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International Agency For Research On Cancer 

The International Agency for Research on Cancer (IARC) was established in 1965 by the 
World Health Assembly, as an independently financed organization within the framework of 
the World Health Organization. The headquarters of the Agency are in Lyon, France. 

The Agency conducts a programme of research concentrating particularly on the epi-
demiology of cancer and the study of potential carcinogens in the human environment. Its 
field studies are supplemented by biological and chemical research carried out in the 
Agency's laboratories in Lyon and, through collaborative research agreements, in national 
research institutions in many countries. The Agency also conducts a programme for the 
education and training of personnel for cancer research. 

The publications of the Agency contribute to the dissemination of authoritative infor-
mation on different aspects of cancer research. A complete list is printed at the back of this 
book. Information about IARC publications, and how to order them, is also available via the 
Internet at: http/Iwww.iarc.fr/ 
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Note to the Reader 

Anyone who is aware of published data that may influence any consideration in these 
Handbooks is encouraged to make the information available to the Unit of 
Chemoprevention, International Agency for Research on Cancer, 150 Cours Albert 
Thomas, 69372 Lyon Cedex 08, France 

Although all efforts are made to prepare the Handbooks as accurately as possible, mis-
takes may occur. Readers are requested to communicate any errors to the Unit of 
Chemoprevention, so that corrections can be reported in future volumes. 
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Preamble to the IARC Handbooks 
of Cancer Prevention 
The prevention of cancer is one of the key objec-
tives of the International Agency for Research on 
Cancer (IARC). This may be achieved by avoiding 
exposures to known cancer-causing agents, by 
increasing host defences through immunization or 
chemoprevention or by modifying lifestyle. The 
aim of the IARC Monographs programme is to eval-
uate carcinogenic risks of human exposure to 
chemical, physical and biological agents, provid-
ing a scientific basis for national or international 
decisions on avoidance of exposures. The aim of 
the series of L4RC Handbooks of Cancer Prevention is 
to evaluate scientific information on agents and 
interventions that may reduce the incidence of or 
mortality from cancer. This preamble is divided 
into two parts. The first addresses the general 
scope, objectives and structure of the Handbooks. 
The second describes the procedures for evaluating 
cancer-preventive agents. 

Part One 
Scope 
Cancer-preventive strategies embrace chemical, 
immunological, dietary and behavioural interven-
tions that may retard, block or reverse carcino-
genic processes or reduce underlying risk factors. 
The term 'chemoprevention' is used to refer to 
interventions with pharmaceuticals, vitamins, 
minerals and other chemicals to reduce cancer 
incidence. The IARC Handbooks address the effi-
cacy, safety and mechanisms of cancer-preventive 
strategies and the adequacy of the available data, 
including those on timing, dose, duration and 
indications for use. 

Preventive strategies can be applied across a 
continuum of: (1) the general population; (2) 
subgroups with particular predisposing host or 
environmental risk factors, including genetic 
susceptibility to cancer; (3) persons with precan-
cerous lesions; and (4) cancer patients at risk for 
second primary tumours. Use of the same strategies  

or agents in the treatment of cancer patients to 
control the growth, metastasis and recurrence of 
tumours is considered to be patient management, 
not prevention, although data from clinical trials 
may be relevant when making a Handbooks evalu-
ation. 

Objective 
The objective of the Handbooks programme is the 
preparation of critical reviews and evaluations of 
evidence for cancer-prevention and other relevant 
properties of a wide range of potential cancer-pre-
ventive agents and strategies by international working 
groups of experts. The resulting Handbooks may 
also indicate when additional research is needed. 

The Handbooks may assist national and interna-
tional authorities in devising programmes of health 
promotion and cancer prevention and in making 
benefit—risk assessments. The evaluations of IARC 
working groups are scientific judgements about the 
available evidence for cancer-preventive efficacy 
and safety. No recommendation is given with 
regard to national and international regulation or 
legislation, which are the responsibility of individual 
governments and/or other international authori-
ties. No recommendations for specific research trials 
are made. 

IARC Working Groups 
Reviews and evaluations are formulated by inter-
national working groups of experts convened by the 
IARC. The tasks of each group are: (1) to ascertain 
that all appropriate data have been collected; (2) to 
select the data relevant for the evaluation on the 
basis of scientific merit; (3) to prepare accurate 
summaries of the data to enable the reader to follow 
the reasoning of the Working Group; (4) to evaluate 
the significance of the available data from human 
studies and experimental models on cancer-preven-
tive activity, carcinogenicity and other beneficial 
and adverse effects; and (5) to evaluate data relevant 
to the understanding of mechanisms of action. 
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Working Group participants who contributed 
to the considerations and evaluations within a 
particular Handbook are listed, with their addresses, 
at the beginning of each publication. Each partici-
pant serves as an individual scientist and not as a 
representative of any organization, government or 
industry. In addition, scientists nominated by 
national and international agencies, industrial 
associations and consumer and/or environmental 
organizations may be invited as observers. IARC 
staff involved in the preparation of the Handbooks 
are listed. 

Working procedures 

Approximately 13 months before a working group 
meets, the topics of the Handbook are announced, 
and participants are selected by IARC staff in 
consultation with other experts. Subsequently, rel-
evant clinical, experimental and human data are 
collected by the IARC from all available sources of 
published information. Representatives of pro-
ducer or consumer associations may assist in the 
preparation of sections on production and use, as 
appropriate. 

About eight months before the meeting, the 
material collected is sent to meeting participants to 
prepare sections for the first drafts of the Handbooks. 
These are then compiled by IARC staff and sent, 
before the meeting, to all participants of the Working 
Group for review. There is an opportunity to return 
the compiled specialized sections of the draft to 
the experts, inviting preliminary comments, before 
the complete first-draft document is distributed to 
all members of the Working Group. 

Data for Handbooks 

The Handbooks do not necessarily cite all of the 
literature on the agent or strategy being evaluated. 
Only those data considered by the Working Group 
to be relevant to making the evaluation are included. 
In principle, meeting abstracts and other reports 
that do not provide sufficient detail upon which to 
base an assessment of their quality are not considered. 

With regard to data from toxicological, epidemi-
ological and experimental studies and from clini-
cal trials, only reports that have been published or  

accepted for publication in the openly available 
scientific literature are reviewed by the Working 
Group. In certain instances, government agency 
reports that have undergone peer review and are 
widely available are considered. Exceptions may 
be made on an ad-hoc basis to include unpub-
lished reports that are in their final form and pub-
licly available, if their inclusion is considered 
pertinent to making a final evaluation. In the sec-
tions on chemical and physical properties, on pro-
duction, on use, on analysis and on human expo-
sure, unpublished sources of information may be 
used. 

The available studies are summarized by the 
Working Group, with particular regard to the 
qualitative aspects discussed below. In general, 
numerical findings are indicated as they appear in 
the original report; units are converted when nec-
essary for easier comparison. The Working Goup 
may conduct additional analyses of the published 
data and use them in their assesment of the 
evidence; the results of such supplementary analy-
ses are given in square brackets. When an impor-
tant aspect of a study, directly impinging on 
its interpretation, should be brought to the atten-
tion of the reader, a comment is given in square 
brackets. 

Criteria for selection of topics for evaluation 

Agents, classes of agents and interventions to be 
evaluated in the Handbooks are selected on the 
basis of one or more of the following criteria. 

• The available evidence suggests potential for 
significantly reducing the incidence of cancers. 

• There is a substantial body of human, experi-
mental, clinical and/or mechanistic data suit-
able for evaluation. 

• The agent is in widespread use and of putative 
protective value, but of uncertain efficacy and 
safety. 

• The agent shows exceptional promise in experi-
mental studies but has not been used in humans. 

• The agent is available for further studies of 
human use. 
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Outline of data presentation scheme for evaluating cancer-preventive agents 

1. Chemical and physical characteristics 

2. Occurrence, production, use, analysis and 
human exposure 

2.1 Occurrence 
2.2 Production 
2.3 Use 
2.4 Human exposure 
2.5 Analysis 

3. Metabolism, kinetics and genetic variation 

3.1 	Humans 
3.2 	Experimental models 

4. Cancer-preventive effects 
4.1 	Humans 

4.1.1 	Epidemiological studies 
4.1.2 	Intervention trials 
4.1.3 	Intermediate end-points 

4.2 	Experimental models 
4.2.1 	Cancer and preneoplastic lesions 
4.2.2 	Intermediate biomarkers 
4.2.3 	In-vitro models 

4.3 	Mechanisms of cancer-prevention 

5. Other beneficial effects 

6. Carcinogenicity 

6.1 Humans 
6.2 	Experimental models 

7. Other toxic effects 

7.1 	Adverse effects 
7.1.1 	Humans 
7.1.2 	Experimental models  

	

7.2 	Reproductive and developmental effects 
7.2.1 	Humans 
7.2.2 	Experimental models 

	

7.3 	Genetic and related effects 
7.3.1 	Humans 
7.3.2 	Experimental models 

8. Summary of data 
8.1 Chemistry, occurrence and human exposure 
8.2 Metabolism and kinetics 
8.3 Cancer-preventive effects 

8.3.1 	Humans 
8.3.2 	Experimental models 
8.3.3 	Mechanisms of cancer prevention 

8.4 Other beneficial effects 
8.5 Carcinogenicity 

8.5.1 	Humans 
8.5.2 	Experimental models 

8.6 Other toxic effects 
8.6.1 	Humans 
8.6.2 	Experimental models 

9. Recommendations for research 

10. Evaluation 
10.1 Cancer-preventive activity 

	

10.1.1 	Humans 

	

10.1.2 	Experimental animals 
10.2 Overall evaluation 

11. References 

Part Two 
Evaluation of cancer-preventive agents 

A wide range of findings must be taken into 
account before a particular agent can be recog-
nized as preventing cancer. On the basis of experi-
ence from the IARC Monographs programme, a 
systematized approach to data presentation is 
adopted for Handbooks evaluations. 

1. 	Chemical and physical 
characteristics of the agent 

The Chemical Abstracts Services Registry Number, the 
latest Chemical Abstracts Primary Name, the 
IUPAC Systematic Name and other definitive 
information (such as genus and species of plants) are 
given as appropriate. Information on chemical and 
physical properties and, in particular, data 
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relevant to identification, occurrence and biological 
activity are included. A description of technical 
products of chemicals includes trade names, 
relevant specifications and available information 
on composition and impurities. Some of the trade 
names given may be those of mixtures in which 
the agent being evaluated is only one of the ingre-
dients. 

2. 	Occurrence, production, use, 
analysis and human exposure 

2.1 Occurrence 
Information on the occurrence of an agent or mix-
ture in the environment is obtained from data 
derived from the monitoring and surveillance of 
levels in occupational environments, air, water, 
soil, foods and animal and human tissues. When 
available, data on the generation, persistence and 
bioaccumulation of the agent are included. For 
mixtures, information is given about all agents 
present. 

2.2 Production 
The dates of first synthesis and of first commercial 
production of a chemical or mixture are provided; 
for agents that do not occur naturally, this infor-
mation may allow a reasonable estimate to be 
made of the date before which no human use of, 
or exposure to, the agent could have occurred. The 
dates of first reported occurrence of an exposure 
are also provided. In addition, methods of 
synthesis used in past and present commercial 
production and methods of production that may 
give rise to different impurities are described. 

2.3 Use 
Data on production, international trade and uses 
and applications are obtained for representative 
regions. Some identified uses may not be 
current or major applications, and the coverage 
is not necessarily comprehensive. In the case of 
drugs, mention of their therapeutic applications 
does not necessarily represent current practice, nor 
does it imply judgement as to their therapeutic 
efficacy. 

2.4 Analysis 
An overview of current methods of analysis or 
detection is presented. Methods for monitoring 
human exposure are also given, when available. 

	

2.5 	Human exposure 
Human uses of, or exposure to, the agent are 
described. If an agent is used as a prescribed or 
over-the-counter pharmaceutical product, then 
the type of person receiving the product in terms 
of health status, age, sex and medical condition 
being treated are described. For nonpharmaceuti-
cal agents, particularly those taken because of cul-
tural traditions, the characteristics of use or expo-
sure and the relevant populations are described. In 
all cases, quantitative data, such as dose—response 
relationships, are considered to be of special 
importance. 

	

3. 	Metabolism, kinetics and genetic 
variation 

In evaluating the potential utility of a suspected 
cancer-preventive agent or strategy, a number of 
different properties, in addition to direct effects 
upon cancer incidence, are described and weighed. 
Furthermore, as many of the data leading to an 
evaluation are expected to come from studies in 
experimental animals, information that facilitates 
interspecies extrapolation is particularly impor-
tant; this includes metabolic, kinetic and genetic 
data. Whenever possible, quantitative data, 
including information on dose, duration and 
potency, are considered. 

Information is given on absorption, distribu-
tion (including placental transfer), metabolism 
and excretion in humans and experimental ani-
mals. Kinetic properties within the target species 
may affect the interpretation and extrapolation of 
dose-response relationships, such as blood con-
centrations, protein binding, tissue concentra-
tions, plasma half-lives and elimination rates. 
Comparative information on the relationship be-
tween use or exposure and the dose that reaches 
the target site may be of particular importance for 
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extrapolation between species. Studies that indi-
cate the metabolic pathways and fate of the agent 
in humans and experimental animals are summa-
rized, and data on humans and experimental ani-
mals are compared when possible. Observations 
are made on inter-individual variations and rele-
vant metabolic polymorphisms. Data indicating 
long-term accumulation in human tissues are 
included. Physiologically based pharmacokinetic 
models and their parameter values are relevant 
and are included whenever they are available. 
Information on the fate of the compound within 
tissues and cells (transport, role of cellular recep-
tors, compartmentalization, binding to macro-
molecules) is given. 

Genotyping will be used increasingly, not only 
to identify subpopulations at increased or 
decreased risk for cancers but also to characterize 
variation in the biotransformation of, and res-
ponses to, cancer-preventive agents. 

This subsection can include effects of the com-
pound on gene expression, enzyme induction or 
inhibition, or pro-oxidant status, when such data 
are not described elsewhere. It covers data ob-
tained in humans and experimental animals, with 
particular attention to effects of long-term use and 
exposure. 

	

4. 	Cancer-preventive effects 

	

4.1 	Human studies 
Types of study considered. Human data are derived 
from experimental and non-experimental study 
designs and are focused on cancer, precancer or 
intermediate biological end-points. The experi-
mental designs include randomized controlled trials 
and short-term experimental studies; non-experi-
mental designs include cohort, case-control and 
cross-sectional studies. 

Cohort and case-control studies relate individ-
ual use of, or exposure to, the agents under study 
to the occurrence of cancer in individuals and 
provide an estimate of relative risk (ratio of inci-
dence or mortality in those exposed to incidence 
or mortality in those not exposed) as the main 
measure of association. Cohort and case-control  

studies follow an observational approach, in 
which the use of, or exposure to, the agent is not 
controlled by the investigator. 

Intervention studies are experimental in design 
- that is, the use of, or exposure to, the agent is 
assigned by the investigator. The intervention 
study or clinical trial is the design that can provide 
the strongest and most direct evidence of a protec-
tive or preventive effect; however, for practical and 
ethical reasons, such studies are limited to 
observation of the effects among specifically 
defined study subjects of interventions of 10 years 
or fewer, which is relatively short when compared 
with the overall lifespan. 

Intervention studies may be undertaken in indi-
viduals or communities and may or may not 
involve randomization to use or exposure. The 
differences between these designs is important in 
relation to analytical methods and interpretation of 
findings. 

In addition, information can be obtained from 
reports of correlation (ecological) studies and case 
series; however, limitations inherent in these 
approaches usually mean that such studies carry 
limited weight in the evaluation of a preventive 
effect. 

Quality of studies considered. The Handbooks are 
not intended to summarize all published studies. It 
is important that the Working Group consider the 
following aspects: (1) the relevance of the study; 
(2) the appropriateness of the design and analysis 
to the question being asked; (3) the adequacy and 
completeness of the presentation of the data; and 
(4) the degree to which chance, bias and con-
founding may have affected the results. 

Studies that are judged to be inadequate or 
irrelevant to the evaluation are generally omitted. 
They may be mentioned briefly, particularly when 
the information is considered to be a useful 
supplement to that in other reports or when it 
provides the only data available. Their inclusion 
does not imply acceptance of the adequacy of the 
study design, nor of the analysis and interpreta-
tion of the results, and their limitations are 
outlined. 
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the adequacy of the data for each treatment group: 
(1) the initial and final effective numbers of 
animals studied and the survival rate; (2) body 
weights; and (3) tumour incidence and multiplic-
ity. The statistical methods used should be clearly 
stated and should be the generally accepted tech-
niques refined for this purpose. In particular, the 
statistical methods should be appropriate for the 
characteristics of the expected data distribution 
and should account for interactions in multifacto-
rial studies. Consideration is given as to whether 
the appropriate adjustment was made for differ-
ences in survival. 

4.2.2 Intermediate biomarkers 

Other types of study include experiments in which 
the end-point is not cancer but a defined preneo-
plastic lesion or tumour-related, intermediate bio-
marker. 

The observation of effects on the occurrence of 
lesions presumed to be preneoplastic or the emer-
gence of benign or malignant tumours may aid in 
assessing the mode of action of the presumed 
cancer-preventive agent. Particular attention is 
given to assessing the reversibility of these lesions 
and their predictive value in relation to cancer 
development. 

4.2.3 In-vitro models 

Cell systems in vitro contribute to the early identi-
fication of potential cancer-preventive agents and 
to elucidation of mechanisms of cancer preven-
tion. A number of assays in prokaryotic and 
eukaryotic systems are used for this purpose. 
Evaluation of the results of such assays includes 
consideration of: (1) the nature of the cell type 
used; (2) whether primary cell cultures or cell lines 
(tumorigenic or nontumorigenic) were studied; 
(3) the appropriateness of controls; (4) whether 
toxic effects were considered in the outcome; 
(5) whether the data were appropriately summated 
and analysed; (6) whether appropriate quality 
controls were used; (7) whether appropriate con-
centration ranges were used; (8) whether adequate 

numbers of independent measurements were 
made per group; and (9) the relevance of the end-
points, including inhibition of mutagenesis, mor-
phological transformation, anchorage-independent 
growth, cell-cell communication, calcium toler-
ance and differentiation. 

4.3 	Mechanisms of cancer prevention 
Data on mechanisms can be derived from both 
human studies and experimental models. For a 
rational implementation of cancer-preventive 
measures, it is essential not only to assess protective 
end-points but also to understand the mechanisms 
by which the agents exert their anticarcinogenic 
action. Information on the mechanisms of cancer-
preventive activity can be inferred from relation-
ships between chemical structure and biological 
activity, from analysis of interactions between 
agents and specific molecular targets, from studies 
of specific end-points in vitro, from studies of 
the inhibition of tumorigenesis in vivo, from the 
effects of modulating intermediate biomarkers, 
and from human studies. Therefore, the Working 
Group takes account of data on mechanisms 
in making the final evaluation of cancer prevention. 

Several classifications of mechanisms have been 
proposed, as have several systems for evaluating 
them. Cancer-preventive agents may act at several 
distinct levels. Their action may be: (1) extracellu-
lar, for example, inhibiting the uptake or endoge-
nous formation of carcinogens, or forming 
complexes with, diluting and/or deactivating 
carcinogens; (2) intracellular, for example, trap-
ping carcinogens in non-target cells, modifying 
transmembrane transport, modulating metabo-
lism, blocking reactive molecules, inhibiting cell 
replication or modulating gene expression or DNA 
metabolism; or (3) at the level of the cell, tissue or 
organism, for example, affecting cell differentia-
tion, intercellular communication, proteases, 
signal transduction, growth factors, cell adhesion 
molecules, angiogenesis, interactions with the 
extracellular matrix, hormonal status and the 
immune system. 

Many cancer-preventive agents are known or 
suspected to act by several mechanisms, which 
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cancer-preventive activity; and (4) the number and 
structural diversity of carcinogens whose activity 
can be reduced by the agent being evaluated. 

An important variable in the evaluation of the 
cancer-preventive response is the time and the 
duration of administration of the agent in relation 
to any carcinogenic treatment, or in transgenic or 
other experimental models in which no carcino-
gen is administered. Furthermore, concurrent 
administration of a cancer-preventive agent may 
result in a decreased incidence of tumours in a 
given organ and an increase in another organ of 
the same animal. Thus, in these experiments it is 
important that multiple organs be examined. 

For all these studies, the nature and extent of 
impurities or contaminants present in the cancer-
preventive agent or agents being evaluated are 
given when available. For experimental studies of 
mixtures, consideration is given to the possibility 
of changes in the physicochemical properties of 
the test substance during collection, storage, 
extraction, concentration and delivery. Chemical 
and toxicological interactions of the components 
of mixtures may result in nonlinear dose-response 
relationships. 

As certain components of commonly used diets 
of experimental animals are themselves known to 
have cancer-preventive activity, particular consid-
eration should be given to the interaction between 
the diet and the apparent effect of the agent being 
studied. Likewise, restriction of diet may be impor-
tant. The appropriateness of the diet given relative 
to the composition of human diets may be com-
mented on by the Working Group. 

Qualitative aspects. An assessment of the experi-
mental prevention of cancer involves several 
considerations of qualitative importance, includ-
ing: (1) the experimental conditions under which 
the test was performed (route and schedule of 
exposure, species, strain, sex and age of animals 
studied, duration of the exposure, and duration of 
the study); (2) the consistency of the results, for 
example across species and target organ(s); (3) the 
stage or stages of the neoplastic process, from 
preneoplastic lesions and benign tumours to 

malignant neoplasms, studied and (4) the possible 
role of modifying factors. 

