA damage, 407-14 
etiology, 32-48,427-94 
genetics and ceц  kinetics, 486-92 
initiators, 258-59 
patients 

aromatic DNA adducts in, 368-70 
benzotalpyrcne dial epoxide-DNA adducts in, 

163' 184, 456 
carboplatin-DNA adducts in, 313-18 
chromosome damage in, 453 
cisplatin in blood compartments of, 329-31 
8-methоxyрsoгаiеп-DNА  adducts ii, 333, 
338-39 

prevention, 32-48 
risk (see Risk) 
second, 466-67 

Carboplatin, DNA adducts with in cancer patients, 
3 13-18 

N2-Carboxymethyl-7-mеthylguaniпе, 296-98 
N6-Carboxymethyl-Э-methy1адenine, 92-93 
Carcinogenesis' chemical 

and carcinogen-DNA adduct formation, 181 
detection of agents, 237-38 
initiai processes of, 286-90 
oncogenes in, 477-82 
stages of, 240-41, 246 

Carcinogenicity 
and DNA damage, 56, 175-79, 460-67 
and lipid peroxidation, 407-409 
and mutation, 238-39, 245-46, 445-47, 486-92 
and rad-equivalence values, 245-46 

Catecbu, as source of reactive oxygen species, 
417-21 

Cell kinetics, 486-92 
Cervix, cancer of, and carboplatin-DNA adducts; 

316-17 
Chemiluminescence' 10, 417 
Chemotherapy 

and chromosomal aberrations, 469-76 
and DNA adducts, 286-90, 313-18, 321-24 
and sister chromatid exchange frequency, 34, 

464-66 
dosimetry of response to, 137-44 
optimizing, 23 

Chromosome 
aberrations 

and chemotherapy, 469-76 
in T-lymphocyte clones, 469-73 

damage 
in coke-oven workers, 456 
induced by chemicals, 24 
induced by ethylene oxide, 25, 250, 268 
in lung cancer patients, 453 
in tumour initiation, 18 

detection of damage to, 11, 33-35  

instability, and mutation, 442-44, 446-47 
translocation, and oncogene activation, 477-78, 

481 
Chronic atrophic gastritis, N-nitrosoрrolina in 

urine of patients, 98-99 
Cigarette smoke (see also Smoker; Smoking; 

Tobacco) 
and 4-amипоырhenyl-haemoglobin adducts, 41, 

454-55 
and benzo[a]pyrene dial epoxide-DNA adducts, 

9, 45-47, 208-10, 454-55 
and bronchogenic carcinoma, 439, 453, 456-57 
and cotimpe, 129-31' 282-83, 454-55, 457 
and DNA adducts in tissues, 46, 140-43, 361- 

62, 364 
and micronuclei in bronchi, 141 
and nitrosation, 39 
and sister chromatid exchange in lymphocytes, 

34,454-55 
and urine mutagenicity, 401, 403 
ethene in, 42 

Cisplatin 
adducts in white blood cells 0f patients, 43-45 
adducts with DNA 

and disease response, 315-18 
antibodies to, 321-27, 329-31 
detection of, 44 
in cultured cell lines, 321, 324-26 
induction of in vivo and in vitro' 321-27 
in tissues of treated patients, 313-18 

in Ыоод  compartments of cancer patients, 329-31 
immunostaining of cells treated with in vivo, 290 
interindividual differences in adduct formation 

from, 16, 43 
levels in white blood cells, 329-30 

Coal-tar, monitoring of exposure to, 10, 389-95 
Coke-oven workers 
bcnzo(ajpyrene dial epoxide-DNA adducts in, 

9, 10, 43, 181, 183, 184-85, 201, 204-205, 
210 

benzofa]pyrene diol epoxide-haemoglobin ad- 
ducts in, 181, 184 

chromosomal aberrations in, 456 
1-llydroxypyrene in urine of, 392-94 
polycyclic aromatic hydrocarbon-DNA adducts 

in, 456 
sister chromatid exchanges in, 456 

Collision ion spec гum, 351-53 
Colon, cancer of 

activated proto-oncogeoesin, 479, 481 
and diet, 368-70 
aromatic DNA adducts in mucosa of patients 

with, 10, 368-70 
Colorectal cavity 

monitoring in, 107-11 
susceptibility of to aromatic amines, 166-67 
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Complex mixture 
analysis of, 181-82, 351-54, 361-64 
of polycyclic aromatic hydrocarbons, analysis of, 

372 
Cotinine, as marker of exposure to tôbacco smoke, 

129-31,282-83,454-55, 457 
Covalent binding 

mdcx, 35 
mechanism of, 37 
ta DNA of food carcinogens, 113-16 
to haemoglobin, 38 
to protein by food carcinogens, 113-16 

Creosote, monitoring exposure to, 391-92 
Cross-linking agent, endogenous, 107-11 
Cross-reactivity 

of апti-Ьепго[а]pyreпe-DNA antibody, 182-83, 
185, 186, 198-99 

of anti-Guo-2-acetylamiпofiuorеде  antibody, 
202-204 

of anti-hydroxyethy1ated peptide, 272 
of bulky adducts, 296 
of purines, 297-98 

Cutaneous T-cell lymphoma, 8-methoxypsoralen- 
DNA adducts in treated patients, 333, 338-39 

Cyclobutadithymidine dimers, 10, 341-44 
Сyclophosphamidе, 213-216, 464 
Cytochrome P450, 57, 113, 114, 166, 168 
Cytogenetic effect 

assays of, 33-34 
of ethylene oxide, 268 

Cytokinesis block, 213-16 
Cytostatic agent (see also individual agents) 

exposure to, 22, 213-16 

Dehydroretronecine-DNA adduct, 349 
Diet 

aflatoxins in, 55 
and urine mutagenicity, 397-99, 403 
as interfering factor, 48 
effects of on benzota]pyrene metabolism and 

endogenous cross-linking agents, 107-11 
exposure via, 55-117 
in colorectal cancer, 368-70 

DNA 
detection of photoproducts in, 341-44 
hydrolysates, 10, 293 
interaction with tobacco-specific nitrosamines, 

121-27 
modification, degree of, and effect on antibody 

afiimty, 201-206, 317, 454 
rearrangement and oncogene activation, 477-78 
surrogates, 107-11 
transfection assays, 478-81 

DNA adducts  

and chemotherapy, 286-90, 313-18, 321-24 
and cigarette smoke, 46, 140-43, 361--62, 364 
aromatic 

in colorectal cancer patients, 368-70 
in white blood cells of workers, 22, 36, 45-46, 
142, 190-94 

as intermediate endpoint, 137-44 
general methods for detection of, 14, 15, 17, 25, 

36-46, 201-206, 238 
in bronchial cells, 137, 139, 140-43, 146-53 
in single cells, 286-90 
in tumour formation, 18 
in urine in relation to formation in liver, 58--59 
localization of, 102-106, 142-43, 238 
relation to carcinogenicity, 56, 175-79 
relation to haemoglobin adducts, 38, 48, 227, 

251, 258 
DNA alkylation 

and erythrocyte dose of 2-acеtуlaпцпofiuогеne, 
38, 48 

determination of, 10, 92-96, 296-99, 356-59 
DNA binding 

0f food carcinogens to, 113-16 
relation to baemnoglobin binding, 38, 158, 159, 

162 
DNA damage (see also DNA adduct; Single-strand 

break) 

and carcinogenicity, 460-67 
and free radicals, 413-14 
and passive smoking, 10 
and tobacco use, 121-54 
as endpoint, 460-61 
as exposure measure, 461-62 

by oestrogens, 361, 362-63, 364 
detection of, 32-48 
epidemiology of, 460-67 
iд  mouse embryo fibroblasts, 374 
in tumour formation, 18 
oxidative, 9, 407-24 

assay far, 40 
by man-made mineral libres, 422-23 
relation to cancer aid ageing, 19, 407-14 

sensitivity of methods for, 14-15 
Dose (see also Dosimetry; Target dose) 

estimation of, 249-55 
molecular, 258 
monitoring, 23-29, 36, 37, 38, 157-63, 241-42, 

258, 261-62 
relationship to alkylation, 38 
relationship to DNA adduct level, 176, 208-11 

Dosimetry 
for carcinogens, 451-52 
for exposure 

to aflatoxins, 55-62 
to ethylene oxide, 249-55 
to polycyclic aromatic hydrocarbons, 181-87 
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Dosimetry (contd) 
for exposure (contd) 

to tobacco-specific nitrosainines, 121-27 
molecular, 19, 24-29, 36-38, 271-74 
of response to chemotherapy, 137-44 

Э  

Edman degradation, modified, 242, 251, 280, 350, 
379, 381 

Electrophile, endogenous 
metabolism to, 23 
persistence of, 27 
reaction of, 28, 35, 37, 238, 242, 378-79 

Electrophore detection, 356-59 
Enzyme-linked mununosorbent assay (ELBA) 

comparison with atomic absorbance spectros- 
copy, 313, 317-18 

for afiatoxm В1 in body fluids, 10, 64, 67-73 
for alkylated DNA, 10, 92-96, 296-99 
for 4-amiпobiphеnyl-DNA addicts in cells and 

tissues, 10, 171-72 
for benzo[a]pyrene diol epoxide-DNA adducts 

in lung tissue, 196-99, 451, 454, 456 
in lung tumour and nontumour DNA, 42-43 
in white blood cells, 9, 43, 182-83 

for cisplatin addicts iл  blood and tissues, 43-45, 
313-18 

for сyсlobutadilhynтidine dimers in DNA of cells 
exposed to ultraviolet light, 10, 341-44 

for DNA photoproducts, 341-44 
for 8-methoxypsoralen-DNA adducts in cells 

and tissues, 10, 333-36, 338-39 
for nitrosamine exposure, 77 
for polycyclic aromatic hydrocarbon-DNA ad-

ducts in DNA, 182-83, 190-94, 201-206 
validation of, 201, 204-205, 313-14, 317-18 

Epidemiology (see also Biochemical epidemiology; 
Molecular epidemiology) 

application of methods to, 21-22, 47-48, 83-88 
of DNA damage, 460-67 
of ethylene oxyde, 265-69 
of hepatocellular carcinoma, 427-36 

Ethene 

as source of ethylene oxide, 249, 250-52, 258, 
263 

as source of hydroxyethylated adducts, 380-81 
in cigarette smoke, 42 

Ethoxyquin,55, 56-58 
О'-Bthуl-2'-dеоxythупudmе, in liver DNA, 292- 

94 
Ethylene oxide 

and `background' adducts, 379-81 
and cancer, 25, 237, 246, 252, 262-63, 265-69 
and chromosome damage, 25, 250, 268 
and haemoglohin adducts, 9, 48, 242  

aid hydroxyethylvaline, 40-42, 252, 262, 271, 

273, 379-80 
and liver DNA alkylation, 38 
and micronuclei formation, 260 
and sister chrornatid exchange frequency, 34, 

260-61, 268 
as model compound for rad-equivalence, 28-29, 

37, 271-74 
cytogenicity of, 268 . 
dosimetry of, 249-55 
effect on lymphocytes, 25 
epidemiology of, 265-69 
exposure monitoring, 271-74, 275-78 
genotoxicity of, 258, 260-61 
health hazards of, 24-25 
occupational exposure to, 10, 40-41, 262 
risk of, 250-52 

04-Ethylthymiпe, detection of, 10, 292-94, 356-57 
Exposure 

assessment, 21-22, 32-48, 58-62, 63-65, 67-73, 
75-81, 129-31, 166-72, 181-87, 249, 430- 
31, 435, 460, 461-62 

control, 157-63 
dietary, 55-117 
medicinal, 313-44 
monitoring, 10, 37-38, 48, 59-62, 190-94, 271- 

74,275-78, 361-64,389-95 
occupational, 14, 40-41, 157-234, 262, 265-69, 

391-94 
to alkylation, 237-309 

F 

Fanconi's anaemia, 440, 443 
cell line, cisplatin-DNA adducts in, 324-36 

Fast-atom bombardment 
for adducts with alkylating agents, 347-50 
for beпzo[a]ругепе  diol epoxide-DNA adducts, 

147 
for haemoglobin adducts, 11 

Fibre, effect on benzo[а]ругепе  and cross-linking 
agents, 107-11 

Fibre, man-made mineral (see Man-made mineral 
fibres) 

Fibroblasts 
cultured human, DNA adducts in, 146-50 
human, cisp1atin-DNA adducts in, 321, 324-26 
mouse embryo 

DNA damage in, 374 
transformation of, 258, 260-61 

Flow cytometry, for 8-methoxypsoraien-DNA ad-
ducts, 333, 336-38 

Fluorescence line narrowing spectrophotometry, 
for carcinogen-DNA adducts, 10, 372-76 

Foundry workers 
aromatic DNA adducts in, 190--94 
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Foundry workers (contd) 
benzo[a]pyrene diol epoxide-DNA adducts in 

white blood cells of, 9, 10, 22, 43, 190-94 
benzo[a]pyrene levels in work place, 191 
polycyciic aromatic hydrocarbon-DNA adducts 

in, 455-56, 457 
unknown adducts in, 45, 46 

Free radicals (see also DNA damage; Reactive 
oxygen species) 

and DNA damage, 413-14 
contribution of to cancer, 407, 412--14 
defences against, 409-10 
sources of in vivo, 407-409 
theory of ageing, 407, 412-14 

G 

Gas chromatography-mass spectrometry 
comparison with HPLC-$LISA, 92, 94-95 
comparison with radioimmunoassaу, 271, 273- 

74 

for adducts with alkylating agents, 10, 40, 347, 
350-51 

for haemoglobin adducts, 41, 77, 227, 228, 242, 
279-84 

for mercaptunc acids, 232-33 
for N-nitrosoproline, 39 
sensitivity of, 15 

with multiple ion detection, 233-34 
with negative-ion chemical ionization, 41, 127, 

350 

with single-ion monitoring, 39, 40 
Gas chromatography-thermal energy analysis, for 

N-nitrosamino acids in urine, 39 
Gene amplification, and oncogene activation, 477- 