Considerations of importance to the Working 
Group in the interpretation and evaluation of a 
particular study include: (1) how clearly the agent 
was defined and, in the case of mixtures, how 
adequately the sample composition was reported; 
(2) the composition of the diet and the stability of 
the agent in the diet; (3) whether the source, strain 
and quality of the animals was reported; (4) 
whether the dose and schedule of treatment with 
the known carcinogen were appropriate in assays 
of combined treatment; (5) whether the doses of 
the cancer-preventive agent were adequately 
monitored; (6) whether the agent(s) was absorbed, 
as shown by blood concentrations; (7) whether the 
survival of treated animals was similar to that of 
controls; (8) whether the body and organ weights 
of treated animals were similar to those of con-
trols; (9) whether there were adequate numbers of 
animals, of appropriate age, per group; (10) 
whether animals of each sex were used, if appro-
priate; (11) whether animals were allocated ran-
domly to groups; (12) whether appropriate respec-
tive controls were used; (13) whether the duration 
of the experiment was adequate; (14) whether 
there was adequate statistical analysis; and (15) 
whether the data were adequately reported. If 
available, recent data on the incidence of specific 
tumours in historical controls, as well as in con-
current controls, are taken into account in the 
evaluation of tumour response. 

Quantitative aspects. The probability that tumours 
will occur may depend on the species, sex, strain 
and age of the animals, the dose of carcinogen 
(if any), the dose of the agent and the route and 
duration of exposure. A decreased incidence 
and/or decreased multiplicity of neoplasms in 
adequately designed studies provides evidence of a 
cancer-preventive effect. A dose-related decrease in 
incidence and/or multiplicity further strengthens 
this association. 

Statistical analysis. Major factors considered in the 
statistical analysis by the Working Group include 
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the adequacy of the data for each treatment group: 
(1) the initial and final effective numbers of 
animals studied and the survival rate; (2) body 
weights; and (3) tumour incidence and multiplic-
ity. The statistical methods used should be clearly 
stated and should be the generally accepted tech-
niques refined for this purpose. In particular, the 
statistical methods should be appropriate for the 
characteristics of the expected data distribution 
and should account for interactions in multifacto-
rial studies. Consideration is given as to whether 
the appropriate adjustment was made for differ-
ences in survival. 

4.2.2 Intermediate biomarkers 

Other types of study include experiments in which 
the end-point is not cancer but a defined preneo-
plastic lesion or tumour-related, intermediate bio-
marker. 

The observation of effects on the occurrence of 
lesions presumed to be preneoplastic or the emer-
gence of benign or malignant tumours may aid in 
assessing the mode of action of the presumed 
cancer-preventive agent. Particular attention is 
given to assessing the reversibility of these lesions 
and their predictive value in relation to cancer 
development. 

4.2.3 In-vitro models 

Cell systems in vitro contribute to the early identi-
fication of potential cancer-preventive agents and 
to elucidation of mechanisms of cancer preven-
tion. A number of assays in prokaryotic and 
eukaryotic systems are used for this purpose. 
Evaluation of the results of such assays includes 
consideration of: (1) the nature of the cell type 
used; (2) whether primary cell cultures or cell lines 
(tumorigenic or nontumorigenic) were studied; 
(3) the appropriateness of controls; (4) whether 
toxic effects were considered in the outcome; 
(5) whether the data were appropriately summated 
and analysed; (6) whether appropriate quality 
controls were used; (7) whether appropriate con-
centration ranges were used; (8) whether adequate 

numbers of independent measurements were 
made per group; and (9) the relevance of the end-
points, including inhibition of mutagenesis, mor-
phological transformation, anchorage-independent 
growth, cell-cell communication, calcium toler-
ance and differentiation. 

4.3 	Mechanisms of cancer prevention 
Data on mechanisms can be derived from both 
human studies and experimental models. For a 
rational implementation of cancer-preventive 
measures, it is essential not only to assess protective 
end-points but also to understand the mechanisms 
by which the agents exert their anticarcinogenic 
action. Information on the mechanisms of cancer-
preventive activity can be inferred from relation-
ships between chemical structure and biological 
activity, from analysis of interactions between 
agents and specific molecular targets, from studies 
of specific end-points in vitro, from studies of 
the inhibition of tumorigenesis in vivo, from the 
effects of modulating intermediate biomarkers, 
and from human studies. Therefore, the Working 
Group takes account of data on mechanisms 
in making the final evaluation of cancer prevention. 

Several classifications of mechanisms have been 
proposed, as have several systems for evaluating 
them. Cancer-preventive agents may act at several 
distinct levels. Their action may be: (1) extracellu-
lar, for example, inhibiting the uptake or endoge-
nous formation of carcinogens, or forming 
complexes with, diluting and/or deactivating 
carcinogens; (2) intracellular, for example, trap-
ping carcinogens in non-target cells, modifying 
transmembrane transport, modulating metabo-
lism, blocking reactive molecules, inhibiting cell 
replication or modulating gene expression or DNA 
metabolism; or (3) at the level of the cell, tissue or 
organism, for example, affecting cell differentia-
tion, intercellular communication, proteases, 
signal transduction, growth factors, cell adhesion 
molecules, angiogenesis, interactions with the 
extracellular matrix, hormonal status and the 
immune system. 

Many cancer-preventive agents are known or 
suspected to act by several mechanisms, which 
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may operate in a coordinated manner and allow 
them a broader spectrum of anticarcinogenic activity. 
Therefore, multiple mechanisms of action are 
taken into account in the evaluation of cancer-
prevention. 

Beneficial interactions, generally resulting 
from exposure to inhibitors that work through 
complementary mechanisms, are exploited in 
combined cancer-prevention. Because organisms 
are naturally exposed not only to mixtures of 
carcinogenic agents but also to mixtures of protec-
tive agents, it is also important to understand 
the mechanisms of interactions between 
inhibitors. 

5. Other beneficial effects 

This section contains mainly background informa-
tion on preventive activity; use is described in 
Section 2.3. An expanded description is given, 
when appropriate, of the efficacy of the agent in 
the maintenance of a normal healthy state and the 
treatment of particular diseases. Information on 
the mechanisms involved in these activities is 
described. Reviews, rather than individual studies, 
may be cited as references. 

The physiological functions of agents such as 
vitamins and micronutrients can be described 
briefly, with reference to reviews. Data on the 
therapeutic effects of drugs approved for clinical 
use are summarized. 

6. Carcinogenicity 

Some agents may have both carcinogenic and 
anticarcinogenic activities. If the agent has been 
evaluated within the L4RC Monographs on the 
Evaluation of Carcinogenic Risks to Humans, that 
evaluation is accepted, unless significant new data 
have appeared that may lead the Working Group to 
reconsider the evidence. When a re-evaluation is 
necessary or when no carcinogenic evaluation has 
been made, the procedures described in the 
Preamble to the L4RC Monographs on the Evaluation 
of Carcinogenic Risks to Humans are adopted as 
guidelines. 

7. Other toxic effects 

Toxic effects are of particular importance in the 
case of agents that may be used widely over long 
periods in healthy populations. Data are given on 
acute and chronic toxic effects, such as organ tox-
icity, increased cell proliferation, immunotoxicity 
and adverse endocrine effects. If the agent occurs 
naturally or has been in clinical use previously, 
the doses and durations used in cancer-prevention 
trials are compared with intakes from the diet, in 
the case of vitamins, and previous clinical expo-
sure, in the case of drugs already approved for 
human use. When extensive data are available, 
only summaries are presented; if adequate reviews 
are available, reference may be made to these. If 
there are no relevant reviews, the evaluation is 
made on the basis of the same criteria as are 
applied to epidemiological studies of cancer. 
Differences in response as a consequence of 
species, sex, age and genetic variability are pre-
sented when the information is available. 

Data demonstrating the presence or absence of 
adverse effects in humans are included; equally, 
lack of data on specific adverse effects is stated 
clearly. 

Findings in human and experimental studies 
are presented sequentially under the headings 
'Adverse effects', 'Reproductive and developmental 
effects' and 'Genetic and related effects'. 

The section 'Adverse effects' includes informa-
tion on immunotoxicity, neurotoxicity, cardiotox-
icity, haematological effects and toxicity to other 
target organs. Specific case reports in humans and 
any previous clinical data are noted. Other bio-
chemical effects thought to be relevant to adverse 
effects are mentioned. 

The section on 'Reproductive and developmen-
tal effects' includes effects on fertility, terato-
genicity, foetotoxicity and embryotoxicity. Infor-
mation from nonmammalian systems and in vitro 
are presented only if they have clear mechanistic 
significance. 

The section 'Genetic and related effects' includes 
results from studies in mammalian and nonmam-
malian systems in vivo and in vitro. Information on 
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whether DNA damage occurs via direct interaction 
with the agent or via indirect mechanisms (e.g. 
generation of free radicals) is included, as is infor-
mation on other genetic effects such as mutation, 
recombination, chromosomal damage, aneuploidy, 
cell immortalization and transformation, and effects 
on cell-cell communication. The presence and 
toxicological significance of cellular receptors for 
the cancer-preventive agent are described. 

The adequacy of epidemiological studies of 
toxic effects, including reproductive outcomes and 
genetic and related effects in humans, is evaluated 
by the same criteria as are applied to epidemiolog-
ical studies of cancer. For each of these studies, the 
adequacy of the reporting of sample characteriza-
tion is considered and, where necessary, com-
mented upon. The available data are interpreted 
critically according to the end-points used. The 
doses and concentrations used are given, and, for 
experiments in vitro, mention is made of whether 
the presence of an exogenous metabolic system 
affected the observations. For studies in vivo, the 
route of administration and the formulation in 
which the agent was administered are included. 
The dosing regimens, including the duration of 
treatment, are also given. Genetic data are given as 
listings of test systems, data and references; bar 
graphs (activity profiles) and corresponding sum-
mary tables with detailed information on the 
preparation of genetic activity profiles are given in 
appendices. Genetic and other activity in humans 
and experimental mammals is regarded as being of 
greater relevance than that in other organisms. 
The in-vitro experiments providing these data must 
be carefully evaluated, since there are many trivial 
reasons why a response to one agent may be mod-
ified by the addition of another. 

Structure-activity relationships that may be 
relevant to the evaluation of the toxicity of an 
agent are described. 

Studies on the interaction of the suspected 
cancer-preventive agent with toxic and subtoxic 
doses of other substances are described, the objec-
tive being to determine whether there is inhibition 
or enhancement, additivity, synergism or poten-
tiation of toxic effects over an extended dose range. 

Biochemical investigations that may have a 
bearing on the mechanisms of toxicity and cancer-
prevention are described. These are carefully eval-
uated for their relevance and the appropriateness 
of the results. 

	

8. 	Summary of data 

In this section, the relevant human and experimental 
data are summarized. Inadequate studies are gen-
erally not summarized; such studies, if cited, are 
identified in the preceding text. 

	

8.1 	Chemistry, occurrence and human 
exposure 

Human exposure to an agent is summarized on 
the basis of elements that may include production, 
use, occurrence in the environment and determi-
nations in human tissues and body fluids. 
Quantitative data are summarized when available. 

	

8.2 	Metabolism and kinetic properties 
Data on metabolism and kinetic properties in 
humans and in experimental animals are given 
when these are considered relevant to the possible 
mechanisms of cancer-preventive, carcinogenic and 
toxic activity. 

	

8.3 	Cancer-preventive effects 

8.3.1 Human studies 
The results of relevant studies are summarized, 
including case reports and correlation studies when 
considered important. 

8.3.2 Experimental models 
Data relevant to an evaluation of cancer-
preventive activity in experimental models are 
summarized. For each animal species and route 
of administration, it is stated whether a change 
in the incidence of neoplasms or preneoplastic 
lesions was observed, and the tumour sites are 
indicated. Negative findings are also summarized. 
Dose- response relationships and other quantita-
tive data may be given when available. 
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8.3.3 Mechanism of cancer-prevention 
Data relevant to the mechanisms of cancer-pre-
ventive activity are summarized. 

	

8.4 	Other beneficial effects 
When beneficial effects other than cancer preven-
tion have been identified, the relevant data are 
summarized. 

	

8.5 	Carcinogenic effects 
The agent will has reviewed and evaluated within 
the IARC Monographs programme, that summary is 
used with the inclusion of more recent data, if 
appropriate. 

8.5.1 Human studies 
The results of epidemiological studies that are 
considered to be pertinent to an assessment of 
human carcinogenicity are summarized. 

8.5.2 Experimental models 
Data relevant to an evaluation of carcinogenic 
effects in animal models are summarized. For each 
animal species and route of administration, it is 
stated whether a change in the incidence of neo-
plasms or preneoplastic lesions was observed, and 
the tumour sites are indicated. Negative findings 
are also summarized. Dose—response relationships 
and other quantitative data may be mentioned 
when available. 

	

8.6 	Other toxic effects 
Adverse effects in humans are summarized, 
together with data on general toxicological effects 
and cytotoxicity, receptor binding and hormonal 
and immunological effects. The results of investi-
gations on the reproductive, genetic and related 
effects are summarized. Toxic effects are summarized 
for whole animals, cultured mammalian cells and 
non-mammalian systems. When available, data 
for humans and for animals are compared. 

Structure—activity relationships are mentioned 
when relevant to toxicity.  

9. Recommendations for research 

During the evaluation process, it is likely that 
opportunities for further research will be identi-
fied. These are clearly stated, with the understand-
ing that the areas are recommended for future 
investigation. It is made clear that these research 
opportunities are identified in general terms on 
the basis of the data currently available. 

10. Evaluation 

Evaluations of the strength of the evidence for 
cancer-preventive activity and carcinogenic effects 
from studies in humans and experimental models 
are made, using standard terms. These terms may 
also be applied to other beneficial and adverse 
effects, when indicated. When appropriate, refer-
ence is made to specific organs and populations. 

It is recognized that the criteria for these evalu-
ation categories, described below, cannot encom-
pass all factors that may be relevant to an evalua-
tion of cancer-preventive activity. In considering 
all the relevant scientific data, the Working Group 
may assign the agent or other intervention to a 
higher or lower category than a strict interpreta-
tion of these criteria would indicate. 

10.1 Cancer-preventive activity 
The evaluation categories refer to the strength of 
the evidence that an agent prevents cancer. The 
evaluations may change as new information 
becomes available. 

Evaluations are inevitably limited to the cancer 
sites, conditions and levels of exposure and length 
of observation covered by the available studies. 
An evaluation of degree of evidence, whether 
for a single agent or a mixture, is limited to the 
materials tested, as defined physically, chemically 
or biologically. When the agents evaluated are 
considered by the Working Group to be suffici-
ently closely related, they may be grouped for the 
purpose of a single evaluation of degree of evi-
dence. 

Information on mechanisms of action is taken 
into account when evaluating the strength of 
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evidence in humans and in experimental animals, 
as well as in assessing the consistency of results 
between studies in humans and experimental 
models. 

10.1.1 Cancer-preventive activity in humans 
The evidence relevant to cancer prevention in 
humans is classified into one of the following 
categories. 

Sufficient evidence of cancer-preventive activity 
The Working Group considers that a causal 
relationship has been established between use 
of the agent and the prevention of human can-
cer in studies in which chance, bias and con-
founding could be ruled out with reasonable 
confidence. 
Limited evidence of cancer-preventive activity 
The data suggest a reduced risk for cancer with 
use of the agent but are limited for making a 
definitive evaluation either because chance, 
bias or confounding could not be ruled out 
with reasonable confidence or because the data 
are restricted to intermediary biomarkers of uncer-
tain validity in the putative pathway to cancer. 
Inadequate evidence of cancer-preventive activity 
The available studies are of insufficient quality, 
consistency or statistical power to permit a con- 
clusion regarding a cancer-preventive effect of 
the agent, or no data on the prevention of can-
cer in humans are available. 
Evidence suggesting lack of cancer-preventive activity 
Several adequate studies of use or exposure are 
mutually consistent in not showing a preven-
tive effect. 

The strength of the evidence for any carcinogenic 
effect is assessed in parallel. 

Both cancer-preventive activity and carcino-
genic effects are identified and, when appropriate, 
tabulated by organ site. The evaluation also cites 
the population subgroups concerned, specifying 
age, sex, genetic or environmental predisposing 
risk factors and the relevance of precancerous 
lesions. 

10. 1.2 Cancer-preventive activity in experimental 
animals 

Evidence for cancer prevention in experimental 
animals is classified into one of the following 
categories. 

• Sufficient evidence of cancer-preventive activity 
The Working Group considers that a causal 
relationship has been established between the 
agent and a decreased incidence and/or multi-
plicity of neoplasms. 

Limited evidence of cancer-preventive activity 
The data suggest a cancer-preventive effect but 
are limited for making a definitive evaluation 
because, for example, the evidence of cancer 
prevention is restricted to a single experiment, 
the agent decreases the incidence and/or multi-
plicity only of benign neoplasms or lesions of 
uncertain neoplastic potential or there is con-
flicting evidence. 

Inadequate evidence of cancer-preventive activity 
The studies cannot be interpreted as showing 
either the presence or absence of a preventive 
effect because of major qualitative or quantita-
tive limitations (unresolved questions regarding 
the adequacy of the design, conduct or inter-
pretation of the study), or no data on cancer 
prevention in experimental animals are avail-
able. 

• Evidence suggesting lack of cancer-preventive activity 
Adequate evidence from conclusive studies in 
several models shows that, within the limits of 
the tests used, the agent does not prevent cancer. 

10.2 Overall evaluation 

Finally, the body of evidence is considered as a 
whole, and summary statements are made that 
encompass the effects of the agents in humans 
with regard to cancer-preventive activity, carcino-
genic effects and other beneficial and adverse 
effects, as appropriate. 
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1. 	Introduction and definitions 
This is the fourth handbook in the series of 
Handbooks of Cancer Prevention. Previous 
volumes represented the views and expert opin-
ions of working groups that met in 1997 and 
1998 which considered non-steroidal anti-
inflammatory drugs (IARC, 1997), carotenoids 
(IARC, 1998a) and vitamin A (IARC, 1998b). 
The present volume completes the consideration 
of vitamin A-related compounds - so-called 
retinoids - some of which, like all-trans-
retinoic acid, the prototypic family member, 
exert potential cancer preventive effects. 

Although it is not the intention that the 
URC Handbooks of Cancer Prevention be restricted 
to chemoprevention, the drugs and micronutri-
ents that have been considered until now are 
potential chemopreventive agents. All of the 
retinoids discussed in the present volume are 
the result of a deliberate attempt to identify or 
synthesize compounds that prevent cancer and 
simultaneously reduce toxicity and teratogenicity, 
thus increasing the therapeutic ratio. 

Chemoprevention can be defined as the 
inhibition or reversal of any stage of carcino-
genesis by intervention with chemical agents 
before an overt malignancy is detectable. 
Chemoprevention can theoretically act at any 
of the multiple stages of carcinogenesis, 
although most of the agents evaluated in this 
handbook do so at relatively early stages of 
cancer development. 

As the efficacy of a chemopreventive agent 
that is not in use in the general population 
cannot be evaluated by conventional, observa-
tional, analytical epidemiology studies 
(case—control and cohort studies), the evidence 
considered in this volume is derived almost 
exclusively from randomized clinical trials 
which have either development of cancer as the 
end-point or some intermediate biomarker of 
carcinogenesis, usually precancerous lesions. 
Thus, almost all of the data considered to date 
in this series (with the exception of that for 
sulindac in Volume 1) are derived from experi-
mental situations or from trials involving small 
groups of individuals. In considering the trials  

that had cancer as the end-point, the Working 
Group had to satisfy themselves that the end-
point considered was a second primary tumour 
rather than a recurrence of the original tumour, 
because agents that are effective in preventing 
recurrence of a cancer are therapeutic and 
therefore outside the purview of this series. The 
distinction between chemoprevention and 
therapy was sometimes difficult to make, espe-
cially for organs that show multiple primary 
tumours. For example, in this handbook, of the 
studies that relate to the potential prevention 
of recurrences of superficial tumours of the uri-
nary bladder, only those in which the patients 
no longer had any evidence of overt neoplasia 
at the time of initiation of the trial were 
retained. 

The availability of data from clinical trials 
was of considerable value to the Working 
Group, since in such studies bias and con-
founding have largely been eliminated; however, 
the conclusions are necessarily restricted to the 
population studied. Since many of the clinical 
trials cited here relate to patients known to be 
at substantial risk of a second primary tumour, 
at the same or a different site but with similar 
etiology, extrapolation to other groups, 
whether at high risk for the relevant cancer or 
more like members of the general population, 
would be tenuous at best and potentially in 
serious error. 