78, 481 
Geпotoxicity 

and cancer risk, 258-63 
concept of, 25 
detection and assessment of, 237-46 
markers of, 9, 11, 175 
methods for measuring, 17 

y-Giutamyl transpeptidase-positive foci, effect of 
antioxidants on, 57-58 

7-Guanine 
alkylation of, 229 
postlabelling of, 11, 219 
visualization of, 290 

О5-Gиапinе  
alkylation of, 23 
visualization of, 290 

Haemoglobin 
alkylation, 37, 38, 48, 227-30  

as dose monitor, 157-63, 241-42, 258, 261-62 
as exposure monitor, 37-38, 48, 252 
binding 

as indicator of caicinogemc risk, 160-62 
covalent, 38 
index, 157, 159-63 
of afiatoxin, 70, 73 
of trans-4-аeetylnrmmosblbme, 162-63 
relation to DNA binding, 38, 158, 159, 162 

cisplatin in, 329-30 
hydroxyethylation of, 9, 279-84, 378-80 
interaction of tobacco-specific nitrosamines with, 

121-27 

Haemoglobin adducls, 9, 22, 27, 40-42, 48, 251 
and tobacco smoke, 133-36, 380 
detection of, 11, 14, 41, 77, 227, 228, 242, 

279-84 

relation to DNA adducts, 38, 48, 227, 251, 258 
with acrylamide, 350-52 
with allatoxins, 68 
with 4-amiпobipheпyl, 10, 169 
with aromatic amines, 133-36 
with benzidine, 159-60 
with benzo[a]pyrene diol epoxide, 181-87 
with ethylene oxide, 9, 48, 242 

Heart, adduct levels in mouse, 362-63 
Hepatitis В  virus 

and liver cancer, 65, 427, 428, 430-36 
markers, 22 
surface antigen and liver cancer, 22 
transmission of, 72 

Hepatoce11ular carcinoma (see also Liver) 
activated oncogenes in, 479, 481 
and alcohol, 427, 429, 432-36 
and exposure to aflatoxins, 67-73, 427, 428-32, 

435-36 

and oral contraceptives, 427, 434-36 
and tobacco smoke, 427, 432-36 
diagnosis of, 64 
epidemiological studies of, 427-36 
prevalence of, 67 
risk for, 428-36 

High-performance liquid chromatography (HPLC) 
electrophore detection, 359 
ELISA for urinary 3-теthуlадепinе, 92, 94-95 
for afiatoxin В1-7-guaniпе  in urine, 39, 40, 56, 

59-62, 63 
for 4-aтшnobiphеnуl-DNA adducts, 170-71 
for benzo[ajpyrene metabolites, 108,385-86 
for 8-hydгохуdeoxyguanоsiпe, 417, 420 
for hydroxymethyldeoxyuridine in urine, 412 
for 5-hydroxymethyluracil in urine, 412 
for mercapturic acids in urine, 232-33 
for separation of mercapturic acid derivatives, 

275-76 
for thymine glycol in urine, 39, 40, 412 
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High-performance liquid chromatography (HPLC) 
(contd) 

mass spectroscopy for adducts, 347, 354 
sensitivity of, 15 
synchronous scanning lluorescence spectro 

рhоtотецу, 39, 40, 182 
with infra-red analysis, 39 

Histidine, removal of for mutagenicity testing, 
396-99 

hprt locus, analysis of, 469-76 
Hydrogen peroxide 

as reactive oxygen species, 407, 409, 410, 411 
fortпation in vino from betel-quid ingredients, 

16, 417-20 
1-Hydroxybenzo[ajpyrene, in urine after exposure 

to coal-tar, 10 
8-Нуdгоху-2'-deoxyguanosiпе  

formation in DNA in vitro with betel-quid 
ingredients, 417-21 

formation in DNA in uitrо  with man-made 
mineral fibres, 422-23 

in urine, as assay for oxidized DNA, 412 
2-Hydroxуеthylation, 40-42, 251-52, 262-63, 

271-74, 279-84, 378-81 
S-(2-Hydтохуеthyl)cysteiпe, 271, 279, 280 
Nom-Hydroxyethyiхistidinе, 262, 271 
N-3-(2-Hydroxyethy1)histidine, 38, 40-42, 278 
Hydroxyethylvaiine, as monitor of exposure 

to ethylene oxide, 9, 40-42, 252, 262, 271, 273, 
379-80 

to hydroxyethylating agents, 279-84 
8-Hydroxуguaniпe, 10, 12, 410 
3-Hydtuxyhistidine, 9, 12 
5-Hydroxymethyluracil, 358-59, 410-12 
1-Hydroxypyrene, in urine, 205-206, 389-95 
4-Hydroxy-1-(3-рутidyl)-1-Ьutanопе, adduct after 

exposure to tobacco smoke, 121, 126-27 

I compound, 361, 363-64 
Image processing 

for DNA adducts in flbroblasts, 146, 148-49 
for immunostaining intensity, 289 
for micronuclei, 137, 138 

Immunoassay (see also ELISA, USERIA) 
comparison with post1abelling, 184, 196-99 
for alkylation products, 75, 77-79, 296-99 
for henzota]pyrcne dill epoxide-DNA adducts, 

9, 42-45, 146-53, 181-85, 190-94, 196-99, 
201-206, 451, 454, 456 

for cisplaiin-DNA adducts, 9, 329-31 
for cyclobutadithyniidine dimers in DNA, 341- 

44 
for DNA photoproducts, 341-44 
for ethylene oxide, 271-74 

Immunochemical method 
competitive, 15 
direct, 15 
evaluation of, 17 
for 4-aminobiphеnуl, 169-72 
for cisplatin-DNA adducts, 321-27, 329-31 
for 3-methyladeпiпe, 92-96, 296, 298 
interlaboratory variation in, 16 
sensitivity of, 14-15 
single-cell, 11, 15, 286-90 

Immunoeytochemistry, for DNA adducts 
in single cells, 11, 286-90 
in tissues, 70-71, 102-106 

Iпшmлofluorescence microscopy, 14, 143 
for benzo[a]pyrene diii epoxide-DNA adducts 

in bronchial cells of smokers, 146-53 
for 8-mеthoxypsoгalen-DNA adducts, 333-39 
sensitivity of, 15 

Immuпoperoxidase staining, 102-106 
Immunostainiпg, 289-290 
Intra-red analysis-high performance liquid chro- 

matography, 39 
Intermediate endpoints, in intervention trials, 

137-44 
IQ (2-Amino-3,8-dimethyIirmdazo[4,5 f]qmnolnе), 

113-16, 168 

K 

Karyotype 
of human T-lymphocyte clones, 469-76 
of tumours, 444-47 

keratinocyte, cultured, &-methoxypsoralcn-DNA 
adducts in, 333-38 

Keyhole limpet haemocyanjn (kLH), for antisera 
to 4-amiпobiphenyl, 171 
to 3-moethyladeпiпе, 92, 93-94 

Kidney, DNA adducts in, 162, 362-63 

L 

Leucocyte (see White blood cells) 
Leukaemia 

acute, and a1kylating agents, 460, 463-67 
and exposure to ethylene oxide, 25, 237, 246, 

252, 262-63, 265-69 
oucogen translocation in, 34, 35, 478-79 
T-cell, 35 

Leukoplakia, oral, as intermediate endpoint, 137- 
44 

Lipid hydroperoxide, measurement of, 410 
Lipid peroxidation, and mutagemcity and car-

cinogenicity, 407-409 
Liver 

adducts in after exposure 
to 2-aсеty1aпцпoflцoreпe, 162, 175-79 
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Liver (contd) 
adducts in after exposure (contd) 

to aflatoxin В1, 16, 70, 72, 428, 435 
to N-nitroso compounds, 78, 79, 86, 102, 104 

alkylation in after exposure to ethylene oxide, 
Э8 

benzo(a]pyrene diol cpoxide-DNA adducts in, 
211 

cancer 
and affatoxin B1-7-guadine in urine, 22, 40, 

55, 63-65 
and hepatitis B virus, 65, 427, 428, 430-36 
and risk markers, 22 

O°-ethyl-2'-deoxythyrmdroe in DNA of, 292-94 
O4-еthуlthупnпе  in DNA of, 292-94 
formation of adducts in, 58-59 
niicrosomes 

and 4-amiпobipheпу1 metabolism, 168-69 
and bcnzo[ajpyrene metabolism, 210 

single-strand breaks in DNA of mice after ex- 

posure to vinyl chloride, 227-31 
tumours and 2-aсetylanьпofluoreпe-DNA ad-

duct levels in niice, 175-79 
Lung (see also Bronchial cells; Bronchioli; Bron-

chogenic carcinoma) 
adduct levels after exposure to tobacco smoke, 

362-63 
4-amiпobiphеnуl-DNA adduct levels in, 166, 

171-72 
Ьепzо[a]ругепе  diii epoxide-DNA adducts in, 42, 

43, 146-53, 196-99, 211, 451, 454, 456, 457 
cancer 

known causes of, 453-54 
markers of, 451-58 
patients, Ьеnго[а]ругепе  diii epoxide-DNA 

adducts in, 183, 184 
iinmunocytocliemical analysis 

of aflatoxin B1 in, 71 
of alkylated guanine in, 102, 104-106 

tumours in mice, and sister chromatid exchange, 
34 

Lymphatic tumour (see also BurkiLt's lymphoma) 
and ethylene oxide, 265, 267, 268, 269 

Lymphocyte (see also White blood cells) 
activation of benzo{ajpyrene in, 209-10 
adducts in after exposure 

to allatoxin В1, 16, 68, 70 
to N-nitrosodimethylamine, 78 

benzo[ajpyrene dio1 epoxide adducts in, 209-10 
chromosomal aberrations in, 34 
cytokincsis-blocked, micronuclei in, 11, 213-16 
effects of ethylene oxide ш, 25 
8-mеthoxypsoгalen-DNA adducts in in vitro and 

in viva, 333-34, 338-39 
single-strand breaks in after exposure to styrene, 

223-26 

sister chromatid exchange in, 34, 454-55, 463- 
65 

styrene oкide-DIVA adducts in, 217-221 
T-, karyotypes of clones of in patients, 469-76 

~i 

Mandehc acid, excretion of after exposure to 
styrene, 223-26 

Man-made mineral fibres, oxidative damage by, 
422-23 

Marker 
biological, 11 

in lung cancer, 451-59 
of genotoxic exposure, 9, 11, 14, 36, 39-40, 

129-31, 175, 242, 252, 255, 378 
of hepatitis B virus, 22 
of intake of tobacco smoke, 129-31, 137, 139, 

140-43, 252 
of oesophageal cancer, 9, 39 
significance of, 12 
urinary, 9, 10, 14, 36, 39-40 

Mass spectrometry 
for identification of haemoglobin adducts, 11 
for studies of adducts, 347-54 

Meat 
cooked, mutagens from, 10, 401-403 
effect on benzo[ajpyrene and cross-linking ag- 

ents, 107-11 
McIQ (2-Amino-3,4-dimethglimidazо[4,5-f ]quin- 

oline), 113-16 
McIQx (2-Amiпo-Э,8-дimethylunidazo[4,5 f]quiп- 

oxaline), 113-16 
Melphalan, 349, 469-76 
Mercapturic acid, excretion of as measure of 

exposure 

to acrylonitrile, 275-78 
to ethylene oxide, 275-78 
to toiuene, 232-34 

to xylene, 232-34 
8-Methoxypsoralen, DNA adducts with, 10, 333- 

39 
3-Methуladeпiдe 

antibodies to, 92-96, 296, 298 
as indicator of exposure to methylating agents, 

9, 39, 40, 92-96 
background', 12 

site of alkylation, 77 
Methylation (see also Alkylation; 2- 

Hydroxyethylation), 92-96, 102-106 
S-Methylcysteiпe in haemoglobin after exposure, 

38, 77 
5-Methylcytosine, determination of, 358-59 
05-Methyldеохуguanosine 

immunoassays for, 43-44, 75, 7779, 301-304 
immunocytochemical localization of, 102-105 
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O5-Mеthуldeoхyguaпosiпe (contd) 
in oesophageal and gastric tissue, 43, 44, 302 

7-Methyldеохуguaпosinе  
immunoassays for, 75, 77-79 
im nиnосytoсhетical localization of, 102-105 

O6- ethy1guaпиne 
in Ыоод  of people at high risk of oesophageal 

cancer, 9 
in broechioli, 104-105 
in human DNA, detection of, 301-304 
in rat oesophagus after exposure to N-nitroso 

compounds, 289 
in target tissues for tobacco-specific nitrosasn- 

mes, 124-25 
7-Methylguапипе  

antibodies to, 296-99 
detection of 

by immunoassay, 10, 2%-99 
by 32P-QostlabeШng, 306-308 

in br0nchio1i, 104-105 
natural occurrence in urine, 352-53 

Methylmethane sulphonate, 38, 138-39, 242 
O"-Мethylthуmidiпe, immunoassay for, 75, 77 
04-Меthуlthуmiпе, 10 
Microdensitometry, for quantification of DNA ad- 

ducts in situ, 11, 286, 289-90 
Micronuclei 

and cigarette smoke, 141 
as intermediate endpoint in intervention trials, 

137-44 
еflесt of age on formation of, 213-16 
in cytokinesis-blocked lymphocytes, 11, 213-16 
induced by ethylene oxide, 260 
induced by methylmethcrne sulphonate, 138-39 
in oral mucosal cells 

of betel chewers, 10, 137, 138, 141-44 
of tobacco chewers, 138 

in urinary bladder, 141 
Microsomes 

beпzo[а}рyrer diii epoxide-DNA adduct for- 
mation in, 209-10 

liver, and 4-аminоbiphenуl metabolism, 168-69 
R.NA adducts in, 114-15 

Mitomycin C-DNA adduct, 348-49 
Molecular epidemiology 

analysis of DNA adducts in, 286-90 
applications of methods in, 427-92 
definitions of, 21, 185-86, 461 
intermediate endpoints ins 144 
scope of, 33 

Monitoring 
biological, 32-33, 389-95, 401-403 
dose, 23-29, 36, 37, 38, 157-63, 241-42, 258, 

261-62 
exposure, 10, 59-62, 190-94, 271-74, 275-78, 

361-64, 389-95  

use of microencapsulated DNA surrogates in, 
107-11 

Monoclonal antibody 
against aflatoxins, 55-56, 58-62 
against Ъепzо[а]рyrепе  diol epoxide-DNA ad- 

ducts, 146-47 
against cyclobutadithymidine dimers, 341-43 
against O5-methyldеoхyguаnsiпe, 77, 301 
against 8-methoxypsоs1eп-DNA adduct, 333- 