Other considerations arise when markers of 
intermediate steps in the carcinogenesis process 
are considered, either as a means of selecting 
patients for study or, more problematically, as 
an end-point of the investigation. Studies that 
involve precancerous lesions as an end-point 
allow more rapid identification of putative 
chemopreventive agents than studies in which 
cancer is the end-point, but they cannot be 
given as much weight since the proportion of 
lesions that progress to cancer is usually small. 
It is anticipated that biomarkers that can be 
used in studies in both animals and humans 
will be the subject of a more detailed evaluation 
by a special group convened by IARC in the 
near future. 
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1.1 	Use of biomarkers in studies of chemo- 
prevention 

Many malignancies develop over a period of 
one to two decades, during which time the 
multistep process of carcinogenesis evolves, 
culminating in the appearance of invasive and 
metastatic cancer. While this 'latent period' of 
cancer development offers a chance to inter-
rupt the process at various stages by chemical 
or physical means, it poses a challenge to trials 
of cancer chemopreventive agents, because the 
outcome may not be known for many years. 
Therefore, investigators are searching for inter-
mediate or surrogate biomarkers of cancer, in 
order to identify individuals at increased (or 
high) risk of developing cancer and to have an 
early indication of the effectiveness of inter-
vention strategies. 

Biomarkers can be used to detect exposure 
to carcinogenic influences, to identify individ-
uals susceptible to cancer and as indicators of 
prognosis or diagnosis. Much of the initial 
work on the identification and validation of 
biomarkers that characterize the neoplastic 
process was carried out in cellular or whole-ani-
mal models, and the results may not reflect the 
usefulness of a marker in humans. Biomarkers 
that are useful in chemoprevention have mea-
surable biological or chemical properties that 
are highly correlated to cancer incidence in 
humans and can therefore serve as indicators of 
the incidence or progression of cancer. 

Several types of biomarkers are being 
considered: 
• gene mutations, activated oncogenes 

and inactivated tumour suppressor genes; 
• markers indicative of exposure of molecular 

targets, such as DNA adducts; 
• biochemical changes, such as high plasma 

concentrations of insulin-like growth factor 
in breast cancers; and 

• cytological and tissue lesions considered to 
be precancerous. 

Although numerous oncogenes and tumour 
suppressor genes are being identified that help 
to define early events in the process of carcino-
genesis, subsequent events are critical in the 
actual occurrence of cancer, and interventions 
at all stages of carcinogenesis may lead to can-
cer prevention. 

Precancerous lesions (dysplasia and carcino-
ma in situ) have been used as the starting point 
for intervention in a number of studies of the 
efficacy of chemical agents in inhibiting 
progression of lesions to frank malignancy. 
Because not all such lesions progress to carci-
noma, identifying the critical events in 
progression may permit identification of strate-
gies to reverse the process that would otherwise 
lead to the occurrence of invasive cancer, even 
at relatively late stages of carcinogenesis. 

An alternative approach is to use precancer-
ous lesions as the end-point of an intervention, 
i.e. to determine the extent to which the earlier 
stages of carcinogenesis that eventually result 
in the development of a precancerous lesion 
can be terminated. Unfortunately, this 
approach has two practical drawbacks. The first 
is that the earliest stages of carcinogenesis may 
begin early in life, when the subjects who 
would be studied would not be regarded as 
being at substantial risk for cancer. The more 
critical problem is that precancerous lesions 
almost invariably occur in a much higher pro-
portion of the population than does frank 
malignancy. Thus, prevention of the develop-
ment of some of these lesions may not guaran-
tee that those that eventually progress and 
result in the occurrence of cancer have been 
ablated. 

Recent advances in our understanding of 
the molecular and tissue lesions that occur dur-
ing the development of hereditary and sporadic 
colon cancer indicate that a combination of 
molecular and morphological end-points could 
be useful predictive measures of neoplastic 
development in other organ systems as well. 

The genetic markers of precancerous lesions 
that are currently undergoing phase II trials 
include cytogenetic manifestations such as 
chromosomal aberrations and micronuclei, 
abnormal DNA content, DNA and protein 
adducts and genetic alteration in oncogenes, as 
well as markers of abnormal cell proliferation, 
growth regulation and differentiation. These 
biomarkers have not yet been validated in rela-
tion to subsequent cancer occurrence, and they 
are not yet being tested as the definitive end-
points in phase III trials. 
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1.2 Data from animal models 
Data from studies of chemoprevention in ani-
mal models are useful for evaluating the poten-
tial role of chemopreventive agents in humans 
but are not sufficient of themselves. A number 
of studies designed to evaluate whether 
retinoids inhibit the development of malignant 
tumours have been conducted on transplanted 
tumours, often of human origin, as xenografts 
in nude mice. Studies with this model were not 
considered in this handbook because it is con-
sidered to be a model of the treatment of estab-
lished cancer rather than of chemoprevention 
of cancer. 

Collectively, the results of the studies 
reviewed in this handbook suggest that the 
chemopreventive effects of retinoids are 
species- and tissue-dependent because of differ-
ences in variables such as tissue distribution, 
retinoid metabolism and cognate receptor 
levels and activity. 

1.3 	Agents considered in this handbook 
The retinoids are a class of compounds struc-
turally related to vitamin A. Synthesis of 
retinoids by chemical modification of the vita-
min A molecule was begun in 1968, with the 
objective of identifying retinoids with a better 
risk-benefit ratio than vitamin A (Bollag & 
Holdener, 1992). More than 2500 retinoids 
have since been synthesized and tested biologi-
cally. all-trans-Retinoic acid and 13-cis-retinoic 
acid were synthesized and then recognized as 
occurring naturally. The second generation of 
retinoids included the aromatic compounds 
etretinate and acitretin, which had an 
enhanced therapeutic ratio, and the third gen-
eration included the polyaromatic retinoids 
with or without polar end groups. 

The retinoids selected for evaluation in this 
handbook are those for which there were suffi-
cient data in humans and/or animals to permit 
evaluation. Thus, a number of retinoids at vari-
ous stages of development or being considered 
for use in humans were left out, were some that 
have been studied but are no longer under con-
sideration for use. 

In studies of retinoids, care must be taken 
over their handling in various media to ensure 
that what is being measured clearly reflects the  

compound of interest. When blood is collected 
for assay of retinoids, it should be heparinized 
or clotted in the dark, centrifuged to obtain 
plasma or serum and then protected from light 
and oxygen. Other anticoagulants such as 
oxalate, citrate and ethylene diamine tetra-
acetic acid should be avoided because they 
reduce the recovery of retinoid (Nierenberg, 
1984). Serum or plasma samples for analysis 
should be stored at - 20 °C or less. An internal 
standard is usually used to correct for incom-
plete extraction. To minimize oxidation of 
retinoids during their extraction, an antioxi-
dant such as butylated hydroxytoluene is 
added to all the solvents at a final concentra-
tion of approximately 100 mg/mi. 

The relationship between the toxicity of an 
agent and its beneficial effects (the therapeutic 
index) is critical in chemoprevention because 
the people subjected to this form of cancer 
prevention are healthy and the probability that 
they will not develop cancer is usually substan-
tially greater than the probability that they will 
develop cancer, except for carriers of the rare 
dominant cancer susceptibility genes. These 
considerations are less germane for patients 
at risk for second primary tumours, as they may 
be prepared to tolerate side-effects of chemo-
prevention as an extension of their therapy. 
Toxicity is also likely to be less of a problem 
when the agent is used as therapy for a 
malignancy, such as all-trans-retinoic acid in 
the treatment of acute promyelocytic 
leukaemia. Section 7 of each handbook there-
fore addresses the toxicity of these compounds. 
A disappointing outcome of the review is that 
the therapeutic index of the retinoids consid-
ered in this volume appears to be too strongly 
balanced to the risk side, suggesting that any 
role of these agents in chemoprevention should 
be restricted to people at high risk for cancer, 
who are willing to suffer the almost inevitable 
side-effects. 

1.4 	Nomenclature of the retinoids 
The natural retinoids consist of four isoprenoid 
units joined in a head-to-tail manner 
(IUPAC-IUB Joint Commission on Biochemical 
Nomenclature, 1983). The term 'vitamin A' is a 
generic descriptor of retinoids that qualitatively 
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Table 1. Abbreviations and standardized 
expressions 

all-trans-N-Ethylretinamide (NER) 

Etretinate, acitretin, N-(4-hydroyphenyl)retinamide, Methyl 

retinamide, and LGD1 550 are assumed to have the all-

trans configuration unless denoted otherwise 

all-trans-N-(4-Hydroxyphenyl)retinamide (4-H PR) 

all-trans-4-Hydroxyretinolc acid (all-trans-4-hydroxy-RA) 

all-trans-4-0xoretinoic acid (all-trans-4-oxo-RA) 

all trans-Retinoic acid (all-trans-RA; AIRA) 

1 3-cis-Retinoic acid (13-cis-RA) 

9-cis-Retlnoic acid (9-cis-RA) 

9,13-Di-cis-retinoic acid 
Retlnoic acid, if an isomeric designation is not given, is a 

generic indicator or is assumed to be a mixture of isomers. 

all trans Retinol 

on Biochemical Nomenclature, 1983), in keep-
ing with carotenoid numbering. That nomen-
clature has been retained to the present (e.g. 
Anon., 1990). 

The IUPAC-IUBMB (International Union of 
Biochemistry and Molecular Biology) Joint 
Commission on Biochemical Nomenclature 
(1998) has suggested in its newsletter that 
aromatic acidic compounds that control 
epithelial differentiation and prevent metapla-
sia without having the full range of activities of 
vitamin A be termed 'retinoate analogues' 
rather than 'retinoids'. This suggestion is pend-
ing. Although a reasonable argument was 
presented in favour of this change, the term 
'retinoids' is used to refer to the compounds 
considered in this handbook, as there is no 
single universally accepted definition of 
retinoids. Usage and abbreviations of retinoids 
are shown in Table 1. 

have the biological activity of retinol. Retinoic 
acid contains a carboxyl group in place of the 
primary alcohol group of retinol. 

The initial numbering system of the IUPAC 
(International Union of Pure and Applied 
Chemistry) for the 20 carbon atoms in retinol 
and retinoic acid, in keeping with the system-
atic convention of organic chemistry, started 
with 1 at the carboxyl group. This terminology 
proved to be awkward, however, inasmuch as 
the IUPAC-approved number of the 
corresponding carbon atom in the biological 
precursor of retinol and retinoic acid, all-trans-
3-carotene, was 15 (IUPAC Commission on the 
Nomenclature of Biological Chemistry, 1960). 
A nomenclature in which the trimethylcyclo-
hexane ring of vitamin A was considered as the 
parent compound (IUPAC-IUB Commission on 
Biochemical Nomenclature, 1966) suffered 
from the same drawback. Thus, in more recent 
recommendations of the IUPAC-IUB (Inter-
national Union of Biochemistry) Joint 
Commission on Biochemical Nomenclature, 
the oxygen-bearing carbon in retinol and 
retinoic acid was labelled C-15 and the 
gem-dimethyl carbon atom in the 13-ionone ring 
was called C-1 (IUPAC-IUB Joint Commission  

2. 	Endogenous metabolism of 
retinoids 

Since retinoic acid is both a naturally occuring 
retinoid and a pharmacological agent that may 
be effective in preventing and/or treating can-
cer, both its endogenous or physiological 
metabolism and its metabolism after adminis-
tration as a pharmacological agent must be 
considered. The endogenous metabolism of 
all-trans-, 13-cis- and 9-cis-retinoic acid is 
considered mainly in this section, whereas the 
metabolism of each isomer that is relevant to 
its pharmacological use is considered in the 
individual handbooks. 

Most of the information on the synthesis 
and oxidation of retinoic acid is derived from 
studies carried out in animal models. The studies 
in humans consist mainly of metabolic studies 
of the uptake, plasma turnover and/or metabo-
lism of physiological or pharmacological doses 
or biochemical studies of the enzymes or 
processes responsible for the formation Or 
oxidation of retinoic acid in human tissues or 
cultured cells. Comparisons of the results of 
metabolic studies in humans and in animal 
models show marked differences in metabolite 
profiles, but biochemical investigations of 
enzymes and enzymatic processes that are 
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important for retinoic acid formation and/or 
metabolism suggest that they do not differ 
widely in humans and other higher animals. 
Thus, although humans and species such as the 
rat and mouse probably have similar enzyma-
tic pathways for retinoic acid synthesis and oxi-
dation, there are probably important differ-
ences in how the pathways are regulated and 
how balances between them are maintained. 

2.1 	Studies in humans 
2. 1.1 Metabolism 
It is generally accepted that all-trans-retinoic 
acid facilitates most of the gene-modulating 
actions of vitamin A in humans. Other natural 
forms of retinoic acid, including all-trans-3,4-
didehydroretinoic acid and all-trans-4-oxo-
retinoic acid, can also induce retinoic acid 
receptor (RAR) trans-activation in vitro, and 
these forms of retinoic acid are probably impor-
tant for facilitating the effects of retinoids in 
birds and amphibians in vivo (Hofmann & 
Eichele, 1994; Mangelsdorf et al., 1994). 
Moreover, 9-cis-retinoic acid is the putative 
physiological ligand for the retinoid X receptor 
(RXR) nuclear receptors. 13-cis-Retinoic acid, 
which only weakly activates transcription 
(Mangelsdorf et al., 1994), is found in human 
and animal tissues and blood (Blaner & Olson, 
1994). All of these forms of retinoic acid are in 
large part derived from all-trans-retinol (vita-
min A or vitamin A alcohol). A hypothetical 
metabolic scheme for the formation of these 
active retinoic acid forms from all-trans-retinol 
is shown in Figure 1, which provides a frame-
work for the metabolism and transport of all-
trans-, 13-cis- and 9-cis-retinoic acid. 

It is generally believed that the synthesis of 
retinoic acid initially involves the oxidation of 
retinol to retinal, catalysed by a number of 
alcohol dehydrogenases which, because they 
can use retinol as a substrate, are referred to 
subsequently as 'retinol dehydrogenases'. The 
retinal formed through the action of a retinol 
dehydrogenase undergoes subsequent oxida-
tion to retinoic acid with one of several alde-
hyde dehydrogenases, which are also referred 
to as retinal dehydrogenase because of their 
substrate preference. The oxidative metabolism 
of retinoic acid is not solely deactivating since  

both the 4-hydroxy and 4-oxo derivatives of 
retinoic acid show activity in trans-activation 
assays. The metabolism is, however, catabolic, 
since many of the oxidized metabolites of all-
trans-retinoic acid are excreted. 

Numerous enzymes have been proposed to 
be involved in the synthesis and oxidative 
metabolism of retinoic acid (Table 2). 

2.1.1.1 Biosynthesis of all-trans-retinoic acid-
Oxidation of retinol 

The identity of the enzymes in humans that 
catalyse the formation of all-trans-retinal from 
all-trans-retinol, the first of the two oxidative 
steps in the formation of retinoic acid, has not 
yet been established unequivocally, and it is 
unknown whether only some or all of the 
enzymes described in the literature as impor-
tant are indeed physiologically essential in 
humans. In vitro, all-trans-retinol is oxidized to 
all-trans-retinoic acid by multiple enzymes pre-
sent in the cytosol or in microsomes (Duester, 
1996; Napoli, 1996). The cytosolic enzymes 
that catalyse retinol oxidation have been iden-
tified as alcohol dehydrogenases (ADHs) with 
40-kDa subunits (Boleda et al., 1993). These 
medium-chain ADHs are encoded in humans 
by nine genes. The ADH isoenzymes have been 
grouped into six classes on the basis of their 
catalytic properties and primary structures. All 
the members of this enzyme family are dimeric 
zinc metalloenzymes that require NAD to 
catalyse the oxidation of a variety of primary, 
secondary and cyclic alcohols (Jornvall & 
Hoog, 1995). Several human and rat ADH 
isozymes (classes I, II and IV) oxidize retinol to 
retinal in vitro (Duester, 1996; Napoli, 1996). 
The class IV ADH human isozyme (ADH4) is 
the most efficient catalyser of retinol oxidation 
(Yang et al., 1994) and consequently has been 
proposed to contribute importantly to retinoic 
acid biosynthesis in vivo. 

all-trans-Retinol and 9-cis-retinol, but not 
13-cis-retinol, are good substrates for human 
ADH4, and the apparent Km  values for the 
reverse (reduction) reactions were very similar 
to those determined for the two retinol isomers 
(Allali-Hassani et al., 1998). Kedishvili et al. 
(1998) used purified recombinant human 
ADH4 and purified recombinant rat cellular 
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Figure 1. Hypothetical scheme for the metabolism of all-trans-retinol 

Although all of the metabolic interconversions of vitamin A species indicated in this scheme have not been unequivocally demon-
strated experimentally, they have been postulated to take place in some living organism. The reader should focus on the metabolic 
transformations described in the text, which are those most extensively studied and involve oxidative metabolism of retinol to 
retinoic acid and oxidative and conjugative transformation of retinoic acid to more polar metabolites. The cis—trans isomerizations 
proposed in the figure are less well understood. 
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Table 2. Nomenclature and abbreviations of enzymes proposed to be involved in the 
metabolism of retinoic acid 

Enzyme Abbreviation Reference 

Oxidation of retinol 
Short-chain dehydrogenase/reductase SCDR Jörnvall & Höôg (1995) 
Medium-chain alcohol dehydrogenases ADH Jôrnvail at at (1995) 
Retinal dehydrogenase, type I R0DH(l) Boerman & Napoli (1995) 
Retinol dehydrogenase, type Il R0DH(Il) Chai at at (1995) 
Retinal dehydrogenase, type Ill RaDI-I(lll) Chai et al. (1996) 
Retinal dehydrogenase, type IV RoDH-4 Gough et al. (1998) 
Retinal short-chain dehydrogenase/reductase RetSDR1 Haeseleer at aL (1998) 
9-cis-Retlnol dehydrogenase 9CRDH Mertz at al. (1997) 
11-ois-Retinol dehydrogenase 11cRDH Saari (1994) 
cis-Retinol/3-hydroxysteroid dehydrogenase, I CRADI Chai at at (1997) 
cis-Retinol/3Œ-hydroxysteroid II dehydrogenase, II CRADII Su at at (1998) 
Alcohol dehydrogenase, class I ADH1 Jôrnvall & HôÔg (1995) 
Alcohol dehydrogenase, class Ill ADH3 JOrnvall & Haag (1995) 
Alcohol dehydrogenase, class IV ADH4 JôrnvaIl & Haag (1995) 

Oxidation of retinal 
Liver aldehyde dehydrogenase ALDH1 Bhat & Samaha (1999) 
Retinal dehydrogenase, type I Rai DH(l) El Akawi & Napoli (1994) 
Retinal dehydrogenase, type Il Rai DH(ll) Wang etal. (1996a); 

Niederreither at al. (1997) 
Oxidative metabolism 
Cytochrome P450 26 CYP26 Ray at al. (1997); White eta], 

(1997a); Fujii at al. (1997) 

This list is not comprehensive. The abbreviations given here and used in the text are those coined in the original citation 

retinol-binding protein, type I (CRBP I), to 
demonstrate that retinol bound to CRBP I can-
not be channelled to the active site of ADH4. 
They concluded that the contribution of ADH 
isozymes to retinoic acid biosynthesis depends 
on the amount of free retinol present in a cell. 
Since most retinol within a cell is thought to be 
bound to CRBP I and since human ADH4 cata-
lyses the oxidation of free retinol and not 
retinol bound to CRBP I, the physiological rele-
vance of ADH4 in the formation of retinoic acid 
is questionable (Duester, 1996; Napoli, 1996). 

Other reports indicate that the oxidation of 
all-trans-retinol to all-trans-retinal is catalysed 
by microsomal enzymes that can use all-trans-
retinol bound to CRBP I as a substrate. These 
enzymes are members of the short-chain dehy- 

drogenase/reductase (SCDR) family, over 60 
members of which have been identified. They 
consist of peptides of 28-32 kDa and do not 
require zinc for activity. Many of the members 
of this family are reported to catalyse oxidation 
or reduction of hydroxysteroids and prosta-
glandins (Baker, 1994; Jornvall et al., 1995; 
Baker, 1998). Several of the SCDRs that oxidize 
retinol prefer retinol bound to CRBP I or cellu-
lar retinaldehyde-binding protein as a substrate 
rather than unbound retinol (Saari, 1994; 
Duester, 1996; Napoli, 1996). 

A human liver SCDR with all-trans-retinol 
dehydrogenase activity has been cloned by 
Gough et al. (1998). This NAD -dependent 
enzyme comprises 317 amino acids and has 
strong primary sequence similarity to rat 
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retinol dehydrogenase (R0DH)(I), R0DH(II) and 
R0DH(III). This microsomal protein, designated 
RoDH-4, is expressed strongly in adult liver and 
weakly in the lung and not in heart, brain, pla-
centa, skeletal muscle or pancreas. RoDH-4 has 
also been found to be expressed in human fetal 
liver and lung but not in fetal brain or kidney. 
The apparent Km  values of RoDH-4 for 
5a-androstene-3a, 1 713-diol,  androsterone and 
dihydrotestosterone were reported to be well 
under 1 mmol/L, similar to those of R0DH(I) 
for these hydroxysteroids (Biswas & Russell, 
1997). Gough et al. (1998) further reported that 
all-trans-retinol is a much better substrate for 
RoDH-4 than 13-cis-retinol. all- trans-Retinol 
and 13-cis-retinol bound to CRBP I were 
relatively potent inhibitors of RoDH-4-cata-
lysed androsterone oxidation, whereas 
apo-CRBP I had no effect. Thus, Gough et al. 
(1998) suggested that one enzyme may be 
involved in the metabolism of both steroids 
and retinoids. 

Links between the metabolism of retinoids 
and steroids were first suggested by Biswas and 
Russell (1997), who studied 1713- and 3-hydroxy-
steroid dehydrogenases cloned from rat and 
human prostate and found that the human 
prostate hydroxysteroid dehydrogenase shares 
a high degree of primary sequence homology 
with rat R0DH(I). This observation led the 
investigators to hypothesize that the microso-
mal retinol dehydrogenases might also use 
hydroxysteroids as substrates. Both rat and 
human recombinant R0DH(I) catalyse the oxi-
dation of 5a-androstan-3, 1 7-diol to dihydro-
testosterone, with apparent Km  values of 0.1 
mmol/L, as compared with approximately 2 
mmol/L for rat R0DH(I) for retinol-CRBP I 
(Boerman & Napoli, 1995). 

Chai et al. (199 7) and Su et al. (1998) identi-
fied two previously unknown members of the 
SCDR enzyme family that can use both sterols 
and retinols as substrates. These rat enzymes, 
cis-retinol/3a-hydroxysteroid dehydrogenases 
(CRADs), catalyse the oxidation of cis-retinols. 
The existence of the CRADs adds further weight 
to the suggestion that steroid and retinoid 
metabolism intersects at key multifunctional 
enzymes. 

Haeseleer et al. (1998) cloned a human 
SCDR that can catalyse oxidation of all-trans-
retinol and reduction of all-trans-retinal. This 
enzyme, called 'retinol short-chain dehydroge-
nase/reductase' (retSDRl), was cloned from 
human, bovine and mouse retinal tissue cDNA 
libraries, and the human, bovine and murine 
enzymes show approximately 35% amino acid 
similarity to rat RoDH(I), R0DH(II) and 
RoDH(III). Human retSDRl was found by 
northern blot analysis to be expressed in heart, 
liver, kidney, pancreas and retina. Recombinant 
retSDRl catalyses the reduction of all-trans-reti-
nal but not il-cis-retinal, indicating that it is 
specific for all-trans-retinoids. The authors pro-
posed that one physiological action of retSDRl 
is to reduce the bleached visual pigment, all-
trans-retinal, to all-trans-retinol. 

2.1.1.2 Biosynthesis of all-trans-retinoic acid - 
Oxidation of retinal 

Several distinct cytosolic aldehyde dehydroge-
nases have been identified that catalyse the 
oxidation of retinal to retinoic acid. These 
enzymes show strong preference for NAD as a 
substrate. The irreversible nature of the reaction 
catalysed by these enzymes indicates why 
retinoic acid cannot restore vision in retinol-
deficient animals. Only a few studies of retinal 
oxidation by human aldehyde dehydrogenases 
have been reported. 

The kinetics of a human liver cytosolic alde-
hyde dehydrogenase (ALDH1) for retinal iso-
mers has been explored (Bhat & Samaha, 1999). 
Human ALDH1 shares 87% amino acid identity 
with a rat kidney retinal dehydrogenase 
described previously (Bhat et al., 1995). The 
human isozyme catalyses the oxidation of all-
trans-, 9-cis- and 13-cis-retinal, and all-trans-
retinol was found to be a potent, noncompeti-
tive inhibitor of retinal oxidation. Unlike 
human ALDH1, all-trans-retinol also inhibits 
the rat kidney retinal dehydrogenase homo-
logue, but competitively (Bhat et al., 1995). It 
was therefore suggested that human ALDH1 
and rat kidney aldehyde dehydrogenases have 
different actions in retinal metabolism (Bhat & 
Samaha, 1999). 
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2.1.1.3 Oxidative metabolism of all-trans-retinoic 
acid 

Duell et al. (1996) demonstrated that applica-
tion of all-trans-retinoic acid onto human skin 
markedly increases the activity of retinoic acid 
4-hydroxylase. The inducible 4-hydroxylase 
activity was present in microsomes and could 
catalyse 4-hydroxylation of all-trans-retinoic 
acid but not of 9-cis- or 13-cis-retinoic acid in 
vitro. Neither all-trans-retinol nor all-trans-reti-
nal could compete with all-trans-retinoic acid 
as a substrate for 4-hydroxylase. The inducible 
4-hydroxylase activity was inhibited by addi-
tion of the cytochrome P450 (CYP) inhibitor 
ketoconazole to skin microsomes. 

Han and Choi (1996) reported that treat-
ment of human breast cancer T47-D cells with 
all-trans-retinoic acid induced the activity of 
all-trans-retinoic acid 4- and 18-hydroxylases. 
The induction was time- and dose-dependent 
and appeared to be regulated at the transcrip-
tional level. The retinoic acid-inducible 4- and 
18-hydroxylase activities present in micro-
somes from T47-D cells showed high specificity 
for all-trans-retinoic acid and could be inhibit-
ed by treatment with the GYP inhibitor liara-
zole. On the basis of these and other data, the 
authors suggested that these enzymes are new 
GYP isozymes. 

The metabolism and isomerization of all-
trans- and 9-cis-retinoic acid were studied in 
primary cultures of human umbilical cord 
endothelial cells and in primary human and 
HepG2 hepatocytes by Lansink et al. (1997), 
who observed that all-trans-retinoic acid was 
quickly metabolized by both cell types. all-
trans-Retinoic acid induced its own metabolism 
in endothelial cells but not hepatocytes. 
Liarazole and ketoconazole at 10 mmol/L 
inhibited oxidation of all-trans-retinoic acid in 
both endothelial cells and hepatocytes. 
Interestingly, 9-cis-retinoic acid was degraded 
slowly by endothelial cells, whereas hepato-
cytes metabolized this isomer very quickly. 

White et al. (1997a) cloned a specific human 
GYP isoform that is very rapidly induced with-
in cells and tissues after exposure to all-trans-
retinoic acid. This novel isoform, called CYP26, 
catalyses the oxidative metabolism of the 
retinoic acid. Like the zebrafish enzyme (White  

et al., 1996), with which human CYP26 shares 
68% amino acid identity, CYP26 catalyses 
hydroxylation of all-trans-retinoic acid to its 4-
hydroxy-, 4-oxo- and 18-hydroxy forms (White 
et al., 1997a), and CYP26 mRNA expression in 
human LG-T, MCF-7, HB4 and HepG2 cells was 
strongly induced by retinoic acid. Ray et al. 
(1997) cloned CYP26 from human liver mRNA 
and found that 195 of 200 amino acids were 
identical to those of mouse CYP26. CYP26 is 
expressed in adult human liver, brain and 
placenta (Ray et al., 1997) and also in fetal liver 
and brain (Trofimova-Griffin & Juchau, 1998). 
The highest levels of CYP26 transcription were 
observed in adult liver, heart, pituitary gland, 
adrenal gland, placenta and regions of the 
brain, whereas the fetal brain showed the high-
est level of expression, comparable to that of 
mRNA in adult tissues. 

Sonneveld et al. (1998) demonstrated that 
CYP26 is induced within 1 h of all-trans-
retinoic acid treatment in retinoic acid-sensi-
tive T47-D human breast carcinoma cells but 
not in retinoic acid-resistant MDA-MB-23 1 
human breast cancer cells or HCT 116 human 
colon cancer cells. Stable transfection of RARŒ 
and RAR-y and to a lesser extent RARP into HGT 
116 cells showed that CYP26 induction is 
dependent on these retinoic acid nuclear recep-
tors. Retinoic acid-induced CYP26 is highly spe-
cific for the hydroxylation of all-trans-retinoic 
acid and does not recognize either 13-cis- or 9-
cis-retinoic acid. 

Induction of oxidative metabolism of all-
trans-retinoic acid in MCF-7 mammary carcinoma 
cells within 1 h of treatment with all-trans-
retinoic acid at 10-1  to 10-6 mol/L was reported 
by Krekels et al. (1997). The apparent Km  value 
of the induced activity for all-trans-retinoic acid 
was 0.33 mmol/L, and the activity was 
observed after treatment of MCF-7 cells with 
13-cis- and 9-cis-retinoic acid and several keto 
forms of retinoic acid. 

all-trans-Retinoic acid induced its own 
oxidative metabolism in four of eight human 
squamous-cell carcinoma lines examined (Kim 
et al., 1998). Induction was blocked by actino-
mycin D or cyclohexamide and was inhibited 
by the addition of ketoconazole, suggesting 
involvement of a GYP isozyme. The authors 
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further reported that the metabolism was first 
detectable within 4 h of retinoic acid treatment 
and that 13-cis- and 9-cis-retinoic acid and all-
trans-retinal also effectively induced GYP-medi-
ated oxidative metabolism. Like Krekels et al. 
(1997), Kim et al. (1998) were probably explor-
ing the actions of CYP26 or a closely related iso-
form. 

A link between the GYP-catalysed oxidation 
of all-trans-retinoic acid and human disease was 
proposed by Rigas et al. (1993, 1996), who 
observed marked interindividual differences in 
the pharmacokinetics of all-trans-retinoic acid 
in patients with non-small-cell lung cancer. 
Initial studies indicated that patients who 
rapidly cleared all-trans-retinoic acid from their 
plasma also had significantly lower endoge-
nous plasma concentrations of this compound 
than persons who cleared it from their circula-
tion more slowly. Since administration of keto-
conazole, a GYP inhibitor, attenuated all-trans-
retinoic acid plasma clearance, these authors 
concluded that rapid plasma clearance was 
probably catalysed by a GYP-dependent oxida-
tive pathway. 

2.1.1.4 Other metabolism of all-trans-retinoic acid 
Other metabolites of all-trans-retinoic acid gen-
erated in vivo include 13-cis-retinoic acid, 9-cis-
retinoic acid, all-trans-retinoyl-J -glucuronide 
and all-trans-3,4-didehydroretinoic acid (Blaner 
& Olson, 1994). Some of these metabolites 
mediate retinoic acid function, whereas others 
are probably catabolic products destined for 
export from the body. This section focuses pri-
marily on the conjugated metabolite all-trans-
retinoyl-13-glucuronide, which is water-soluble 
and appears rapidly in the bile of animals given 
the parent compound, suggesting that it is a 
catabolic product of all-trans-retinoic acid des-
tined for elimination from the body. all-frans-
Retinoyl-f3-glucuronide also induces retinoic 
acid-dependent differentiation of some human 
cell lines in culture. It is less toxic than the par-
ent compound. Its synthesis appears to be 
catalysed by several distinct microsomal UDP-
dependent glucuronyl transferases. As most 
tissues contain 3-glucuronidases that can 
hydrolyse retinoyl-3-glucuronide to retinoic 
acid, the water-soluble all-trans-retinoyl-13-glu- 

curonide may in some instances serve as a pre-
cursor for retinoic acid. 

all-trans-Retinoyl--glucuronide is present 
in fasting human plasma at a concentration of 
5-17 nmol/L (Barua & Olson, 1986). Eckhoff et 
al. (1991) reported the presence of both all-
trans-4-oxoretinoic acid and 13-cis-4-oxo-
retinoic acid in the plasma of volunteers given 
retinyl palmitate at 0.88 mmol/kg body weight 
orally for 20 days and showed that 4-oxygenated 
derivatives of retinoic acid were present in the 
human plasma before, during and after daily 
treatment. Similar observations were made 
after administration of 13-cis-retinoic acid 
(Creech Kraft et al., 1991a). 

Although some retinoyl-13-glucuronides are 
destined for excretion from the body, retinoyl-
0-glucuronide can induce human promyelocyt-
ic HL-60 cell differentiation in vitro (Janick-
Buckner et al., 1991). Although it is a good 
inducer of cellular differentiation in vitro 
(Gallup et al., 1987; Zile et al., 1987; Janick-
Buckner et al., 1991) and in vivo (Sietsema & 
DeLuca, 1982), it does not bind to cellular 
retinoid-binding proteins or to nuclear retinoid 
receptors (Mehta et al., 1992; Sani et al., 1992). 
It is either hydrolysed to retinoic acid or 
induces differentiation by transferring its 
retinoyl moiety to a retinoid nuclear receptor 
(Olson et al., 1992). 

The metabolic basis of the limited toxicity 
of all-trans-retinoyl--glucuronide to the skin, 
to embryonic development and to cells in 
tissue culture in comparison with that of 
all-trans-retinoic acid may be due in part to its 
solubility in water (Janick-Buckner et al., 1991; 
Gunning et al., 1993). Whereas retinoyl-13-
glucuronide undergoes slow hydrolysis in vivo, 
retinoy1-3-glucose, a synthetic conjugate, is 
hydrolysed rapidly to retinoic acid in vivo and is 
therefore both cytotoxic and teratogenic (Barua 
et al., 1991; Janick-Buckner et al., 1991). Thus, 
13-glycosidases appear to be less compartmental-
ized than 3-glucuronidases. 

2.1.1.5 Biosynthesis of 13-cis-retinoic acid 
Figure 1 summarizes the hypothetical metabolic 
pathways that can give rise to 13-cis-retinoic 
acid. Since there is little evidence that 13-cis-
retinol or 13-cis-retinal is present in tissues or 
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cells, it is generally assumed that 13-cis-retinoic 
acid is formed from isomerization of all-trans-
retinoic acid or 9-cis-retinoic acid. The absence 
of data on the biosynthesis of this compound 
cannot, however, be taken as evidence that it is 
formed only by isomerization of other retinoic 
acid isomers. 

13-cis-Retinoic acid is formed in humans 
after consumption of vitamin A. The concen-
trations of all-trans-, 13-cis- and 13-cis-4-oxo-
retinoic acid in the plasma of 20 volunteers 
after a single oral dose of retinyl palmitate at 
0.87 mmol/kg body weight rose two- to four-
fold, with maximal concentrations 1.5-6 h 
after dosing. When the volunteers were dosed 
daily for 20 days, the plasma concentrations of 
all-trans- and 13-cis-retinoic acid rose transiently 
but returned to the initial concentrations after 
20 days, whereas the plasma concentrations of 
13-cis-4-oxo-retinoic acid increased gradually 
over the 20-day period to a steady-state con-
centration which was approximately three 
times that present at day O (Eckhoff et al., 
1991). In human subjects given physiological 
or pharmacological doses of retinyl palmitate 
orally, the plasma concentrations of all-trans-
and 13-cis-retinoic acid rose 1.3- and 1.9-fold, 
respectively (Tang & Russell, 1991). 

2.1.1.6 Biosynthesis of 9-cis-retinoic acid 
Any factor that influences the availability of 9-
cis-retinoic acid to or within a cell affects 
retinoic acid signalling pathways and cellular 
responses. Little is known about how 9-cis-
retinoid isomers are formed, although the 
mechanism of isomerization of all-trans-
retinoids to 11-cis-retinoid isomers in the 
visual process is now well established to be 
catalysed by a specific enzyme. In the visual 
cycle, trans to 1 1-cis isomerization takes place at 
the level of retinal and not of retinaldehyde 
(Saari, 1994). Since the first reports in 1992 that 
9-cis-retinoic acid is a ligand for the RXRs, 
possible pathways for 9-cis-retinoic acid forma-
tion have been explored, and three pathways 
have been proposed (Figure 2): isomerization of 
all-trans-retinoic acid, probably through non-
enzymatic processes; enzymatic oxidation of 
9-cis-retinol by a pathway similar to the oxida-
tion of all-trans-retinol to all-trans-retinoic acid; 

and cleavage of 9-cis-13-carotene or other 9-cis-
carotenoids either to 9-cis-retinal and all-trans-
retinal followed by oxidation or possibly directly 
to 9-cis-retinoic acid. 

Humans appear to form 9-cis-retinoic acid 
after eating a meal rich in preformed vitamin A 
(Arnhold et al., 1996). Significant quantities of 
both 9-cis-retinoic acid and 9,13,-di-cis-retinoic 
acid were present in the circulation after con-
sumption of a retinoid-rich meal (Table 3). The 
mean maximum concentration at peak absorp-
tion (at 4 h) was 9 ± 3.7 nmol/L for 9-cis-
retinoic acid and 57 ± 19 nmol/L for 9,13-di-cis-
retinoic acid; the integrated area under the 
curve of concentration—time was 11 ± 3.4 ng-
html for 9-cis-retinoic acid and 68 ± 22 ng-h/ml 
for 9,13-di-cis-retinoic acid. Intravenous doses 
of 9,13-di-cis-retinoic acid substantially 
increase the concentration of 9-cis-retinoic acid 
in rats (see Handbook 3, section 3.2), which 
suggests that 9,13-di-cis-retinoic acid can serve 
as a precursor for 9-cis-retinoic acid rather than 
solely as a catabolic product destined for excre-
tion from the body. 

9-cis-Retinoic acid can be formed non-enzy-
matically in isolated human cells and 
homogenates from all-trans-retinoic acid. 
Lansink et al. (1997) studied the metabolism of 
this compound in primary cultures of human 
umbilical cord endothelial cells, primary 
human hepatocytes and human HepG2 hepa-
tocytes and found that hepatocytes and HepG2 
cells but not endothelial cells isomerized all-
trans-retinoic acid to 9-cis-retinoic acid. Mertz 
et al. (1997) identified and cloned from a 
human mammary tissue an NAD-dependent 
retinol dehydrogenase (9-cis-retinol dehydroge-
nase) which specifically oxidizes 9-cis-retinol 
and not all-trans-retinol. 9-cis-Retinol dehydro-
genase, a member of the SCDR family, is 
expressed in adult human mammary tissue, 
kidney, liver, and testis and during the first 
trimester of pregnancy in several human embry-
onic tissues, including brain, kidney and adrenals. 

9-cis-f3-Carotene can be converted via 9-cis-
retinal to 9-cis-retinoic acid (Ben-Amotz et al., 
1988; Levin & Mokady, 1994; Nagao & Olson, 
1994; Hébuterne et al., 1995). You et al. (1996) 
found that very little radiolabel from oral 
doses of [13C]9-cis-3-carotene was present in 
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Figure 2. Hypothetical scheme for the synthesis of 9-cis-retinoic acid 
As outlined in the text, three pathways have been proposed for the formation of 9-cis-retinoic acid: isomerization from alI-trans-
retinoic acid, oxidation of 9-cis-retinol and 9-cis-retinal and cleavage of 9-cis-13-carotene. It is not known to what extent each of 
these three routes contributes to 9-cis-retinoic acid formation in tissues. 

postprandial plasma, and nearly all of the 
administered compound was found in the cir-
culation as all-trans-f3-carotene; cis to trans iso-
merization took place exclusively before uptake 
by the intestinal mucosa. 

2.1.2 Plasma transport and kinetics 
A small percentage of dietary vitamin A is 
converted to all-trans- and 13-cis-retinoic acid 
in the intestine and is absorbed through the 
portal system as retinoic acid bound to albumin 
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Table 3. Plasma retinoid concentrations after consumption of fried turkey liver by healthy 
male volunteersa 

Retinoid Cend Cmax  T AUCc.24 h 
(ng/mL) (ng/mL) (h) (ng x hImL) 

Retinol 641 ± 99 800 t 105* 9 16 822 t 1982 

Retinyl palmitate" 32.2 ±19.1 3540 ± 1736* 4 21114 t 7952 

14-Hydroxy-4,14-retroretlnol C  37 ± 0.9 4 61.7 ± 9.0 

alltrans-Retinoic acid 0.8 ± 0.2 2.0 t 0.5* 2 19.7 ± 1.7 

all-trans-4-Oxoretlrioîc acid C  0.8 ± 0.2 10 14.7 t 6.4 

13-cis-Retinoic acid 1.1 ± 0.2 21.5 ± 4.3' 4 204 ± 35.3 

1 3-cis-4-Oxoretiriolc acid 2.4 ± 0.6 32.1 ± 4.9" 10 435 t 68.5 

9-cis-Retinoic acid NDd 2.7±1.1 4 10.7± 3.4 

9,13-Di-cis-retinoic acid NDd 17.1 t 5.8 4 682 t 21.6 

From Arnhold et aL (1996) 

a Value for Cd Cm , and AUC24 h  are means t SD; those for Tmax  in = 10) are medians. 
L' Data calculated with n = 9 owing to one outlier (C,, = 14 106 ng/mL, and AUC-24 h = 104 858 ng x htmL). 
° Endogenously detectable in three samples only; 1.3 ± 0.2 ng/mL (for 14-hydroxy-4,14-retroretinol) and 0.6 ± 0.3 ng/mL (for 

all-trans-4-oxo retinoic acid) 
d Not detectable; detection limit; 03 ng/mL for 9-cis-retinoic acid and 0.5 ng/mL for 9,1 3-di-cis-retinoic acid 
* Significantly greater than Cend (p < 0.001, Student's t test for paired data) 

(Olson, 1990; Blaner & Olson, 1994). The plas-
ma concentration of all-trans-retinoic acid in 
fasting humans is 4-14 nmol/L, which is 
0.2-0.7% of the plasma concentration of 
retinol (De Leenheer et al., 1982; Eckhoff & 
Nau, 1990). Retinoic acid can be taken up 
efficiently from the circulation by cells, 
although no specific cell surface receptor is 
known. all-trans-Retinoic acid is fully ionized in 
free solution at pH 7.4 but is uncharged in a 
lipid environment (Noy, 1992a,b). It can tra-
verse cell membranes rapidly. 

2.1.3 Tissue distribution and variations 
within human populations 

Little information is available about the con-
centrations and distribution in human tissues 
of all-trans-, 13-cis- and 9-cis-retinoic acid, 
primarily because of the difficulty in measuring 
the relatively low concentrations of all-trans-
retinoic acid in tissues. The extent to which 
diet, sex or other factors influence the 
physiological transport or metabolism of these 

compounds in humans is unclear. The work of 
Muindi et al. (1992) and Rigas et al. (1993, 
1996) suggests that some cancer patients clear 
pharmacological doses of all-trans-retinoic 
acid from their circulation more rapidly than 
controls because of differences in the CYP-
mediated oxidative metabolism of the retinoic 
acid. 