34, 337-38 
Multiple-ion detection, 233-34 
Mutagenicity 

and lipid peroxidation, 407-409 
of exposure to coal-tar, 389, 391-95 
problems in monitoring, 401-403 
testing, 396-99 
urinary (see Urine, mutageraicity of) 

Mutation 
analysis of induction in vivo, 19, 486-92 
and chromosomal instability, 442-44, 446-47 
and oncogene activation, 477, 480-82 
and rad-equivalence values, 244-45, 258-60, 262 
mechanisms of in plants, 23-24 
point, 24 
role in carcinogenicity, 238-39, 245-46, 445-47, 

486-92 

N 

Nasal cavity, alkylated bases in tissue of, 102, 104 
Nasopharynx, cancer of and exposure to N- 

mtrosasmnes, 76 
Negative-ion chemical ionization, 41, 127, 350, 454 
Nitrogen mustard-DNA adduct, 349 
N-Nitrosamines 

and human cancer, 76, 80, 86, 87 
as source of 'background' alkylation, 304 
exposure determination from adducts, 75-81 
in tobacco smoke, 283-84 
tobacco-specific, 11, 76, 121-27 

N-Nitrosamino acid, in urine, 39, 83-88 
Nitrosation 

and cigarette smoke, 39 
and human cancer, 9, 83-88 
in oral cavity, 87 

N-Nitroso compounds 
and urinary bladder cancer, 76 
index of exposure to, 9, 78, 79, 83-88, 102, 104 

N-Nitrosodiethylamine, as alkylating agent, 293- 
94 

N-Nitгоsodimеthyhminе  
as alkylati.ng  agent, 37, 77, 78, 279 
dose-response relationship of, 38 

4- (N-Nitrosomethyhmlno)-1-(3-pyrldyl)-1-
butanone (NNK), as alkylating agent, 121-27 
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N-Гfftrosornethуlbeпzylamine 
DNA adduct after exposure to, 102-106 
immunocytocheniical staining of rat oesophagus 

after exposure to, 289 
N'-Nitrosonornicotine, as a1kyIating agent, 121-

24,126-27 
N-Nitrosopro1ine (NPRO) 

as index of endogenous nitrosation, 9, 83-88 
excretion by patients with gastric lesions, 97-100 
interindividual differences nt excretion of, 39 
relationship to gastric cancer risk, 10 
iii urine of smokers, 39 

Nonsmoker 

4-aminNphenyl•haemoglobin adducts ins 9, 10, 
41-42, 133-36, 454-55, 457 

`background' adducts in, 40-42, 46 
bronchogenic carcinoma in, 439 
cotinine in plasma of, 454-55 
exposure markers in, 129-31, 137, 139, 140-43 
hydroxyethy1atsd adducts in, 281-83, 380 
1-hydгoxypyrеne in urine of, 390-94 
nitrosation in, 39 
sister chromatid exchange in lymphocytes of, 

454-55 
urine mutagcmcity in, 396-99 

Nucleic acid (see also DNA, RNA) 
covalent binding to, 114-16 
detection of adducts with, 347-54 
methylation of, 92-96 

Nuc1eophi1e, reaction with electrophile, 37 

Oesophagus 

alkylated bases in, 9, 43, 44, 102-106, 289, 302 
cancer of 

and alcohol consumption 80 
and chewing of tobacco and of betel quid with 

tobacco, 417 
and exposure to N-nitrosamines, 76, 80, 86, 
87 

and oncogenes, 81 
areas of high and low risk, markers in in-

habitants of, 9, 39 
Oestrogen, DNA damage by, 361, 362-63, 364 
Oncogene (see also Prato-oncogene) 

activated 

and DNA rearrangment, 477-78 
and mutation, 477, 480-82 
and stomach cancer, 481 
by carcinogens, 480-82 
detection of, 11, 35 
in hepatocellular carcinoma, 479, 481 
in lung cancer patients, 456-59 

and genetic predisposition, 441 
с-тус, 34, 456-58, 477, 481 

c-ras, 437, 441-42, 444, 446, 457-58, 477; 
479-82 

in chemical carcinogenesis, 477-82 
translocation of 

in Burkitt's lymphoma, 34, 35, 478 
in leukaemia, 34, 35, 478-79 

Oncomutation, 487-92 
Oral cavity 

cancer of, 76, 417, 420 
iinmunostaining of cells after cisplatin treat- 

ment, 290 
mucosal cells 

adducts in, 9, 16, 45, 46, 150, 152 
micronuclei in, 10, 137, 138, 141-44 

nitrosation in, 87 
Oral contraceptive, in hepatoce11ular carcinoma, 

427,434-36 
Ovary, cancer of, patients 

receiving cisplatfn, adducts in,,9, 43, 44, 314-16, 
318 

receiving melphalan, T-lymphocyte clones in, 
469-76 

Oxygen radical, 422-23 

Pentafluorobenzylation, for detection of alkylated 
DNA adducts, 10, 356-59 

Peroxidase-antiperoxidase staining, for DNA ad- 
ducts in situ, 11, 286-90 

Photoproduct, of DNA, 10, 341-44 
Physicochemical methods 

for DNA adducts, 9, 10, 17, 36 
for haemoglobin adducts, 451 

Placenta, adducts in, 9, 45-48, 183, 208-10 
Plasma protein 

aflatoxin B1 in, 70 
cisplatin in, 329-30 

Po1yeyclic aromatic hydrocarbons (see also 
Benzo[ajpyrene) 

adducts with DNA in white blood cells of 
foundry workers, 455-56, 457 

antibodies to DNA adducts with, 11, 153, 185, 
201-206 

aromatic adducts with DNA after exposure to, 
22, 190-94 

DNA adducts with, 10, 181-87, 196-99, 201- 
206, 372, 374, 451, 453-57 

dosimeters of exposure to, 181-87 
metabolites in urine, 43, 205-206, 389-95 

Po1yethyIeneimine, as DNA surrogate, 107-11 
Polymorphism, genetic 

detection of, 439-47 
and cancer of urinary bladder and rectum, 

166-68 
in po1ycyelie aromatic hydrocarbon-DNA adduct 

levels, 186 
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32Р-Рostlabelliпg 
comparison with immunoassays, 193-94, 196-99 
evaluation of, 17 	. 
for adducts 

in bone manow, 45 
in bronchial mucosa, 137, 139, 140-43 

in colonie mucosa, 10, 368-70 
in oral mucosa, 9, 45 
in placenta, 9, 45 
in skin, 384-87 
in white blood cells, 9, 45 

for analysing DNA of exposed individuals, 9, 10, 
19, 45-47 

for `background' DNA alkylation, 242 
for benzo[alpyrene dial epoxide-DNA adducts, 

146-53 
for exposure to 4-amiпoMphеny1, 169-72 
for 7-methylguaлiпе, 306-308 
for polycyclic aromatic hydrocarbon-DNA ad- 

ducts, 10, 183-84, 190-94 
for styrene oxide-DNA adducts, 10, 217-221 
for unknown adducts, 16 
lack of correlation with immunoassays, 184, 

196-99 
sensitivity of, 14-15 
of 7-guanine, 11, 219 
ultrasensitive, for unidentified genotoxicants, 

361-64 
use of эН-acetic anhydride in, 11, 306-308 

Preparative ашпitу  colunins, 55-56, 58-62, 68-69, 
196,197-99 

Protein 
adducts 

detection if 4, 14-15, 17, 347-54 
formation of, 37-38 

binding of food carcinogens to, 113-16 
Proto-oncogene 

activation of, 439, 444, 456-58, 477-82 
in restriction fragment length polymorphism, 

441 
Psoriasis 

8-methoxypsomlen-DNA adducts in patients, 
10, 333, 338-39 

skin cancer in, 339 
4-(3-Рутiдуl)-4-oxybutуiatiоn, 11, 124-27 

D 

Quality factor, for comparison of chemical and 
radiation genotoxicuy, 252, 258-62 

R 

Rad-equivalence 
and mutation, 244-45, 258-60, 262  

for estimation of risk, 18, 26-29, 37, 237, 
243-46, 258-63, 379 

to relate target dose to effect, 16, 251-52 
validation of, 244-45 

Radiation (see also Ultraviolet radiation) 
y, 24, 25, 26, 244, 252, 258-62, 480 
ionizing, 23, 26-28, 407, 410, 480 
linear energy transfer (LET), 24, 27, 243, 251 
solar, simulated, 341-44 
X, 24, 26 

Radioimmunoassay 
comparison with gas chromatography-mass 

spectrometry, 271, 273-74 
for 2-acetуhшјnоfluогеne adduct levels, 175-77 
for affatoxin В1, 59 
for cotimne in plasma, 454-55 
for О°-ethyl-2'-deoxуthymidine, 293 
for ethylene oxide, 271-74 
for О6-methyldеoxyguaпvsme, 43-44, 77, 301- 

304 
for photoproducts in DNA, 341-44 
validation of, 271, 273-74 

Reaction-kinetic characterization 
at critical sites in DNA, 258 
of alkylating agents, 25-28, 250, 252-55 
of 7-methуlguamne aid styrene-7,8-oxide-7- 

guanine acetyla lion, 306-307 
Reactive oxygen species, 407, 409, 410, 411 

and oral cavity cancer, 417, 420 
formation of from betel-quid ingredients, 16, 

417-21 
in induction of adducts, 238, 422-23 

Restriction fragment length polymorphism 
analysis 

for changes in DNA sequence, 35 
of human bronchogenic carcinoma, 439-47, 
458 

at c-mas in oesophageal cancer, 81 
detection of, 11 

Retinoblastoma, 440-41, 443-45 
Risk, cancer 

acceptable, 239, 243, 244, 251, 379 
and genatoxicity, 258-63 
and haemoglobin binding, 160-62 
and inherited disorders, 439-40 
and excretion of N-nitrosoproline, 10 
assessment of, 23-29, 32, 237-41, 244-46 

for aflatoxin В„ 55-62 
for aromatic amines, 157-63 
for ethylene oxide, 250-52 
from studies iп  rodents, 477-82 

estimation of, 17-19 
by rad-equivalence, 18, 26-29, 37, 237, 243- 
46, 258-63, 379 

quantitative, 13 
factor, identification of, 379-82, 427-36, 452 
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Risk, cancer (contd) 
for hepatoce11ular carcinoma, 428-36 
for second cancer, 465-66 
identitication of, 28-29 

RNA 
adducts 

as exposure indicators, 35 
in microsomes, 114-15 
in urine, 36, 59 

7-methylguanine from, 352 
Roofers, benzo[ajpyrene diii epoxide-DNA ad- 

duct ш  white blood cells of, 9, 43, 182-83 

5almone1la /mammalian oricrosome test 
for exposure to coal-tar products, 389-95 
insensitivity for measuring passive exposure to 

tobacco smoke, 129-31 
ргоЫemь  in, 401-403 
standardization of, 396-99 

Samples, storage of for later analysis, 21-22, 48, 
435, 460, 466 

Selective-ion momtoring, 11, 280, 282, 347, 350-52 
Single-ion monitoring, 39, 40 
Single-strand break, in DNA 

of lymphocytes of styrene-exposed workers, 
223-26 

of mouse liver after inhalation of vinyl chloride, 
227-31 

Sister chromatid exchange 
and lung tumours ii mice, 34 
as indication of chromosomal damage, 11, 33-35 
as indicator of DNA damage, 10 
frequency, and carcinogenic potency, 34, 462-65 
in coke-oven workers, 456 
induced by ethylene oxide, 34, 260-61, 268 
in lung cancer patients, 453, 456 
insensitivity for measuring passive exposure to 

tobacco smoke, 129, 130-31 
in smokers and nonsmoker;, 34, 130, 454-55 

Skin 
Ьеnzо[а]pyтene diol epoxide-DNA adducts, 

211, 384-87 
cancer in psoriasis patients, 339 
DNA photoproducts in, 341, 343-44 
8-methoxypsorаlen-DNA adducts in patients', 

333,335-39 

Smoker (see also Cigarette smoke; Smoking; 
Tobacco) 

adducts in 
bronchial cells of, 137, 139, 140-43, 146-53 
bronchus and larynx of, 45, 46 
oral mucosa of, 9, 16, 46 
placenta of, 45-47, 208-10  

4-gmиnoЬiphеду1-haemoglobin adducts iп, 9, 10, 
41-42,133-36,454-55, 

benzo[ajpyrene did l epoxide--DNA adducts in, 
45, 183, 208-10, 454-55, 458 

benzo[alpyrene diii epoxidc-haemoglobin ad- 
ducts in, 184 

cotinine in plasma of, 454-55 
haemoglobin adducts in, 9, 133-36, 252, 279, 

281-84 
hydroxyethyla[îon in, 380 
1-hydroxypyrene in unie of, 390-94 
micronuclei in urinary bladder of, 141 
sister chromatid exchange in, 34, 130, 454-55 
urine mutagenicity in, 130, 396-99, 401, 402 

Smoking (see also Cigarette smoke; Smoker; 
Tobacco) 

and benzo[ajpyrene diol epoxide-DNA adducts 
in lung tissue, 198-99 
in lymphocytes, 210 
in placenta, 45-47, 208-11 

and DNA damage, 10 
and nitrosation, 39 
inverted, 10, 46 
urinary markers of, 10 

Soft ionization, 350 
Stomach 
cancer 

and exposure to N-nitrosamines, 76, 80, 86, 
87 

and exposure to ethylene oxide, 265-69 
and oncogene activation, 481 

risk and N-nitrosoproline excretion, 10 
lesions and N-nitrosoprohne excretion, 97-100 
tissue, Об-methyldeoxyguaпine lesions in, 43, 

44, 302 
Styrene, measurment of exposure to, 10, 217-21, 

223-26,306-308 

Styrene glycol, in blood of styrene-exposed work-
еrs, 223-26 

Styrene oxide-DNA adducts in styrene-exposed 
workers, 10, 217-21, 306-308 

Supercritical fluid chromatography, 347 
Superoxide ion, formation in vivo with betel-quid 

ingredients, 417-20 
Susceptibility 

assessment of, for aromatic amines, 166-72 
measures of, 47-48, 208 
to 4-aminоbiphenyl, 166-72 
to aromatic amines, 166-72 
to bronchogenic carcinoma, 439-42, 447 

s-value, 250, 254, 379 
Synchronous scanning fluorescence spectropho-

tometry 

for aflatoxin B1 7-guапiпе  in urine, 39, 63 
for Ьепго ~а]рутеде  diol epoxide-DNA adducts, 