2.2 	Experimental models 
2.2.1 Overview 
Most studies of the transport and metabolism 
of retinoic acid have been carried out in rats; 
others have been carried out in mice, rabbits 
and primates. None of these animal models 
fully mimics the human situation. 

2.2.2 Metabolism 
Much of the early information on the enzymes 
responsible for retinol oxidation was obtained 
by studying enzymatic activity in tissue 
homogenates or fractionated homogenates or 
in cells in culture. Since 1990, an increasing 
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number of enzymes have been studied in vitro 
and proposed to act in vivo as retinol dehydro-
genases. The increase is due in part to the devel-
opment of cloning strategies based on searches 
for sequence homology to identify previously 
unknown retinol dehydrogenases. Because 
nearly all of the enzymes that have been iden-
tified by either classical or more modern 
approaches as retinol dehydrogenases do not 
show absolute substrate specificity for retinol, it 
is difficult to demonstrate unequivocally that a 
'retinol dehydrogenase' actually catalyses 
retinol oxidation in vivo. 

As only a few enzymes that catalyse the 
oxidation of retinal to retinoic acid have been 
described, there is generally greater agreement 
on their physiological significance in retinoic 
acid formation than is the case for retinol dehy-
drogenases. 

The oxidative metabolism of retinoic acid 
was actively investigated nearly two decades 
ago, when many oxidative metabolites of 
retinoic acid were identified. Renewed interest 
in this area stems from the finding that the 
oxidative metabolism of retinoic acid plays an 
important role in strictly maintaining its tissue 
and blood concentrations. It is now believed 
that specific CYP isoenzymes are involved in 
the metabolism of retinoic acid and are impor-
tant in maintaining it. Moreover, it is now 
generally assumed that the oxidative metabo-
lism of retinoic acid is a significant factor in its 
chemopreventive activity. 

2.2.2.1 Biosynthesis of all-trans-retinoic acid - 
Oxidation of retinol 

Enzymes of two distinct families, the ADHs and 
the SCDR5, are considered to be important in 
catalysing the oxidation of retinol (see section 
2.1.1.1). 

Although the relatively nonspecific cytosolic 
ADH of liver can catalyse the oxidation of 
retinol to retinal (Zachman & Olson, 1961; 
Mezey & Holt, 1971), the physiological role of 
this enzyme in the conversion of retinol to 
retinoic acid is still debated (Duester, 1996; 
Napoli, 1996). Early research on retinol oxida-
tion focused mainly on cytosolic retinol 
dehydrogenases, but by the mid-1980s micro-
somal retinol dehydrogenases were also being  

investigated (Frolik, 1984; Blaner & Olson, 
1994). Leo and Lieber (1984) described a strain 
of deermice which genetically lack cytosolic 
ADH in the liver and testis and reported that 
cytosolic preparations from these organs were 
unable to oxidize retinol to retinal at a signifi-
cant rate, even though the testes of these 
animals were morphologically normal and the 
animals could reproduce normally. Later 
studies by these investigators indicated that the 
livers of this strain have a microsomal retinol 
dehydrogenase (Leo et al., 1987). When cytoso-
lic fractions from the testis of these ADH-
deficient animals were incubated with microso-
mal fractions of liver, all-trans-retinoic acid was 
formed from all-trans-retinol (Kim et al., 1992), 
and retinal was shown to be an intermediate in 
this process. In contrast, Posch and Napoli 
(1992) found that cytosolic preparations from 
the testis of the deermice could convert 
all-trans-retinol into all-trans-retinoic acid. 
When these cytosolic preparations were frac-
tionated by anion-exchange fast-proton liquid 
chromatography followed by size-exclusion 
fast-proton liquid chromatography, the peaks 
for retinol and retinal dehydrogenase activity 
co-migrated. Thus, the enzymes that can syn-
thesize retinoic acid from exogenous retinol 
seemed to reside in a tightly bound 
protein—protein complex. 

Because inhibitors of alcohol and acetalde-
hyde metabolism do not block retinoic acid 
synthesis from retinol in LLC-PK1 porcine 
kidney cells, Napoli (1986) concluded that the 
enzymes involved in the formation of retinoic 
acid in these cells are distinct from ADH, ALDH 
and aldehyde oxidase. Napoli and Race (1988) 
demonstrated the oxidation of free retinol (not 
bound to CRBP I) to retinal by cytosolic, but 
not by microsomal, preparations of rat liver 
and kidney. In soluble extracts of hairless-
mouse epidermis, retinol is oxidized to retinoic 
acid in two steps, which are catalysed by two 
NAD -dependent enzymes (Connor & Smit, 
1987). The retinol oxidizing enzyme had char-
acteristics of a cytosolic ADH, whereas the 
retinaldehyde oxidizing activity was not 
further characterized. An NADP -dependent 
oxidase in rat liver microsomes converts retinol 
to retinal (Shih & Hill, 1991); this oxidase was 
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induced by 3-methylcholanthrene and inhibited 
by citral, ketoconazole and Œ-naphthoflavone, 
but was unaffected by the dehydrogenase 
inhibitor pyrazole. 

Several membrane-bound dehydrogenases 
catalyse this oxidation-reduction reaction in 
ocular tissue, and one such enzyme, present in 
the rod outer segments, catalyses the intercon-
version of all-trans-retinol and all-trans-retinal 
(Lion et al., 1975; Blaner & Churchich, 1980; 
Nicotra & Livrea, 1982). In the retinal pigment 
epithelium, a different membrane-bound 
dehydrogenase was reported to catalyse the 
stereospecific interconversion of 11-cis-retinol 
and 11-cis-retinal (Lion et al., 1975; Nicotra & 
Livrea, 1976), and 11-cis-retinal bound to 
cellular retinal-binding protein is reduced by 
this enzyme to 11-cis-retinol (Saari & Bredberg, 
1982). Although soluble ADHs are present in 
the eye, they may not play a major role in 
retinoid metabolism (Nicotra & Livrea, 1976; 
Julia etal., 1986). The eye needs 1 1-cis-retinal as 
the visual pigment and all-trans-retinoic acid to 
maintain normal retinoid-regulated gene 
expression. Cultured rabbit Muller cells can 
synthesize retinoic acid from [3H]retinol 
(Edwards et al., 1992). Thus, some cells of the 
adult vertebrate retina can synthesize retinoic 
acid from retinol and release retinoic acid into 
the extracellular environment. 

(j) Cytosolic retinol dehydrogenases 
In rat and mouse tissues, all-trans-retinol can 

be oxidized to all-trans-retinoic acid by 
multiple enzymes present in the cytosol or in 
microsomes (Duester, 1996; Napoli, 1996; see 
section 2.1.1.1), and it has been proposed that 
ADH4 contributes importantly to retinoic acid 
biosynthesis in vivo. Ang et al. (1996a,b) 
demonstrated in developing mouse embryos 
that the pattern of expression of ADH4 overlaps 
both temporally and spatially with the distrib-
ution of retinoic acid in the embryo. 
Investigations of the expression of ADH1 and 
ADH4 in developing mouse embryos demon-
strated that both isoforms are present in day-
11.5 adrenal blastemas (Haselbeck & Duester, 
1998a). The presence of both ADH1 and ADH4 
during the earliest stages of adrenal gland 
development and the observation of high con- 

centrations of retinoic acid in embryonic 
adrenal glands (Haselbeck et al., 1997) suggest 
that an early function of ADH1 and ADH4 is to 
provide an embryonic source of retinoic acid 
(Haselbeck & Duester, 1998a). Investigations 
with ADH4-!acZ transgenic mice showed that 
ADH4 expression is located in the brain and 
craniofacial region of the embryo as early as 
days 8.5-9.5, during neuroregulation. At day 
8.5, ADH4-!acZ expression was seen in several 
dispersed regions throughout the head, but by 
day 9.5 expression was evident in regions that 
corresponded to the otic vesicles and migrating 
neural crest cells, particularly the mesencephalic, 
trigeminal, facial and olfactory neural crest 
(Haselbeck & Duester, 1998b). 

(ii) Microsomal dehydrogenases 
Oxidation of all-trans-retinol to all-trans-reti-

nal is catalysed by microsomal enzymes that 
can use all-trans-retinol bound to CRBP I as a 
substrate. These microsomal enzymes are mem-
bers of the SCDR family Of enzymes (see above). 
Three retinol dehydrogenases, R0DH(I), 
R0DH(II) and R0DH(III), have been cloned and 
characterized from rat microsomes (Posch et al., 
1991; Boerman & Napoli, 1995; Chai et al., 
1995, 1996), each of which recognizes all-trans-
retinol bound to CRBP I as a substrate. Since 
most retinol within cells is bound to CRBP I, 
this substrate specificity suggests that these 
enzymes are physiologically relevant for retinol 
oxidation. The three enzymes are 82% identical 
and very similar to other members of the SCDR 
family. Each requires NADP and is expressed 
most prominently in liver. R0DH(I) is the best 
studied isoform and is present in kidney, brain, 
lung and testis but at concentrations less than 
1% that in liver. R0DH(II) is also expressed in 
kidney, brain, lung and testis, at concentrations 
25, 8, 4 and 3%, respectively, of that in liver, 
whereas R0DH(III) is expressed only in liver 
(Chai et al., 1996). R0DH(I) does not use 
9-cis-retinol as a substrate (Posch et al., 1991; 
Boerman & Napoli, 1995); the substrate 
specificities of R0DH(II) and RoDH(III) for 
different retinol isomers have not been reported. 
These three enzymes are probably involved in 
the oxidation of all-trans-retinol to all-trans-
retinal, the first step in retinoic acid formation. 
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Zhai et al. (1997) demonstrated that CRBP I 
mENA and mRNA for R0DH(I) and R0DH(II) 
are co-expressed in adult rat hepatocytes and in 
the proximal tubules of rat renal cortex. CRBP I 
and R0DH(I) and R0DH(II) were also 
co-expressed in rat testicular Sertoli cells with 
weaker co-expression in spermatogonia and 
primary spermatocytes. Since CRBP I and 
RoDH(I) and/or R0DH(II) are expressed in the 
same cellular loci in vivo, the authors suggested 
that their data support the hypothesis that 
holo-CRBP I serves as a substrate for RoDH 
isozyme-catalysed retinoic acid synthesis. 

Rat R0DH(II) has been characterized by 
Imaoka et al. (1998) as a binding protein that is 
associated with CYP2D1 in the liver. After iso-
lating and cDNA cloning the protein, these 
workers purified the same protein described by 
Chai et al. (1995) and demonstrated that 
recombinant R0DH(II) binds tightly to CYP2D1 
even in the presence of 1% sodium cholate. 
Since CYP2D1 contributes to steroid metabo-
lism and can hydroxylate testosterone, oestro-
gen and cortisol, it was suggested that the bind-
ing of R0DH(II) to CYP2D1 is important in the 
metabolism of diverse bioactive substances 
including retinoids and steroids. Links between 
the metabolism of retinoids and steroids were 
first reported by Biswas and Russell (1997; see 
section 2.1.1.1). 

Members of the ADH family can also cata-
lyse both retinol and hydroxysteroid oxidation 
(Kedishvili et al., 1997). cDNAs encoding for a 
class III ADH and a previously unknown ADH 
were cloned from chick embryo limb bud and 
heart RNA. The previously unknown ADH 
cDNA clone exhibited 67 and 68% sequence 
identity with chicken class I and III ADHs, 
respectively, and had less identity with mam-
malian class II and IV ADH isozymes. 
Expression of this cDNA yielded an active ADH 
species that was stereospecific for the 3,5a-
hydroxysteroids as opposed to 33,53-hydroxy-
steroids, and this cytosolic enzyme catalysed 
retinol oxidation with an apparent Km  of 56 
mmol/L for all-trans-retinol, as compared with 
a Km  of 31 mmol/L for epiandrosterone. Thus, 
like members of the SCDR family, ADH 
enzymes can catalyse reactions involving both 
steroids and retinoids. 

2.2.2.2 Biosynthesis of all-trans-retinoic acid—
Oxidation of retinal 

Moffa et al. (19 70) partially purified an enzyme 
from intestinal mucosa that converted retinal 
to retinoic acid and found that it was stimulat-
ed by glutathione, NAD and FADr; it had an 
apparent Km  of 0.3 mmol/L for retinal. Since 
cellular retinal concentrations are less than 0.1 
mmol/L (McCormick & Napoli, 1982; Williams 
et al., 1984), this enzyme may have limited 
physiological importance. Cytosols of rat 
kidney, testis and lung cells also can catalyse 
the oxidation of retinal to retinoic acid (Bhat et 
al., 1988a,b). Leo et al. (1989a) demonstrated 
that a cytosolic NAD -utilizing aldehyde dehy-
drogenase activity in rat tissues catalysed the 
oxidation of retinal to retinoic acid. Hupert et 
al. (1991) reported that an enzyme present in 
rat liver cytosol is responsible for the formation 
of retinoic acid from retinal. 

Lee et al. (1991) explored the ability of the 
13 ALDHs in mouse tissues to catalyse oxida-
tion of all-trans-retinal to all-trans-retinoic acid. 
Three of the six ALDHs present in mouse liver 
cytosol, ALDH-2, ALDH-7 and xanthine 
oxidase, catalysed this oxidation. ALDH-2 was 
estimated to catalyse about 95% of retinalde-
hyde oxidation to retinoic acid in the liver. The 
apparent Km  of ALDH-2 for all-trans-retinal was 
0.7 mmol/L. Since none of the ALDH present in 
the particulate fractions of mouse liver could 
catalyse significant retinaldehyde oxidation, 
the authors concluded that the enzymes 
responsible for retinoic acid formation from 
retinal are cytosolic, NAD -linked, non-sub-
strate-specific dehydrogenases. 

Bhat et al. (1988a,b) and Labrecque et al. 
(1993, 1995) purified the cytosolic retinal 
dehydrogenase present in rat kidney. The 
purified enzyme (subunit relative molecular 
mass of 53 kDa) is NAD -dependent and cataly-
ses the oxidation of both all-trans- and 
9-cis-retinal to the corresponding retinoic acid 
isomer. The rat kidney cytosolic ALDH had 
typical Michaelis-Menten kinetics towards 
all-trans-retinal, with an apparent Km  of 8-10 
mmol/L, whereas the apparent Km  for 9-cis-
retinol is 5.7 mmol/L. The rat kidney ALDH was 
subsequently cloned by Bhat et al. (1995), who 
found that its amino acid sequence was very 
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similar to those of other cytosolic ALDHs 
cloned from rat, mouse and human livers. The 
enzyme is also strongly expressed in rat lung, 
testis, intestine, stomach and trachea. Initially, 
the relevant cDNA was used to define the pattern 
of expression of this ALDH in fetal and adult rat 
kidney (Bhat et al., 1998), but Bhat (1998) sub-
sequently investigated its expression in the 
stomach and small intestine of rats during post-
natal development and in vitamin A deficiency. 
Two days before birth, expression was high in 
the small intestine but was not detectable in 
the stomach, whereas after birth expression in 
the intestine decreased progressively, while 
expression in the stomach increased and 
reached its highest concentration at postnatal 
day 42. Vitamin A deficiency was found to upreg-
ulate enzyme expression in the stomach and 
small intestine while administration of retinoids 
downregulated expression in these tissues. 

Two distinct ALDHs, ALDH-1 and ALDH-2, 
that can catalyse retinal oxidation have been 
purified from bovine kidney. They have 
relatively low apparent Km  values of 6.4 and 9.1 
mmol/L, respectively, for all-trans-retinal (Bhat 
et al., 1996). ALDH-1 is proposed to be the 
primary enzyme in the oxidation of retinal to 
retinoic acid in this tissue. A retinal dehydrogenase 
(designated Ra1DH(I)) purified from rat liver 
cytosol by Posch et al. (1992) and El Akawi and 
Napoli (1994) is the predominant ALDH iso-
form in rat liver, kidney and testis (Posch et al., 
1992). all-trans-Retinal concentrations greater 
than 6 mmol/L were reported to inhibit 
Ra1DH(I). Ra1DH(I) also recognizes all-trans-
retinol bound to CRBP I as a substrate. El Akawi 
and Napoli (1994) demonstrated that Ra1DH(I) 
catalyses the oxidation of both all-trans- and 
9-cis-retinal in an NAD -dependent manner, 
but 13-cis-retinal was not an effective substrate. 
Oxidation of retinal was not inhibited by all-
trans- or 9-cis-retinoic acid or by holo-CRBP I. 
RaIDH(I) may serve as a common enzyme in 
the conversion of all-trans- and 9-cis-retinal 
into their acids. 

Wang et al. (1996a) cloned another ALDH 
from rat testis and called it RaIDH(II). The 
amino acid sequence of Ra1DH(II) from rat 
testis is 85% identical to that of Ra1DH(I), 85% 
identical to mouse AHD-2, 87% identical to  

human ALDH1 and 87% identical to bovine 
retina retinal dehydrogenase. Recombinant 
Ra1DH(II) recognizes as substrate both un-
bound all-trans-retinal and all-trans-retinal in 
the presence of CRBP I (Wang et al., 1996a). In 
addition, Ra1DH(II) can use as a substrate 
all-trans-retinal generated in situ by the action 
of rat liver microsomal retinol dehydro-
genase(s) from holo-CRBP I. 

An ALDH present at high concentrations in 
the basal forebrain of mice catalyses the forma-
tion of retinoic acid (McCaffery & Drager, 1995; 
Zhao et al., 1996). This enzyme, now called 
Ra1DH-2, is expressed very early in embryonic 
development and at lower levels later in devel-
opment (Niederreither et al., 1997). Expression 
of this enzyme in mouse embryos given a tera-
togenic dose of all-trans-retinoic acid on day 8.5 
results in downregulation of expression. 
Labrecque et al. (1993, 1995) purified a cytosolic 
retinal dehydrogenase from rat kidney which is 
NAD -dependent and catalyses the oxidation of 
both all-trans- and 9-cis-retinal to the 
corresponding retinoic acid isomer. This retinal 
dehydrogenase is either identical or very similar 
to the retinal dehydrogenase partially purified 
from rat liver cytosol by El Akawi and Napoli 
(1994). Both enzymes catalyse the oxidation of 
all-trans- and 9-cis-retinaldehyde in an 
NAD -dependent manner. The presence of 
CRBP I reduces the rate of all-trans-retinoic acid 
synthesis by rat liver retinaldehyde dehydroge-
nase. These and other studies (Blaner & Olson, 
1994) strongly indicate that cytosolic retinalde-
hyde dehydrogenases play a role in the forma-
tion of retinoic acid in vivo. CYP1A2 and 
CYP3A6 from rabbit liver microsomes can 
oxidize retinaldehyde to retinoic acid (Roberts 
etal., 1992). 

2.2.2.3 Synthesis of all-trans-retinoic acid from 
/3-carotene 

A small percentage of the retinal formed from 
dietary 13-carotene can be oxidized to 
all-trans-retinoic acid and taken into the 
circulation bound to albumin (Goodman & 
Blaner, 1984; Blaner & Olson, 1994; Wang et ai., 
1996b). A large percentage of the retinoic acid 
of dietary origin appears to be removed from 
the circulation by tissues. Dietary intake of pre- 
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formed vitamin A and/or provitamin A 
carotenoids can give rise to increased circulating 
concentrations of all-trans- and 13-cis-retinoic 
acid (Folman et al., 1989; Tang et al., 1995). 
Rabbits maintained for several weeks on a 13-
carotene-supplemented diet had a markedly 
higher plasma concentration of all-trans- and 
13-cis-retinoic acid than rabbits maintained on 
a control diet (Folman et al., 1989). Thus, 
dietary intake of 13-carotene (and presumably 
other provitamin A carotenoids) contributes 
directly to the synthesis of all-trans-retinoic acid 
and consequently to the concentrations of all-
trans- and 13-cis-retinoic acid in the circulation. 

Cytosol preparations from rat tissues cata-
lyse the formation of all-trans-retinoic acid 
from 3-carotene (Napoli & Race, 1988). Retinol 
that was generated during 3-carotene metabo-
lism was not the major substrate, and all-trans-
retinal was not detected as a free intermediate 
in this process. Thus, it might be tightly bound 
by the enzyme, or 13-carotene might be oxidized 
to a 15,15'-enediol before dioxygenase cleavage, 
by analogy to the conversion of catechol to 
cis,cis-muconic acid. Homogenates of liver, lung, 
kidney and fat from monkeys, ferrets and rats 
incubated with 13-carotene generate all-buns-
retinoic acid (Wang et al., 1991) through a 
biochemical process which does not involve all-
trans-retinal as an intermediate (Wang et al., 
1992). 

2.2.2.4 Oxidative metabolism of all-trans-retinoic 
acid 

The most abundant oxidized metabolites 
produced from all-trans-retinoic acid are its 
4-hydroxy and 4-oxo derivatives, with some all-
trans-5,6-epoxy-retinoic acid. 