9, 10, 208-11 
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5упсbгоьоus scanning fluorescence spectropho- 
tometry (contd) 

for polycyclic aromatic hydrocarbon-
macromolecular adducts, 181, 184 

sensitivity of, 15, 372 

T 

Tandem mass spectrometry, 11, 14-15, 347, 351-
54 

Target dose, 16, 237, 241-43, 249, 251-52, 255, 

258-59 
N-Terminal value 

as basis for immunoassay for ethylene oxide, 
271-74 

as marker 
of damage by alky1atung agents, 255 
of haemoglobin of smokers, 252 
of haemoglobin reaction with electrophiles, 

242, 378 
from exposure to 2-hydroкуethyubттg agents, 

279-84 
Testis 

alkylation in DNA of, after exposure to ethylene 
oxide, 38 

cisplatin-DNA adducts 
in cell line of, 321, 326-27 
in cancer patients, 314-15. 316 

Theophylline, as interfering compound in urine, 95 
Thiocyanate, as marker of intake of tobacco 

smoke, 129-31 
Thioethcr, as marker of exposure 

compared with other methods, 388, 390-95 
to acrylonitrile, 275-78 
to ethylene oxide, 275-78 
to toluene, 232-34 
to xylene, 232-34 

Thioguaniпe resistance, for detecting hprt 
mutations, 469-76 

Thуmiдinе  glycol, as measure of background levels 
of radical-induced DNA damage, 39, 40, 407, 
412-13 

Thymine glycol, as measure of background levels 
of radical-induced DNA damage, 39, 40, 407, 
410-13 

T-lymphocyte (see also Lymphocyte) 
aberrations in clones of, 4459-73 
karyotypes of clones of, 469-76 

Tobacco 
and oesophageal cancer, 80, 417 
chewing 

and adducts in oral mucosa, 46 
and micronuclei in oral mucosa, 138 
апд  oesophageal and oral cancer, 417 

DNA damage due to use of, 121-54 
smoke 

and adducts in lung, 362-63  

and cotinine, 129-31, 282-83, 454-55, 457 
and haemoglobin adducts, 133-36, 380 
and hepatocellular carcinoma, 427, 432-36 
and 4-hydгoxy-1-(3-ругidyl)-1-butaпоnе, 121, 
126-27 

aid thiocyainate,129-31 
and urinary bladder cancer, 133, 135-36 
passive and transplacental exposure to, 129- 

31 
specific nitrosamines (see N-Nitrosamines) 

Toluene, measurement of exposure to, 232-34 
Toluene mercaptunc acid, 232-34 
Tumour 

initiation, 18, 19 

karyotypes of, 444-47 
models, 479-82 
second, 22 
suppressor gene, 439, 442-45, 446-47, 477, 482 

`Two-hit' carcinogenesis model, 443-45 

U 

Ultrasensitive 	enzyme 	mdionmmunoassay 
(USERIA), for benzotajpyrene diii epoxide- 
DNA adducts, 9, 43, 182 

Ultraviolet radiation 
as analytical method, 15 
induction of DNA photoproducts by, 10, 340-43 
subtoxic dose of, 13 

with 8-теthoкypsoгalеп, and DNA adducts, 
333-39 

Urinary bladder 
2-acetylаminofiuoreпe adducts in mouse, 175-79 
4-amiпоbipheпyl-DNA adducts in, 10, 166, 169-

72 
cancer 

and exposure to N-mtroso compounds, 76 
and genetic polymorphism, 166-68 
and tobacco smoking, 133, 135-36 

cisplatin-DNA adducts in cultured human cell 
line, 321, 326-27 

micronuclei in, 141 
susceptibility of, to aromatic amines, 166 
tumours, and 2-acetylаminofluoreпe-DNA ad-

duct levels, 175-79 
Urine 

aflatoxin B1 in, 9, 10, 22, 39, 55, 56-62, 63, 
67-70, 72-73 

a#iatoxin В1-7-guaпiпе  in, 9, 10, 22, 39, 40, 
55-62, 63-65, 290, 428 

antimutagenic factor in, 401-403 
8-hydroxy-2'-dеoxyguaпosmе  in, 412 
1-hydroxypyrene in, 392-94 
markers of genotoxic exposure in, 9, 10, 14, 36, 

39-40 
mercapturic acids in, 232-34 
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Urine (coud) 
3-methyladenine in, 92-96 
7-methylguапiпе  in, 352-53 
mutagenscity of 

and diet, 397-99, 403 
comparison with other methods, 389, 391-93 
in nonsmokers, 396-99 
in smokers, 130, 396-99, 401, 402 
problems ш  measuring, 401-403 

N-nitrosamino acids in, 39, 83-88 
N-nitrosoproline in, 39, 97-100 
RNA adducts in, 36, 59 
theophylline in, 95 
thioethers in, 275-78 

V 

Validation 
of ЕLISA, 201, 204-205, 313-14, 317-18 
of existing methods, 12, 47-48 
of rad-equivalence, 244-45 
of radioimnunvassay, 271, 273-74 

Variable tandem repeat, 437, 441-42, 445, 447  

Vinyl chloride, and single-strand breaks in mice, 
227-31 

W 

White blood cells 
allatoxin By-DNA adducts in, 70 
aromatic DNA adducts in, 22, 45-46, 190-94 
as surrogate for target tissue, 47 
Ьелzо[а~рyrепе  diol epoxide-DNA adducts in, 

9, 10, 22, 43, 182-83, 184, 190-94, 454-56 
cisplatih-DNA adducts in, 44, 314-17, 322-24 
cisplatin levels in, 329-30 
measurement of DNA adducts in, 36, 142 
polycycln aromatic hydrocarbon-DNA adducts 

in, 11, 454-55 
Wood smoke, and adducts in placenta, 45-47 

X 

XAD-2, 396-97, 399 
Xeroderma pigmentosum, 324-26, 440, 442 
Xylene, measurement of exposure to, 10, 232-34 
Xylene mercapturic acid, 232-34 
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No. 16 AIR POLLцTION AND CANCER IN MAN 
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1977; 599 pages; out of print 

No. 18 ENVIRONMENTAL CARCINOGENS: 
SELECTED METHODS OF ANALYSIS 
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Edited by C.S. Muir & G. Wagner 
1980; 660 pages; out of print 

No. 36 CANCER MORTALITY BY OCCUPATION 
AND SOCIAL CLASS 1851-1971 
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LABORATORY WASTES: SOME N-NITROSAMINES 
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E.B. Sansone, P.L.R. Smith, B. Spiegelhalder, 
A. Stacchins G. Telling & J.J. Vallon 
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Edited by A Berlin, M. Draper, K. HetneninU 
& H. Vainio 
1984; 457 pages; £27.50 
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Volume 1 Volume 14 
Some inorganic subs ances, chlorinated hydrocarbons, Asbestos 
aromatic amines, N-ni'roso compounds, and natural 1977; 106 pages; out of print 
products 
1972; 184 pages; out of print Volume 15 