(i) 	Metabolites 
Roberts et al. (1979) demonstrated in ham-

ster liver microsome preparations that all-trans-
retinoic acid is first converted to all-trans-4-
hydroxyretinoic acid, which in turn is oxidized 
to the 4-oxo derivative. The formation of 
4-hydroxyretinoic acid required NADPH, 
whereas the subsequent formation of 
4-oxoretinoic acid is NAD -dependent (Roberts 
et al., 1980). Frolik et al. (1980) established that 
both all-trans-4-hydroxy- and all-trans-4- 

oxoretinoic acid are formed in vivo after admin-
istration of all-trans43H]retinoic acid to 
hamsters maintained on a control diet. 
Subsequent work by Leo et al. (1984, 1989b) 
and Roberts et al. (1992) demonstrated that 
GYP isoforms in rat and in human liver prepa-
rations promote conversion of all-trans-retinoic 
acid to its 4-hydroxy and 4-oxo-forms. Hence, 
the GYP system plays a role in the physiological 
formation of these 4-oxygenated retinoids. 

Barua et al. (1991) found that rats given 
large oral doses of all-trans-retinoic acid had 
significant amounts of both all-trans-4-
hydroxy- and all-trans-4-oxoretinoic acid in 
their serum, small intestine, liver, kidney and 
stomach contents within 60 min. The intesti-
nal mucosa of vitamin A-deficient rats given 
all-trans-[3H]retinoic acid formed 5,6-epoxy-
retinoic acid, which was shown to be a metabo-
lite of retinoic acid in vivo (McCormick et al., 
1978). Napoli et al. (1982) showed that all-
trans-5,6-epoxyretinoyl-f3-glucuronide was also 
formed in the small intestinal mucosa of 
vitamin A-deficient rats given intrajugular 
doses of all-trans-[3H] 5, 6-epoxyretinoic acid. 
This compound was found in significant 
concentrations in the liver, small intestinal 
mucosa and intestinal contents, but not in the 
kidney, of vitamin A-deficient rats. It was syn-
thesized in the kidney of vitamin A-sufficient 
rats given physiological doses of [3H]retinol, 
suggesting that both retinoic acid and all-trans-
5,6-epoxyretinoic acid are formed endogenously 
from retinol under normal physiological condi-
tions (McCormick & Napoli, 1982). Barua et al. 
(1991) also reported that all-trans-5,6-
epoxyretinoic acid was present in the serum, 
small intestine, liver and kidney of control rats 
given a large oral dose of all-trans-retinoic acid. 

(ii) 	Enzymes and enzyme systems 
GYP isoenzymes appear to be important in the 
formation of oxidized metabolites of 
all-trans-retinoic acid, and a novel isoform, 
GYP26, has been implicated as a catalyser in the 
oxidative metabolism of all-trans-retinoic acid. 
Formation of polar metabolites of retinoic acid 
is catalysed by rat intestine and liver micro-
somes, the activity being attributed to members 
of a class of mixed-function oxidases containing 
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CYPs (Roberts et al., 1979). This activity 
requires NADPH and oxygen and is strongly 
inhibited by carbon monoxide. Leo et al. (1984) 
reported that rats fed a diet containing a 100-
fold excess of retinyl acetate for two to three 
weeks had an increased hepatic microsomal 
CYP content. Purified cyto-chromes P450f and 
P450b catalysed the conversion of retinoic acid 
to polar metabolites, including 4-hydroxy-
retinoic acid. The P450 isozyme P45011C8 in 
human liver microsomes was shown to be 
responsible for oxidizing all-trans-retinoic acid 
to all-trans-4-hydroxyretinoic acid and all-trans-
4-oxoretinoic acid (Leo et al., 1989b). 

Many rabbit liver CYP isoforms, including 
2A4, 1A2, 2E1, 2E2, 2C3, 2G1 and 3A6, catalyse 
the 4-hydroxylation of retinoic acid (Roberts et 
al., 1992). These cytochromes also catalysed the 
4-hydroxylation of retinol and retinal but not 
the conversion of 4-hydroxyretinoids to the 
corresponding 4-oxoretinoids. Van Wauwe et al. 
(1992) showed that oral administration of a 
dose of 40 mg/kg body weight of liarazole, 
which inhibits CYP activity enhanced the 
endogenous plasma concentrations of retinoic 
acid from less than 1.7 to 10-15 nmol/L. 

CYP26, which can metabolize retinoic acid, 
was cloned independently by several groups 
(White et al., 1996; Fujii et al., 1997; Ray et al., 
1997; White et al., 1997a). Fujii et al. (1997) 
reported that expressed murine P450RA cDNA 
catalysed the oxidation of all-trans-retinoic 
acid to all-trans-5,6-epoxyretinoic acid. Both 13-
cis- and 9-cis-retinoic acid were found to serve as 
substrates for P450RA. This isoform was 
expressed in a stage- and region-specifi fashion 
during mouse development, but expression did 
not appear to be inducible after exposure of 
mouse embryos to excess retinoic acid. In adult 
mice, P450RA was expressed only in liver. 

White et al. (1996) reported the isolation 
and characterization of a cDNA for CYP26 from 
zebrafish, which they called P450RAI. This iso-
form was found to be expressed during gastru-
lation. When the cDNA for P450RAI was 
expressed in COS-1 cells, all-trans-retinoic acid 
was rapidly metabolized to more polar metabo-
lites including all-trans-4-oxoretinoic acid and 
all-trans-4-hydroxyretinoic acid. Thus, P450RAI, 
which is induced after exposure to retinoic  

acid, catalyses the oxidative metabolism of 
retinoic acid. White et al. (1997a) cloned the 
human homologue of zebrafish P450RAI, the 
enzyme that catalyses hydroxylation of all-
trans-retinoic acid to its 4-hydroxy. 4-oxo and 
18-hydroxy forms. Moreover, P450RAI mRNA 
expression was highly induced by treatment of 
human LC-T, MCF-7, HB4 and HepG2 cells 
with retinoic acid. 

Abu-Abed et al. (1998) reported the cloning 
of the mouse homologue for P450RAI which 
catalyses metabolism of retinoic acid into 
4-hydroxyretinoic acid, 4-oxoretinoic acid and 
18-hydroxyretinoic acid. They observed a direct 
relationship between the level of retinoic acid 
metabolic activity and retinoic acid-induced 
P450RAI mRNA in wild-type F9 cells and deriv-
atives lacking RARs and/or RXRs, and suggested 
that RARy and RXRa mediate the induction of 
the expression of the P450RAI gene by retinoic 
acid. 

Simultaneously, Ray et al. (1997) reported 
the cloning of CYP26 (identical to P450RA and 
P450RAI) from a mouse embryonic stem cell 
library. Expression of this isoform was limited 
in the adult to liver and brain and was 
detectable in mouse embryos as early as day 
8.5. Moreover, CYP26 mRNA was upregulated 
during the retinoic acid-induced neural differ-
entiation of mouse embryonic stem cells in 
vitro. These authors also cloned human CYP26, 
in which 195 of 200 amino acids were identical 
to those of mouse CYP26. In human adults, 
CYP26 is expressed in liver, brain and 
placenta. 

The total retinol concentrations in liver 
from aryl hydrocarbon receptor-null (AHR) 
mice are approximately threefold higher than 
those in wild-type mice (Andreola et al., 1997). 
In addition, AHR mice showed a reduced 
capacity to oxidize retinoic acid and signifi-
cantly lower hepatic levels of mRNA for 
retinaldehyde dehydrogenase types 1 and 2, 
although expression of CYP26 was similar in 
the AHR-deficient and wild-type mice, in keep-
ing with earlier observations that mice and rats 
given 2,3,7, 8-tetrachlorodibenzo-para-dioxin 
show a rapid decline in total hepatic retinol 
concentrations (Brouwer et al., 1985; Chen et 
al., 1992a). 
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A direct role for cellular retinoic acid-bind-
ing protein, type I (CRABP I) in the oxidative 
metabolism of retinoic acid was proposed by 
Fiorella and Napoli (1991). When all-trans-
retinoic acid is bound to CRABP I, microsomal 
enzymes of rat testes catalyse the conversion of 
retinoic acid to 3,4-didehydro-, 4-hydroxy-, 4- 
oxo-, 16-hydroxy-4-oxo- and 18-hydroxy-
retinoic acids. Ketoconazole inhibited oxida-
tion by testis microsomes of both free and 
CRABP I-bound retinoic acid, suggesting that 
CYP isozymes are involved in this metabolism. 
CRABP I may well play a direct role in the 
oxidative metabolism of all-trans-retinoic acid. 

2.2.2.5 Other metabolism of all-trans-retinoic 
acid 

When all-trans-retinoic acid is given orally to 
rats, all-trans-retinoyl-3-g1ucuronide is secreted 
into the bile (Dunagin et al., 1966; Swanson et 
al., 1981; Skare & DeLuca, 1983; Frolik, 1984). 
Retinoyl-13-glucuronide can be synthesized 
from all-trans-retinoic acid and UDP-glucuronic 
acid in the liver, intestine, kidney and other 
tissues by several members of the microsomal 
glucuronyl transferase family of enzymes 
(Lippel & Olson, 1968; Frolik, 1984). The 
intestinal mucosa seems to be the most active 
tissue in synthesizing and retaining retinoyl-f3-
glucuronide (Zile et al., 1982; McCormick et al., 
1983; Cullum & Zile, 1985; Barua et al., 1991). 
After all-trans-retinoic acid was administered to 
rats, the all-trans-retinoyl-3-glucuronides were 
shown to consist of all-trans- and 13-cis-
retinoyl-f3-glucuronides in a ratio of 1.5 to 1.0 
(Zile et al., 1982), but when 13-cis-retinoic acid 
was administered all- trans-retinoyl-f3-glu-
curonide was a major metabolite in rats in vivo 
(McCormick et al., 1983; Meloche & Besner, 
1986). Isomerization to all-trans-retinoic acid 
probably, but not necessarily, occurs before the 
conjugation reaction (McCormick et al., 1983). 

all-trans-Retinoyl-3-glucuronide can be 
synthesized from retinoic acid and UDP-
glucuronic acid by extracts of rat liver, intes-
tine, kidney and other tissues (Barua & Olson, 
1986; Barua, 1997). Genchi et al. (1996) demon-
strated that the relative rates of retinoid-3-
glucuronide formation from uninduced rat 
liver microsomes were: 9-cis-retinoic acid > 13- 

cis-retinoic acid > all-trans-4-oxoretinoic acid> 
all-trans-retinoic acid > 13-cis-retinol > 9-cis-
retinol > all-trans-retinol. They concluded that 
the rates of glucuronidation of retinoids 
depend on both the isomeric state and the 
chemical structure of the retinoids and that 
different UDP-glucuronosyl transferases might 
act on different geometric isomers of retinoic 
acid. 

A specific UDP-glucuronosyl transferase 
with all-trans-[3H]retinoic acid as a substrate 
was identified in rat liver microsomes by pho-
toincorporation of both [32P]5-azido-UDP-
glucuronic acid and all-trans-[3H]retinoic acid 
into the 52-kDa microsomal protein. This 
enzyme (and possibly similar ones) plays a 
physiologically relevant role in hepatic synthesis 
of retinoyl-13-glucuronides (Little & Radomin-
ska, 1997). Recombinant rat UDP-glucuronosyl 
transferase 1.1 catalyses the glucuronidation of 
all-trans-retinoic acid with an apparent Km  of 
59.1 ± 5.4 mmol/L. Micro-somes from the livers 
of Gunn rats, which lack this enzyme, still have 
significant all-trans-retinoic acid glucuronidat-
ing activity, suggesting that other hepatic UDP-
glucuronosyltransferase isoforms also con-
tribute to retinoic acid glucuronidation 
(Radominska et al., 1997). 

Although retinoyl-3-glucuronides can be 
excreted into bile, they can also be hydrolysed 
to retinoic acid by enzymes present in rat 
liver, kidney and intestine (Kaul & Olson, 
1998). The rates of hydrolysis were higher in 
tissue preparations from vitamin A-deficient rats 
than from controls, indicating that a 
regulatory mechanism may exist in vitamin A-
deficiency that enhances the actions of tissue 
[3-glucuronidases to increase the rate of retinoic 
acid formation from refinoyl-f3-glucuronides. 

About one-third of the retinoid-13-glu-
curonides excreted into the bile of rats is recy-
cled back to the liver by enterohepatic circula-
tion (Zachman et al., 1966; Swanson et al., 
1981). Very little retinol, retinyl ester or 
retinoic acid is involved in the circulation, 
however, and the water-soluble retinyl-f3-glu-
curonide and retinoyl-3-glucuronide are pre-
sumably reabsorbed by the portal rather than 
by the lymphatic route (Ribaya-Mercado et al., 
1988). 
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2.2.2.6 Biosynthesis of 13-cis-retinoic acid 
Cullum and Zile (1985) reported that 13-cis-
retinoic acid is endogenous in the intestinal 
mucosa, intestinal muscle and plasma of vita-
min A-sufficient rats. When 20 mg ail-b-ans-
[3H]retinyl acetate were administered to vita-
min A-sufficient rats, 13-cis-retinoic acid 
appeared in the plasma and small intestine, and 
the authors concluded that 13-cis-retinoic acid 
is a naturally occurring metabolite of all-trans-
retinyl acetate. Napoli et al. (1985) similarly 
demonstrated that 13-cis-retinoic acid is a natu-
rally occurring form of retinoic acid in rat plas-
ma, possibly arising from all-trans-retinoic acid. 

Incubation of 13-cis-retinoic acid (0.83 
mmol/L) with mouse liver microsomes in the 
presence of appropriate cofactors yielded all-
trans-retinoic acid, 13-cis- and all-trans-4-
hydroxyretinoic acid and 13-cis- and all-trans-4-
oxoretinoic acid as the major metabolites. 
Metabolism of 13-cis-retinoic acid was not 
detectable in microsomal preparations from 
mouse skin, indicating that CYP isozymes in 
liver but not in skin are active towards 13-cis-
retinoic acid (Oldfield, 1990). 

Chen and Juchau (199 7) reported that puri-
fied hepatic glutathione S-transferases from rats 
catalysed the isomerization of 13-cis-retinoic 
acid to all-trans-retinoic acid. The reaction was 
protein-dependent and independent of -the 
presence of glutathione, indicating that the iso-
merization reaction is not linked to glutathione 
S-transferase activity. Chen and Juchau (1998) 
demonstrated that conversion of 13-cis- and 
9-cis-retinoic acid to all-trans-retinoic acid can 
be catalysed by cell-free preparations from rat 
embryo tissue at day 12.5 of gestation. The 
isomerization was protein-dependent and 
showed substrate saturation kinetics. 

When small doses of 13-cis-[3H]retinoic acid 
were administered to hamsters on a control 
diet, the major metabolite formed was 13-cis-4-
oxoretinoic acid (Frolik et al., 1980). A 10 000 x 
g supernatant from hamster liver homogenate 
exposed to 13-cis-[3H]retinoic acid similarily 
generated 13-cis-4-oxoretinoic acid as the major 
metabolite. 13-cis-4-Hydroxyretinoic acid, a 
putative metabolic precursor of 13-cis-4-
oxoretinoic acid, was also identified in these 
experiments.  

2.2.2.7 Biosynthesis of 9-cis-retinoic acid 
As outlined in section 2.1.1.6., the 9-cis-isomer 
of retinoic acid may be formed directly from 
all-trans-retinoic acid or by an independent 
pathway. Membranes from bovine liver non-
enzymatically catalyse the isomerization of 
all-trans-retinoic acid to 9-cis-retinoic acid due 
to the presence of free sulfhydryl groups 
(Urbach & Rando, 1994). Shih et al. (1997) also 
showed that interconversion of 9-cis-retinoic 
acid, all-trans-retinoic acid, 13-cis-retinoic acid 
and 9,13-di-cis-retinoic acid may be catalysed 
by sulfhydryl compounds of low relative mole-
cular mass (including L-cysteine methyl ester, 
glutathione and N-acetyl-L-cysteine), and by 
proteins containing sulfhydryl groups (apofer-
ritin, native microsomes and boiled micro-
somes). Sass et al. (1994) reported that both 
treated and untreated rat liver microsomes can 
catalyse the formation of 9-cis-retinoic acid and 
its glucuronide from all-trans- and 13-cis-
retinoic acid. 

Hébuterne et al. (1995) reported that 9-cis-j3-
carotene is a precursor for 9-cis-retinoic acid in 
vivo in perfused ferrets, but the significance of 
this pathway for the formation of 9-cis-retinoic 
acid has been questioned since the rate of 
cleavage of 9-cis-3-carotene in pigs is only 6-7% 
that of all-trans-13-carotene (Nagao & Olson, 
1994). Furthermore, studies by You et al. (1996) 
in humans (see section 2.1.1) indicate that very 
little 9-cis-j3-carotene is absorbed without 
undergoing isomerization to all-trans-13-
carotene. Since rats and other animals main-
tained on carotenoid-free diets remain healthy, 
the conversion of 9-cis-J3-carotene to 9-cis-
retinoic acid cannot be essential for formation 
of this retinoic acid isomer. Labrecque et al. 
(1993, 1995) reported that the retinal dehydro-
genase present in rat kidney can catalyse the 
oxidation of 9-cis-retinal to 9-cis-retinoic acid 
and suggested that a pathway starting with 
9-cis-retinol may be important for 9-cis-retinoic 
acid formation. They demonstrated the pres-
ence of 9-cis-retinol in rat kidney at a concen-
tration approximately 10% of that of all-trans-
retinol. 

An NAD -dependent retinol dehydrogenase 
which specifically oxidizes 9-cis-retinol but not 
all-trans-retinol has been cloned from a human 
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mammary tissue cDNA library (Mertz et al., 
1997; see section 2.1.1.6). Although it was sug-
gested that the protein and mRNA of 11-cis-
retinol dehydrogenase occur only in the retinal 
pigment epithelium (Simon et al., 1995) and 
that the enzyme does not catalyse 9-cis-retinol 
oxidation (Suzuki et al., 1993), this appears to 
be incorrect (Driessen et al. 1998). The mouse 
homologue of 9-cis-retinol dehydrogenase is 
expressed in brain, liver, kidney and testis and 
at low concentrations in several other tissues 
and shows a marked substrate preference for 9-
cis-retinol (Gamble et al., 1999). 13-cis-Retinoic 
acid is a very potent inhibitor of 9-cis-retinol 
dehydrogenase activity. The enzyme is 
expressed in human and mouse kidney, tissues 
which have been reported to contain signifi-
cant quantities of 9-cis-retinol and 9-cis-retinal 
dehydrogenase activity (Labrecque et al., 1993, 
1995). 

A second cis-retinol dehydrogenase, also a 
member of the SCDR family, was described by 
Chai et al. (1997). The cDNA for this mouse 
liver enzyme, known as the cis-retinol/3a-
hydroxy sterol short-chain dehydrogenase 1 
(CRAD1), encodes an enzyme comprising 317 
amino acids that recognizes 9-cis- and 
11-cis-retinol, 5a-androstan-3u, 1 73-diol and 
5a-androstan-3a-ol-1 7-one as substrates, 
although it has a greater affinity for sterol than 
for retinol substrates. The preferred cofactor of 
this mouse enzyme, which is closely homolo-
gous to mouse R0DH(I) (86%) and R0DH(II) 
isozymes (91%), is NAD, and it is expressed in 
liver, kidney, small intestine, heart, retinal pig-
ment epithelium, brain, spleen, testis and lung. 

Su et al. (1998) cloned a second cis-
retinol/3a-hydroxysteroid short-chain dehy-
drogenase isozyme (CRAD2) from a mouse 
embryonic cDNA library, which has 87% amino 
acid identity with CRAD1, recognizes both 
androgens and retinols as substrates and has 
cooperative kinetics for 5a-androstan-3o, 1 7f3-
diol (3(x-adiol) and testosterone but 
Michaelis—Menten kinetics for androsterone, 
all-trans-, 11-cis- and 9-cis retinols. CRAD2 
mRNA was highly expressed in mouse liver and 
at much lower levels in lung, eye, kidney and 
brain. 

2.2.2.8 Subsequent metabolism of 9-cis-retinoic 
acid 

Horst et al. (1995) reported that 9,13-di-cis-
retinoic acid is the major endogenous circulat-
ing retinoic acid isomer in bovine plasma. After 
intravenous administration of this retinoic acid 
to rats, circulating 9-cis-retinoic acid was found 
at a concentration that was approximately 3% 
of that of 9,13-di-cis-retinoic acid. When 9-cis-
retinoic acid was injected intramuscularly into 
rats, the peak plasma concentration of 9,13-dl-
cis-retinoic acid followed that of 9-cis-retinoic 
acid by about 1.5 h, and detectable concentra-
tions were seen for at least 24 h, whereas the 
concentration of 9-cis-retinoic decreased below 
the limit of detection (< 1.7 nmol/L) by 12 h 
after injection. 

2.2.3 Plasma transport and kinetics 
The plasma of rats contains low concentrations 
of all-trans- and 13-cis-retinoic acid (Cullum & 
Zile, 1985; Napoli et al., 1985). Plasma all-trans-
retinoic acid may be an important source of 
this retinoid for some but not all tissues 
(Kurlandsky et al., 1995). 