Some fumigants, the herbicides 2,4-D and 2,4.5-T, 
Volume 2 chlorinated drЬenzodroxins and miscellaneous industrial 
Some inorganic and organometallic compounds chemisa le 
1973; 181 pages; out of pint 1977; 354 pages; 5w. fr. 50.- 

Volume Э  
Certain polycyclic aromatic hydrocarbons and 
heterocyclic compounds 
1973; 271 pages; out of print 

Volume 4 
Some аготаtiс  amines, hydrazine and related 
substances, N-nitroso compounds and miscellaieous 
alkylating agents 
1974; 286 pages; 
5w. le. 18.- 

Volume 5 
Some orgaerochlorine pesticides 
1974; 24! pages; out of punt 

Volume 6 
Sex hormones 
1974; 243 pages; 
out of print 

Volume 7 
Some anti-thyroid and related substances, nilrojurans 
and industrial chemicals 
1974; 326 pages; out of print 

Volume 8 
Some aromatic azo compounds 
1975; 357 pages; Sw.fr. 36.- 

Volume 9 
Some aziridines, N-, S- and 0-mustards and selenium 
1975; 268 pages; 5w. te. 27.- 

Volume 10 
Some naturally occurring substances 
1976; 353 pages; out of print 

Volume 11 
Cadmium, nickel, some epoxides, miscellaneous 
industrial chemгcals and general considerations on 
volatile anuesthetics 
1976; 306 pages; out of print 

Volume 12 
Some carbamates, thiocarbama'es and carbyzides 
1976; 282 pages; 5w. fr. 34.- 

Volume 13 
Some miscellaneous pharmaceutical substances 
1977; 255 pages; 5w. fr. З0.- 

Volume 16 
Some aromatic amines and related nitro compounds 
- hair dyes, colouring agents and miscellaneous 
industrial chemicals 
1978; 400 pages; 5w. fr. 50.- 

Volume 17 
Some N-nit rosi compounds 
1978; 365 pages; 5w. fr. 50. 

Volume 18 
Polychlorinated biphenyls aid polybrominared 
biplwnyls 
1978; 140 pages; 5w. fr. 20.- 

Volume 19 
Some monomers, plastics and synthetic elastomers, 
and Bсгыеип  
1979; 513 pages; 5w. fr. 60.- 

Volume 20 
Some hakgenated hydrocarbons 
1979; 609 pages; 5w. ft. 60.- 

Volume 21 
Sex hormones (7I) 
1979; 583 pages; 5w, ft. 60.- 

Volume 22 
Soue non-nutritive sweetening agents 
1980; 208 pages; 5w. ft. 25.- 

Volume 23 
Some metals and metallic compounds 
1980; 438 pages; 5w. ft. 50.- 

Volume 24 . 
Some pharmaceutical drugs 
1980; 337 pages; 5w. ft. 40.- 

Volume 25 
Wood, leather and some associated indeest ries 
1981; 412 pages; 5w. fr. 60.- 

Volume 26 
Some antineoplasiic and immunosuppressive agents 
1981; 411 pages; 5w. ft. 62.- 

*А  list of these Agents may be obtained by writing to the World Health 
Organization, Distribution and 5des Service, 1211 Geneva 27, Switzerland 
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drinkuig-wa'er and denial preparations 

1982; 341 pages; 5w. fr. 40.- 

Volume 28 
The rubber industry 
1982, 486 pages; 5w. fr. 70.- 

Volume 29 
Some industrial chemicals and dyestuffs 

1982; 416 pages; 5w. fr. 60.- 

Volume 30 
Miscellaneous pesticides 

1983; 424 pages; 5w. fr. 60.- 

Volume 31 
Уoте  food additives,feed additives and naiurally 

occurring subsiances 
1983; 14 pages; 5w. fr. 60.- 

Volume 32 
Роlупuсlеar aromatic compounds, Part 1, 
Chemical, environmental and experi menial data 

1984; 477 pages; 5w. fr. 60.- 

Volume 33 
Polynuclear aromaltc compounds, ParI 2, Carbon 
blacks. mineral oils and some nitroarenes 

1984, 245 pages; 5w. fr. 50.- 

Vоlите  34 
Polynuckar aromatic compounds, Parr 3, Industrial 

exposures in alum in'sun рrodысйоп, coal gаsifcaйоn. 

coke production, and iron and steel founding 

1984; 219 pages; 5w. (г. 48- 

Volume 35 
Polynuclear aromatic compounds, Part 4, Bitumens, 
coal-tars and derived products, shale-oils and soots 
1985; 271 pages; 5w. fг.70.- 

Volume 36 
Allyl compounds, aldehydes, epoxides and peroxides 

1985; 369 pages; Sw. (r. 70.- 

Volume 37 
Tobacco habits other than smoking; betel-quid and 

areca-nut chewing; and some related nit rosamines 

1985; 291 pages; 5w. fr. 70.- 

Volume 38 
Tobacco smoking 
1986; 421 pages; 5w. fr. 75.- 

Volume 39 
Some chemicals used in рlasaics and ehssiomers 

1986; 403 pages; Sw, fr. 60.- 

Volume 40 
Saтe naturally occurring and syniheoc food 

components. fгпоеoиmarins and ulsraviolet radiation 

1486; 444 pages; 5w. fr_ 65.- 

Volume 41 
Some halogenated hydrocarbons and pesticide . 

exposures 
1986; 434 pages; 5w_ fr. 65.- 

Volume 42 
5i1'сa and some silicates 
1987; 289 pages; 5w. fr. 65.- 

Volume 43 
l'an-made rпiпeral JiЬres and radon 

din press) 

Volume 44 
Alcohol and alcoholic beverages 
(in preparation) 

Supplement No_ 1 
Chemicals and indusirialprocesses associated with 

cancer in humans (‚ARC Monographs, Volumes Ito 20) 
1979; 71 pages; out of print 

Supplement No. 2 
Long-term and shor,-lerm screening assays for 
carcinogens: a critical appraisal 
1980; 426 pages; 5w. fr. 40.- 

Supplement No. Э  
Cross indes af synonyms and trade names 'n 

Volumes 1 !o 26 

1982; 199 pages; Sw. (r. 60.- 

Supplement No. 4 
Chemicals, industrial processes and industries 

associated with cancer in humans ('ARC. Monographs, 

Volumes 1 to 29) 
1982; 292 pages; Sw. fr. 60.- 

Supplement No. 5 
Cross index of synonyms and trade names in 
Volumes 1 to 36 
1985; 259 pages; Sw. fr. 60- 

Supplement No. 6 
Genetic and related ejfects: An updating of selected ‚ARC 
Monographs from Volumes 1-42 
1987; 750 pages; 5w. te. 80.- 

Supplement No. 7 
Overall ev'sluali ois of сarсiпogenicity: An updating of 
'ARC Monographs Volumes 1-42 

1987; 440 pages; 5w, fr. 65.- 

aFrom Volume 43 onwards, the series title has been changed to IARC MONOGRAPHS ON THE 
EVALUATION OF CARCINOGENIC RI5К5 TO HUMANS 
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