2.2.3.1 Plasma concentrations, transport and 
kinetics 

Plasma all-trans-retinoic acid may be derived 
from dietary sources and presumably from 
endogenous metabolism of retinol within tis-
sues. all-trans-Retinoic acid appears in the circu-
lation after intraduodenal, oral or intraperi-
toneal administration of radiolabelled all-trans-
retinoic acid to experimental animals (Zachman 
et al., 1966; Geison & Johnson, 1970; Ito et al., 
1974; Skare & DeLuca, 1983). In rats, retinoic 
acid is absorbed in the intestine, and about two-
thirds of the absorbed dose is distributed as 
retinoic acid throughout the body (Smith et al., 
1973). Lehman et al. (1972) and Smith et al. 
(1973) demonstrated that circulating retinoic 
acid is bound to serum albumin but not to 
retinol-binding protein. When radiolabelled all-
trans-retinoic acid was administered in dimethyl 
sulfoxide by intrajugular injection to rats, it was 
rapidly (<2 mm) taken up by the intestines and 
other tissues; subsequently, 13-cis-retinoic acid 
and uncharacterized polar metabolites appeared 
in plasma (Cullum & Zile, 1985). 
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Two further extracellular proteins, epididy-
mal retinoic acid-binding protein (Newcomer & 
Ong, 1990) and 3-trace (Eguchi et al., 1997; 
Tanaka et al., 1997), are reported to bind 
all-trans-retinoic acid with high affinity. These 
proteins, like plasma retinol-binding protein, 
are members of the lipocalin family of extracel-
lular lipid-binding proteins (Flower, 1996). 
Both epididymal retinoic acid-binding protein 
and f3-trace have been proposed to play a role in 
the extracellular transport and economy of all-
trans-retinoic acid in the body (Newcomer & 
Ong, 1990; Eguchi et al., 1997). Targeted dis-
ruption of the mouse /3-trace gene results in a 
lack of tactile pain (Eguchi et al., 1999). 

Using a steady-state tracer kinetic approach, 
Kurlandsky et al. (1995) explored the contribu-
tion of plasma all-trans-retinoic acid to tissue 
pools of all-trans-retinoic acid in chow-fed male 
rats. More than 75% of the all-trans-retinoic 
acid present in liver and brain was derived from 
the circulation, while the results were 23% for 
seminal vesicles, 9.6% for epididymis, 33% for 
kidney, 30% for epididymal fat, 24% for perire-
nal fat, 19% for spleen and 27% for lungs. Only 
2.3% of the retinoic acid present in the pan-
creas and 4.8% of that in the eyes was con-
tributed by the circulation. The testis did not 
take up any (< 1%) all-trans-retinoic acid from 
the circulation. The fractional catabolic rate for 
this compound in plasma was 30 plasma pools 
per hour and the absolute catabolic rate was 
640 pmolth. These rates are much greater than 
those of all-trans-retinol, the only other 
naturally occurring form of vitamin A studied 
under normal physiological conditions (Lewis 
et al., 1990). Very little 9-cis- or 13-cis-retinoic 
acid was detected in any of these tissues. 

Kurlandsky et al. (1995) also assessed the 
rate of plasma clearance of all-trans-3-
[3H]retinoic acid and [14C]oleic acid bound to 
albumin and given simultaneously to rats 
maintained on a control or a totally retinoid-
free diet. The rats on the retinoid-free diet had 
a significantly greater fractional catabolic rate 
for all-trans-retinoic acid (23 ± 5.5 versus 12 ± 
4.6 pools/h) than those on control diet. 
Moreover, the fraction catabolic rates for oleic 
acid in these rats were not affected by dietary 
retinoid intake (43 ± 6.0 pools/h for controls  

and 38 ± 7.2 pools/h for the retinoid-free-
group). Thus, dietary retinoid status influences 
all-trans-retinoic acid but not oleic acidturnover 
from the circulation The L3-carotene content of 
the diet affected the serum concentrations of 
all-trans-retinoic acid in rabbits (Folman et al., 
1989). 

2.2.3.2 Cellular uptake from plasma 
Bovine serum albumin has three distinct binding 
sites for retinoic acid at mole ratios for retinoic 
acid:albumin of less than 1. Noy (1992a) 
reported that two of these binding sites 
correlated to two known binding sites for long-
chain fatty acids, but one appeared to be a 
unique site for retinoic acid binding. Noy 
(1992b) found that the protonated (uncharged) 
form of retinoic acid, like other hydrophobic 
carboxylic acids (fatty acids and bile acids), was 
stabilized by incorporation into lipid bilayers. 
At physiological pH, uncharged retinoic acid 
crossed membranes rapidly and spontaneously. 
all-trans-Retinoic acid, although fully ionized in 
free solution at pH 7.4, is uncharged in a lipid 
environment (Noy, 1992a,b). 

all-trans-Retinoic acid binds to the man-
nose-6-phosphate/insulin-like growth factor-Il 
receptor on plasma membranes of rat cardiac 
myocytes (Kang et al., 1998). The binding of all-
trans-retinoic acid to this membrane receptor 
appears to be important in modulating 
the activity of cellular signal transduction 
pathways and cellular activity but not for 
facilitating its uptake from the circulation. 
Hodam and Creek (1996) showed that all-trans-
[3H]retinoic acid was taken up rapidly by a 
culture medium containing human foreskin 
keratinocytes and converted to polar com-
pounds that were subsequently excreted. In 
contrast, retinoic acid bound to albumin was 
taken up and metabolized slowly. 

2.2.4 Tissue distribution 
Cullum and Zile (1985) reported the endoge-
nous concentrations of all-trans- and 13-cis-
retinoic acid and retinoyl-13-glucuronide and a 
polar metabolite fraction consisting of all-trans-
5,6-epoxy-retinoic acid, all-trans-4-oxoretinoic 
acid and other polar metabolites in rat intesti-
nal mucosa, intestinal muscle, plasma, erythro- 
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cytes and bile (Table 4). Heyman et al. (1992) 
estimated that the endogenous concentrations 
of 9-cis-retinoic acid in mouse liver and kidney 
were 13 and 100 pmol/g tissue, respectively. 
Kurlandsky et al. (1995) reported the concen-
trations of all-trans-retinoic acid in eight tissues 
of rats (Table 5). They did not detect 9-cis-
retinoic acid in liver, spleen, kidney, brain, adi-
pose tissue, testis or muscle even though the 
limit of detection for 9-cis-retinoic acid was 
only 4 pmol/g of tissue. The concentrations of 
all-trans- and 13-cis-retinoic acid have also been 
determined in rat conceptuses (Creech Kraft & 
Juchau, 1992). 

2.2.5 Intra- and inter-species variation 
The metabolism of all-trans-, 13-cis- and 9-cis-
retinoic acid differs between species in a num-
ber of significant ways. The pharmacokinetics 
and metabolic profiles of all-trans- and 13-cis-
retinoic acid in mice, monkeys and humans 
vary widely (Creech Kraft et al., 1991a,b). The 
predominant metabolite of all-trans-retinoic 
acid is all-trans-4-oxoretinoic acid in mice and 
all-trans-retinoyl-13-glucuronide in monkeys. 
The predominant metabolite of 13-cis-retinoic 

acid is 13-cis-retinoyl-13-glucuronide in mice 
and 13-cis-4-oxoretinoic acid in monkeys and 
humans, although the metabolite is much 
more predominant in humans than in mon-
keys. all-trans-Retinoic acid was more rapidly 
cleared than 13-cis-retinoic acid in monkeys, 
while the reverse was observed in mice. 

Marchetti et al. (1997) found that all-trans-, 
13-cis- and 9-cis-retinoic acid each underwent 
substantial isomerization to the other two in 
hepatic microsome preparations from male and 
female Sprague-Dawley and Hairless rats. The 
isomerization was independent of NADPH and 
dependent on the presence of microsomal protein. 
The 4-oxo metabolites of these retinoic acid iso-
mers were formed to a lesser extent. The authors 
concluded that the metabolism of retinoic acid 
isomers is influenced by sex but not strain. 

3. 	Molecular mechanisms of retinoid 
action 

Retinoids are signalling molecules that act 
through interaction with two families of 
retinoid receptors, RARs c, 0 and 'y and RXRs c', 
0 and 'y. These receptors belong to the super- 

Table 4 Endogenous vitamin A compounds in plasma, erythrocytes, small intestine and 
bile of vitamin A-sufficient rats 

Endogenous vitamin A compound Concentration (ng/g tissue) 

Intestinal Intestinal 	Plasma Erythrocytes Bile 

mucosa muscle 

Retiriyl stearate 3.5 72 ND ND ND 

Retiriyl palmitate 30 22 08 11 ND 

Retinyl linoleate 19 7.7 ND ND ND 

Retinol 47 74 400 28 31 

all trans Retinoic acid 2.3 11 27 11 77 

13 c,s-Retinorc acid 1.0 02 09 06 6.1 

Retinoyl /3-glucuronide 1.3 ND ND ND 19 

all trans-5 6 Epoxyretirioic acid + 75 13 55 28 390 

all trans 4 oxoretinoic acid + polar 

metabolites 

Total retinoids 110 59 410 34 450 

From Cullum & lue (1985) Values represent the rounded average of two determinations for samples obtained from four rats 

48 h after feeding of retinyl acetate and 12 h after fasting Bite was collected 2 h before sacrifice ND not detected 
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Table 5. Concentrations of aIl-trans-
retinoic acid in various tissues of rats 

Tissue Concentration (pmol/g tissue) 

Liver 11 ± 4.7 
Brain 6.8 ± 3.3 
Testis 11 ± 2.7 
Seminal vesicle 12 ± 7.0 
Epididymis 4.2 ± 1.6 
Kidney 8.3 ± 4.0 
Pancreas 29±16 
Epididymal fat 16± 12 
Perirenal fat 13 ±8.7 

: Spleen 13±12 
Eye 120±37 

Plasma 	 1.8 ± 0.7 pmol/ml 

From Kurlandsky et al. (1995). Each value is the mean and 
standard deviation for separate measurements in eight 
400-450-g male Sprague-Dawley rats. 

family of nuclear receptors, comprising such 
diverse receptors as those for steroids and thy-
roid hormones, retinoids and vitamin D3, pre-
sent in vertebrates, arthropods and nematodes. 
The members of this superfamily act both as 
ligand-modulated transcriptional activators 
and suppressors, while no ligands have yet 
been found for a large group of so-called 
'orphan' nuclear receptors. Nuclear receptors 
may have acquired ligand-binding ability 
during evolution, suggesting that the ancestral 
nuclear receptor was an orphan (Escriva et al., 
1997). 

Retinoid receptors regulate complex 
physiological events that trigger key steps in 
development, control maintenance of 
homeostasis and induce or inhibit cellular 
proliferation, differentiation and death. 
Retinoid receptors have strong differentiation 
and anti-proliferative activity. Each of the sub-
types of retinoic acid comprises three isotypes 
designated a, 13  and 7 localized to chromosomes 
17q21, 3p24 and 12q13, respectively. The RXR 
a, 0 and' genes have been mapped to chromo-
somes 9q34.3, 6p2l.3 and 1q22-23, respective-
ly (Chambon, 1996). The RARs bind both 
all-trans-retinoic acid and 9-cis-retinoic acid,  

whereas the RXRs bind only 9-cis-retinoic acid. 
These receptors also bind a variety of synthetic 
retinoids, some of which show RAR or RXR 
selectivity or preferentially bind to specific RAR 
isotypes. 

The genetic activities of retinoid receptors 
and other nuclear receptors result from both 
direct modulation of the activity of cognate 
gene programmes and mutual interference with 
the activity of other signalling pathways and 
regulatory events that occur at the post-tran-
scriptional level (e.g. mRNA and protein stabi-
lization or destabilization). More than 70 
nuclear receptors have been identified. With 
the exception of some unusual nuclear 
receptors which appear to contain only regions 
homologous to the DNA- or ligand-binding 
domains, all have an identical structural 
organization, with an N-terminal region A/B 
followed by a DNA-binding domain comprised 
of two zinc fingers (region C), a linker region D 
and the ligand-binding domain. Some nuclear 
receptors contain a C-terminal region F of 
unknown function. Two autonomous trans-
activation functions (AF5), a constitutively 
active AF-1 in region A/B and a ligand-depen-
dent AF-2 in the ligand-binding domain, are 
responsible for the transcriptional activity of 
nuclear receptors (Gronemeyer & Laudet, 1995; 
Chambon, 1996). Figure 3 illustrates the canon-
ical domain structure and associated functions 
of nuclear receptors. 

For each RAR and RXR subtype, two to four 
isoforms (e.g. RARs 131, 021 P, and 3) are gener-
ated by differential use of alternative promoters 
and alternative splicing; consequently, they dif-
fer in their A domain (Gronemeyer & Laudet, 
1995; Chambon, 1996). Each receptor isoform 
may regulate a distinct subset of retinoid-
responsive genes; these RARs have greater 
nucleotide sequence homology within single 
species (e.g. human RAR(x and human 13), 
implying that RARs have distinct functions that 
have been conserved during evolution. Their 
expression is regulated spatio-temporally dur-
ing embryonal development, and their expres-
sion patterns in certain adult tissues are distinct 
(Chambon, 1996). Studies with the embryonal 
carcinoma cell line F9, in which specific recep-
tors have been disrupted by homologous 
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Figure 3. Schematic illustration of the structural and functional organization of nuclear receptors 
The evolutionarily conserved regions C and E are indicated as boxes, and a black bar represents the divergent regions NB, D and E Note that region F may be absent in some 
receptors. Domain functions are depicted below and above the scheme; most were identified in structure—function studies of steroid, thyroid and retinoid receptors. Two trans-
cription activation functions (AF5) have been described in several nuclear receptors: a constitutively active (only if taken out of the context of the full-length receptor) AF-1 in 
region NB and a ligand-inducible AF-2 in region E. Within the AF-is of some nuclear receptors, autonomous trans-activation domains (ADs) have been defined. At the C-ter-
minal of the ligand-binding domain, the core of an activation domain, which is critical for AF-2 function, corresponds to the helix H12 in the three-dimensional structure of the 
ligand-binding domain. NLS, nuclear localization signal 
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recombination, have indicated that RARx regu-
lates the expression of CRABP-II and the home-
obox gene Hoxb-i, whereas EAR1 mediates the 
expression of the Hoxa-i, Hoxa-3, laminin Bi, 
collage IV (alpha-1), zinc finger transcription 
factor GATA-4 and bone morphogenetic protein 
2 (BAP-2) genes. Furthermore, RARa and EAR7 
were associated with opposite effects on the 
metabolism of all-trans-retinoic acid to more polar 
derivatives (Boylan et al., 1995). 

Nuclear receptors bind as homodimers 
(e.g. steroid receptors, RXR) and/or hetero-
dimers (e.g. retinoic acid, thyroid and vitamin 
D receptors) with the promiscuous hetero-
dimerization partner RXR to cognate response 
elements of target genes (Gronemeyer & Laudet, 
1995; Chambon, 1996). Nuclear receptor activ-
ities are, however, not confined to cognate tar-
get genes; they can also 'cross-talk' in a ligand-
dependent fashion with other signalling path-
ways, leading to mutual interference—positive 
or negative—with the trans-activation potentials 
of factors such as API and NFiB (Pfahl, 1993; 
Göttlicher et al., 1998). Other signalling path-
ways such as those operating through mitogen-
activated protein kinase (Kato et al., 1995; Hu et 
al., 1996a) or cyclin-dependent kinase (CDK)7 
(Rochette-Egly et al., 1997) can target nuclear 
receptors directly and modify the activity of 
their AFs. For an illustration of the activities of 
nuclear receptors, see Figure 4. 

Our understanding of nuclear receptor 
action at the molecular level has recently been 
enhanced dramatically due to progress in 
various domains, comprising: 
• the identification and characterization of 

several novel classes of transcriptional 
mediators (transcription intermediary fac-
tors/co-regulators; co-activators and co-
repressors) and the first steps towards the 
description of a plethora of interactions 
reported to occur between receptor, media-
tors, chromatin and the basal transcription 
machinery (Moras & Gronemeyer, 1998; 
Torchia et al., 1998); 

• the genetic analysis of receptor function 
(Beato et al., 1995; Kastner et al., 1995); 

• the identification of novel (candidate) 
ligands for known and novel 'orphan' 
receptors (Mangelsdorf & Evans, 1995; 

Forman et al., 1998; Kliewer et al., 1998); 
determination of the three-dimensional 
structures of the apo-, holo- and antagonist-
bound ligand-binding domains of several 
nuclear receptors (Brzozowski et al., 1997; 
Moras & Gronemeyer, 1998; Nolte et al., 
1998; Shiau et al., 1998) and prediction of a 
common fold of all nuclear receptor ligand-
binding domains (Wurtz et al., 1996); 
crystallization of complexes between ago-
nist-bound nuclear receptor ligand-binding 
domains and peptides derived from the 
nuclear receptor-binding surface of co-acti-
vators which revealed the structural basis of 
(one type of) antagonism; and 
the synthesis, characterization and analysis 
of the three-dimensional structure of iso-
type-selective nuclear receptor ligands, par-
ticularly for RARs and RXRs. 

3.1 	DNA recognition by nuclear receptors 
ai. i Response elements of nuclear receptors: 

The common principle 
All nuclear receptors recognize derivatives 
of the same hexameric DNA core motif, 
5'-PuGGTCA (Pu = A or G; this sequence corre-
sponds to a so-called 'half-site' of the everted 
repeat (ER) recognition sequence in Figure 5). 
Nevertheless, mutation, extension, duplication 
and distinct relative orientations of repeats of 
this motif generate response elements that 
are selective for a given class of receptors 
(Figure 5). Apparently co-evolutionarily, nuclear 
receptors devised mechanisms to interact with 
these sequences optimally: they either modi-
fied residues which establish contacts to the 
nucleotides that specify a given response ele-
ment or generated response element-adapted 
homo- or heterodimerization interfaces. 

3.1.2 Synthetic ligand response elements 
and spacer 'rules' 

A simple rule has been proposed to describe the 
preference of the various direct repeat (DR)-rec-
ognizing receptors for elements with a certain 
spacer length (Umesono & Evans, 1989; Kliewer 
et al., 1992). According to this rule, DRn ele-
ments with n spacer nucleotides have the fol-
lowing specifications: 
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Growth factors, 
cytokines, 

stress signals, 
neurotransmitters, 
peptide hormones 

Membrane 

\ 	I  receptors, 

Cytoplasm 

Nuclear receptor ligands 

'Steroid,I 

	

thyroid 	J Hormones 

	

D3 	
] 

Vitamins 
retinoids 

Oxysterols, 
prostaglandins, 
leukotrienes, 
fatty acids, 
farnesoids 

Endocrine, 

N! paracrine, 
N autocrine 

o 

SMAD 
IgnalPing 

Figure 4. Schematic illustration of major signal transduction pathways involving membrane or 
nuclear receptors 
Note the 'cross-talk' which gives rise to mutual interference between the various signalling cascades. 
NR, nuclear receptor, IFN, interferon; PKA, protein kinase A; PKC, protein kinase C; CDK, cyclin-dependent kinase; MAPK, mito-
gen-activated protein kinase; SAPK, serum-activated protein kinase; STAT, signal transducer and activator of transcription; 
SMAD, mediator in transforming growth factor a (TGFa) signalling pathway; BMP, bone morphogenic protein 
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' 
IA

..IIPuGGTCA 	3' 
I 	NGFI-B  

Mutation 

PuG(G/A)(T/A)CA 	PuG(G/T)TCA 

F. .... 	
Duplication 

Palindromes 	I p=  
I 

Everted 
I  I 	 I  (PAU) (PAU) repeats repeats 

I_ INxI_II _______________________ I I_ INxI_ I 

C2 symmetry Polarity C2 symmetry 

1-lomodimers Homo.and 
heterodi mers 

 Homo-and 
heterodimers 

D A 1 13 	Q* ­;A 

Figure 5. Response elements of nuclear receptors 
The canonical core recognition sequence is 5'-PuGGTCA (arrows indicate the 5' to 3' direction) which, together with two 5' As, is a 
response element of the orphan receptor NGFI-B. Duplication of the core sequence generates symmetrical palindromes (PAU) and 
everted repeats (ERx), and polar direct repeats (DRx), with x bp separating the two half-sites. PAL3 is an oestrogen-response element 
(ERE), while PALO corresponds to a thyroid hormone-response element (TRE). A single alteration at position 4 of the core sequence 
from T to A leads to PAL3 response elements (GRE5) recognized by the glucocorticoid receptor (and also androgen, progesterone and 
mineralocorticoid receptors). Note that most response elements are far from ideal; often one of the half-sites contains one or more 
mutations. Whereas PALs bind homodimers, DR5 can bind homo- or heterodimers with the specificities shown in the dark box (polar-
ity of the receptors on their cognate DRs: left, 5'; right, 3'). Note that the 3'-positioned receptor makes minor groove DNA contacts in 
the spacer. Some everted repeats are response elements for homo- or heterodimers of the thyroid or retinoid receptors. Response 
elements are known which are comprised of complex arrangements of the core motif. TR, thyroid receptor; VDR vitamin D receptor 
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n 	Systematic 	Acronym 	Receptor complex 
name 

DRI RXRE RXR—RXR 

DR2 RARE RAR—RXR 

DR3 VDRE VDR—RXR 

DR4 TRE TR—RXR 

DR5 RARE RAR—RXR 

where TR is thyroid receptor and VDR is vita-
min D receptor. 

This rule does not take into consideration a 
number of important aspects of receptor-DNA 
interaction: 

• It is unclear whether DR1 RXREs exist in 
natural genes. 

• DR1 elements have been shown to act as 
RAREs (Durand et al., 1992). 

• Several orphan receptors bind as homo-
(HNF4) or heterodimers (COUP-TF/arp-1) 
with RXR to certain DR elements which 
'belong' to other receptors according to the 
above spacer rule. 

• The rule does not distinguish between 
homo- and heterodimers that may bind to 
distinct DR options (DR3 and DR6 VDRE5). 

• The rule does not take into consideration 
the polarity of the receptor-DNA complexes. 

Note that, in addition to DR elements, sever-
al other types of (more complex) response ele-
ments exist (Figure 5). 

3.1.3 Variability of the binding motif, spacer 
sequence and flanking nucleotides 

There is considerable degeneration in the 
sequence of half-site motifs of a given type of 
natural retinoid response element (see Figure 6), 
and the various receptors have distinct prefer-
ences for certain motifs. For example, the pref-
erence for the half-site motif 5'-PuGGTCA over 
5'-GYFCA follows the order TR> RXR> RAR 
(Mader et al., 1993). A receptor-specific prefer-
ence for certain nucleotides in the DR spacer is 
also seen. A DNA binding site selection with 
RAR/RXR, TR/RXR and VDR/RXR heterodimers 
to identify the optimal 3'-positioned motif and 
spacer sequence has been reported (Kurokawa et 

al., 1993) and is easily rationalized in the light 
of the crystallographic data (Rastinejad et al., 
1995). 

3.1.4 Response elements for retmolds 
The classical retinoic acid response element 
(RARE), which was found in the P2 promoter of 
the RAR/3 gene and gives rise to RARJ32 mRNA, is 
a 5 base pair-spaced direct repeat 4 (generally 
referred to as DR5) of the motif 5'-PuGTTCA 
(Figure 6). In addition, response elements with 
a DR5 containing the motif 5'-PuGGTCA (also 
termed DR5G to distinguish it from the DR5T of 
the RARI32 promoter) act as perfect RAREs (de 
Thé et al., 1990; Hoffmann et al., 1990; Sucov et 
al., 1990), as do direct 5'-PuGGTCA repeats 
spaced by one base pair (DR1) or two base pairs 
(DR2) (Figures 5 and 6). RAR-RXR heterodimers 
bind to and activate transcription from these 
three types of RARE, provided the target cells 
express both RARs and RXRs. DR1 elements 
bind not only RAR-RXR heterodimers but also 
RXR homodimers in vitro, and RXRs can trans-
activate target genes containing DR1 elements 
in response to a RXR ligand. The notion that 
DR1 elements can act as functional retinoid X-
receptor response elements (RXRE5) in vivo is 
supported by their activity in yeast cells (Heery 
et al., 1994), in which any contribution of 
endogenous RAR by heterodimerization with 
RXR can be excluded. The only reported natur-
al RXRE is a DR1-related element found in the 
rat CRBPII promoter (Mangelsdorf et al., 1991). 
RXR-specific induction of this CRBPII promoter 
in vivo has not yet been demonstrated, and the 
lack of conservation of the CRBPII RXRE in the 
mouse homologue (Nakshatri & Chambon, 
1994) casts some doubt on its physiological role 
as an RXRE. 

Further examples of genes that have a DRS 
response element and are induced by retinoids 
include RARŒ2 (Leroy et al., 1991), RARy2 
(Lehmann et al., 1992), the rat cellular retinoid 
binding protein I (cCRBPI) (Husmann et al., 
1992), the medium chain acyl-coenzyme A 
dehydrogenase gene (Raisher et al., 1992), rat Œ-
fetoprotein gene (Liu et al., 1994), Hoxb-1 
(Marshall et al., 1994), the human tissue-type 
plasminogen activator gene (Bulens et al., 
1995), intercellular adhesion molecule-1 gene 

44 



General Remarks 

Type Gene - 	 Sequence 

DR-1 rCRBP-11 ACAGGTCAGGTCACGTCAcTTCATT 

mCRABP-Il GAAGGgC44GGTCACA 
hApoAl GCAGGgCAGGTCAAG 

CO VAL TGGtGTCA4GGTCAAA 
rPEPCK CAcGGcCI44GGTCATG 

HBV CGGGGTa4$GTTCAGG 
mHHC1 TGAGGTCAGGTggGC 

AFP AGcaCAGGTCA 

DR-2 
rCRBP-1 GTAGGTCA2aGTCAGA 
mCRBP-1 GTAGGTCA4JIaGTCAGA 
mCRABP-11 CCAGTTCAcfC4GGTCAGG 
hApoAl AGCGGTCA4C4GTTCAGT 
mVL30-1 AAAGTTCAftJttTCACA 

mVL30-2 TGGGGTgA44GTTtAGG 
mHoxb-1 (5) GGAGGgCAGTTCAGG 
mHoxb-1 (3) AGAGGTaAfJGGTCACC 

(C) 	Li 

DR-5 hRAR2 AGGGTTCACA7 GTTCACT 
mRARp2 AGGGTTCAG 	GTTCACT 

mRARŒ2 CGAGTTC4Y,AAW.GTTCACG 
hRARcx2 CAGGTTCAC 	GTTCAGC 

hRAR32 CCGGGTCA ;,,~;,~G4j.GGTgAGC 

hADH3 AGGGGTCATC 	GTTCAGT 

mCP-H GCAGCTCATGA 	GGgCATA 
hGŒ1 CAAGCgCA3 	GGTCAGA 

hMGP AAGGTTCAfTTT GTTCACC 

mHoxa-1 CAGGTTCACAA GTTCAAG 

mHoxd-4 TAAGGTgAC GGTCACA 
hCMV-IEP TAAGGTCAG3'_GGgCATA 

ER-8 m-yF-crystallin 
4 	 p- 

AGTGACCCT777A17 	GGTCAGT 
hMCAD ATTGACCTtTCTC C GGTaAAG 

Palindrome TREpa) 
p- -' 

TCAGGTCATGACCTGA 

bGH GGGGGaCATGACCCCA 

hOST CTAGGTgACCgGG 

xVitA2 TCAGGTCGACCTGA 

Complex rGH 
___O- 

AÀAGGTaAGATCAGGGaCgTGACCGCA 

mLamBl 
p 

GAGGTgGCTAGGTTaA (N 13) GGGTCAAC 
IP 	 p. 	p. 

hOXY 	ATtGGTCA(N14) GGGTCA)N47) GGGTCAGGTCACC 

Figure 6. Natural retinoic acid response elements 
Modified from Gronemeyer and Laudet (1995). Natural response elements that respond to retinoic acid are assembled into distinct direct-

repeat (DR) groups and aligned according to their DR spacer (represented by a shaded box). The hexameric core motif and its orienta-

tion (compare with Figure 5) are indicated as an arrow. Non-consensus nucleotides are shown in small letters. ER, everted repeat 
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(Aoudjit et al., 1995), the phosphoenolpyruvate 
carboxykinase gene (Scott et al., 1996), the Pro 
alpha (I) collagen gene (Meisler et al., 199 7) and 
allelic human Pi class glutathione S-transferase 
gene (Lo & Ali-Osman, 1997). 

In a few genes, RAREs have been found in 
the 3' flanking region rather than the 5' flank-
ing region. These include the Hox A and Hox B 
homeobox gene cluster (Langston & Gudas, 
1992; Langston et al., 1997). A RARE was also 
found in the first intron of the human CD38 
gene (Kishimoto et al., 1998). 

In addition to RAR and RXR heterodimers, 
RXR homodimers may activate DR5 RARE such 
as the one in the RAR3 promoter (Spanjaard et 
al., 1995). 

3.15 DNA binding and receptor dimerization 
3.1.5.1 Homo- and heterodimerization 
Nuclear receptors can bind their cognate 
response elements as monomers, homodimers 
or heterodimers with another family member 
(Glass, 1994). Dimerization is a general mecha-
nism used to increase binding site affinity,  
specificity and diversity due to 
• cooperative DNA binding (an extreme case 

of cooperative binding is the existence, in 
solution, of stable dimers), 

• the lower frequency of two-hexamer rather 
than single-hexamer binding motifs 
separated by a defined spacer (statistically, a 
hexameric repeat like the oestrogen 
response element is 46 times less frequent 
than a single half-site motif) and 

• the existence of recognition sites in het-
erodimers that are distinct from those of 
homodimers. 

Steroid hormone receptors generally bind as 
homodimers to their response elements, while 
RAR, RXR, TR and VDR can homo- and hetero-
dimerize. RXRs play a central role in these signal 
transduction pathways, since they can both 
homodimerize and act as promiscuous het-
erodimerization partners for RAR, TR, VDR and 
some orphan receptors. Heterodimerization has 
a threefold effect: it leads to a novel response 
element repertoire, increases the efficiency of 
DNA binding relative to the corresponding 
homodimers, and allows two signalling inputs,  

that of the ligands of RXR and its partner. A 
phenomenon called 'RXR subordination' main-
tains the identity of pathways for retinoic acid, 
thyroid and vitamin D signalling (see below). It 
is not clear whether some RXR complexes are 
permissive to RXR ligands in the absence of a 
ligand for the partner of RXR. Two dimerization 
interfaces can be distinguished in nuclear 
receptors, a weak one by the DNA-binding 
domains and a strong one by the ligand-bind-
ing domains. Ligand-binding domains dimerize 
in solution, while the interface of DNA-binding 
domains is apparently seen only when bound 
to DNA. The crystal structures of DNA-binding 
domain homo- and heterodimers and the RXR 
ligand-binding domain homodimer have 
defined the structures involved in dimerization 
(Gronemeyer & Moras, 1995). The response 
element repertoire described above for receptor 
homo- and heterodimers (Figure 5) is dictated 
by the DNA-binding domain, while the 
interface formed by the ligand-binding 
domains stabilizes the dimers but does not play 
any role in response element selection. 

3.1.5.2 Specificity of DNA recognition 
The specificity of the DNA response element 
(half-site sequence, spacing and orientation) is 
generated by recognition of the actual 'core' or 
'half-site' motif and by the dimerization 
characteristics (mono-, homo- or heterodimer-
ization; structure of the actual dimerization 
interface) of the receptor(s). The residues 
involved in distinguishing the hexameric half-
site motives of oestrogen-response elements 
(5'-AGGTCA) and those recognized by gluco-
corticoid receptors (5'-AGAACA) were identi-
fied in a series of refined swapping experi-
ments. Initially, DNA-binding domain swaps 
showed that specific half-site recognition 
depends on DNA-binding domain identity 
(Green & Chambon, 1987); subsequently, the 
N-terminal finger was found to differentiate 
between the two response elements (Green et al., 
1988). Three studies showed that two to three 
residues at the C-terminal 'knuckle' of the N-
terminal finger, commonly referred to as the P-box 
(proximal box; see Figure 7), were responsible 
for the differentiation (Danielsen et al., 1989; 
Mader et al., 1989; Umesono & Evans, 1989). 
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A second region, the D-box (distal box; N- 1992). This A-box was later found to play a 
terminal 'knuckle' of the C-terminal finger; see similar role in heterodimers such as 5'-RXR-TR 
Figure 7), was found to be involved in differen- on DR4 elements, where it specifies to some 
tiating between binding to a three-base pair extent the spacer 5' of TR (Kurokawa et al., 
(characteristic of steroid receptor response ele- 1993) and sets minimal spacing by steric hin-
ments) and a zero-base pair-spaced (one type of drance phenomena (Zechel et al., 1994). 
TRE) palindrome (Umesono & Evans, 1989). As Interestingly, the A-box presents in the three-
was later confirmed by the crystal structures of dimensional structure as a helix contacting the 
GR and ER DNA-binding domains, this region minor groove, and modelling indicates its role 
does indeed contribute to the DNA-binding in setting a minimal distance between the half- 
domain dimerization interface, 	 sites (Rastinejad et al., 1995). 

Two other boxes have been described with- 	The T-box (Figure 7) was originally defined 
in the DNA-binding domains of heterodimeriz- in RXRI3 (then H-2RIIBP) as a sequence 
ing receptors. The A-box was originally required for dimerization on a DR1 element 
described as the sequence responsible for the (Wilson et al., 1992). Its role as a RXR homo-
recognition of two additional A nucleotides in and heterodimerization surface has since been 
the minor groove 5' of the hexameric core confirmed (Lee et al., 1993; Zechel et al., 
motif, thus generating an NGFI-B response 1994). 
element (NBRE; 5'-AAAGGTCA) (Wilson et al., 

Figure 7. Schematic illustration of the retinoid X receptor DNA-binding domain 
The boxes illustrate regions involved in response element selection. The P (proximal) box is part of the DNA recognition helix, and 
swapping of the EG. A residues (black circles, the sequence reads cEGckA) of the ER P-box with the corresponding GS..V residues 
of GR switches oestrogen-response element to that recognized by the glucocortocid receptor. The D (distal) box is responsible for 
PAL3/PALO selection by oestrogen or thyroid hormone receptors and contributes to the homodimerization interfaces of ER and GR 
DNA-binding domains. The T-box region forms a helix and corresponds to a dimerization surface in RXR homodimers. The TR 
A-box forms a helix which makes DNA backbone and minor groove contacts and precludes the formation of RXR—TR complexes 
on direct repeats spaced by less than 4 base pairs. Cl and CII are the two zinc-finger motifs; PRF, pre-finger region. 
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3.2 	Structure of nuclear receptor ligand- 
binding domains 

3.2.1 Canonical fold 
The crystal structures of six nuclear receptor 
ligand-binding domains have been described so 
far: the dimeric apo-RXRa (Figures 8 and 9; 
Bourguet et al., 1995), monomeric holo-RAR'y 
(Figures 8 and 9; Renaud et al., 1995; Klaholz et 
al., 1998), monomeric holo-TRa (Wagner et al., 
1995), dimeric holo (oestradiol, diethylstilboe- 
strol)- and antagonist (raloxifene, tamoxifen)
bound ERa (Brzozowski et al., 1997; Shiau et al., 
1998; Tanenbaum et al., 1998), dimeric holo 
(progesterone)-bound PR (Williams & Sigler, 
1998) and apo- and holo (thiazolidinedione)-
peroxisome proliferator-activated receptor 
(PPAR)'y (Nolte et al., 1998). These nuclear recep-
tor ligand-binding domains display a common 
fold, as originally predicted (Wurtz et al., 1996), 
with 12 a-helices (H1-H12) and one 3-turn 
arranged as an antiparallel a-helical 'sandwich' 
in a three-layer structure (Figures 8 and 9). Note 
that some variability exists; for example, no 
helix H2 was found in RAR1 (Renaud et al., 
1995), while an additional short helix H2' is pre-
sent in PPAR7 (Shiau et al., 1998). 

3.2.2 The mouse-trap model 
Comparison of the various apo- and holo-
ligand-binding domain structures (Figures 8 
and 9) suggested a common mechanism by 
which AF-2 becomes transcriptionally compe-
tent: after ligand binding, H 11 is repositioned 
in the continuity of H10, and the concomitant 
swinging of H12 unleashes the W-loop which 
flips over underneath H6, carrying along the 
N-terminal part of H3. In its final position, 
H12 seals the ligand-binding cavity like a 
'lid' and further stabilizes ligand binding (in 
some but not all nuclear receptors) by con-
tributing additional ligand-protein interac-
tions. It is a general and essential feature of 
the ligand 'activation' of nuclear receptors 
that the transconformation of H12 and addi-
tional structural changes such as bending of 
helix H3 create distinct surfaces on the apo-
and holo-ligand-binding domains. The novel 
surfaces generated after agonist binding 
allow bona fide co-activators, such as mem-
bers of the SRC-1/transcription intermediary 

factor 2 family, to bind and recruit additional 
transcription factors (see below). Conco-
mitantly, co-repressor proteins, which bind to 
presently unknown surface(s) of the apoli-
gand-binding domain, dissociate after agonist 
but not necessarily antagonist binding (see 
below). Notably, certain antagonists 'force' 
H12 into a third position, distinct from the 
holo position whereby it impairs co-activator 
binding. 

For a given receptor, the equilibrium 
between the apo and holo (or apo and antago-
nist) conformational states of a nuclear recep-
tor ligand-binding domain can be affected 
through intramolecular interactions of H12, 
such as a salt bridge (holo-ligand-binding 
domain of RARy, Figure 8; Renaud et al., 1995) 
or hydrophobic contacts, as suggested for 
apo-ER (White et al., 1997b). This implies that 
the apo conformation is not necessarily the 
default state, so that some nuclear receptors 
may be constitutive activators or repressors 
without possessing a cognate ligand. Moreover, 
an increase in co-activator concentration 
can generate a transcriptionally competent RAR 
under certain conditions (Voegel et al., 1998), 
and the apo-ER conformation may be 
destabilized by phosphorylation (Weis et al., 
1996; White et al., 1997b). Thus, over-
expression of co-activators or receptor modifi-
cation may generate ligand-independent 
receptors. 

3.2.3 The dimer interface 
Most studies of nuclear receptor co-regulator 
interactions consider only nuclear receptor 
monomers; however, heterodimers can have a 
very different gamut of co-regulator interac-
tions. The roles of Hi, H12 and (ligand-depen-
dent) intradimeric allosteric effects must there-
fore be taken into account in order to have a 
comprehensive molecular view of nuclear 
receptor ligand-binding domain function. 

As predicted from studies of mutagenesis, 
the homodimeric contacts involve helix HIO. 
The three interfaces are very similar, as first 
seen in the crystal structure of apo-RXRa and 
now observed in ERa, PR and PPARy. The key 
element that locks the dimer interface is H10, 
which can self-associate through hydrophobic 
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Figure 8. Topology of the apo-ligand-binding domain (LBD) of the retinoid X receptor (apo-RXRa) 
and the holo-LBD of the retinoic acid receptor (holo-RAR'y). 
Nuclear receptor ligand-binding domains form a -helical sandwich with H4, H5, H8 and l-19 (grey boxes) positioned between 
helices Hi to H3 and H6, H7, H10 (striped boxes). H12 (and to a lesser extent H11) undergoes major structural alteration (trans-
conformation') upon ligand binding. The N and C termini of the RXRŒ LBD are indicated, as well as the residues at the beginning 
and at the end of each a-helix or j-strand. 
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Figure 9. Three-dimensional structure of the apo-ligand-binding domain (LBD) of the retinoid X 
receptor (apo-RXRa) and the holo-LBD of the retinoic acid receptor (hoIo-RAR') 
The trans-conformation after ligand binding, which involves flipping of the W-loop, has been referred to as the mouse-trap mecha-
nism' (see text and Renaud et ai, 1995). Note that these folds are prototypic folds which apply to the entire nuclear receptor super-
family (Wurtz et aI.,1 996). For illustration, helices Hi O, H11 and H12 are represented as black rods. The core of the activation func- 

contacts, but helices H9 and H7 and the loops 
connecting H7 and H8 also contribute to dimer 
stability. The H12 of one subunit is proximal to 
H7 in the other, and this might provide the 
basis for allosteric cross-talk between subunits. 
If heterodimers were similarly associated, close 
proximity of H12 to the other subunit could 
play a significant role in the function of the 
nuclear receptor heterodimer, such as, for 
example, RXR subordination. 

apo-RXR, in contrast to other apo-nuclear 
receptors, can form tetramers which dissociate 
after ligand binding (Kersten et al., 1995, 1996; 
Chen et al., 1998). These tetramers could be a 
storage form of this promiscuous heterodimer-
ization partner.  

3.2.4 The ligand-binding pocket 
In all the crystal structures presently available, 
the ligand is embedded within the protein, 
with no clearly accessible entry or exit. PPAR1 
seems to be the only exception to that rule, 
since a potential access cleft to the ligand-
binding protein was observed between H3 and 
the 3-turn which could be of sufficient size to 
allow entry of small ligands without major 
adaptation. For all other receptors of known 
structure, significant conformational changes 
are necessary to generate potential entry sites. 
The mouse-trap model provides an easy solu-
tion to the problem: the mobility of H12 opens 
a channel by removing the 'lid' from the ligand 
pocket. 
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The ligand-binding pockets are lined with 
mostly hydrophobic residues. A few polar 
residues at the deep end of the pocket near the 
il-turn act as anchors for the ligand or play an 
essential role in the correct positioning and 
enforce the selectivity of the pocket. Most 
nuclear receptors contain a conserved arginine 
attached to H5 which points into this part of 
the cavity. These anchoring residues, conserved 
within a given subfamily, are indicative of the 
polar group characteristics of each family of hg-
ands (i.e. carboxylate for retinoids and ketone 
for steroids). 

3.2.5 Ligand selectivity 
As shown in the cases of RAR'y and TRP, the 
shape of the ligand-binding pocket matches 
that of the ligand. The accordance of shape and 
volume maximize the number of mostly 
hydrophobic contacts, thus contributing to the 
stability of the complex and the selectivity of 
the pocket for the cognate ligand. 

The RAR has a ligand-binding domain that 
can bind two chemically different ligands 
equally well: all-trans-retinoic acid and its 9-cis 
isomer. Crystallographic analysis of the two 
ligands in the RAR-y ligand-binding domain 
showed that both adapt conformationally to 
the ligand-binding protein, which acts as a 
matrix (Klaholz et al., 1998). Moreover, the con-
formation of a RARy-selective agonist was shown 
to match that of the natural ligands in their 
bound state. The adaptation of ligands to the 
protein leads to an optimal number of interac-
tions for binding and selectivity and 
justifies modelling approaches for ligand design. 

For steroid receptors, the volume of ligand-
binding protein is significantly larger than that 
of the corresponding ligands, and the rigidity 
of the ligand does not allow adaptability. 
Therefore, selectivity cannot be driven by mul-
tiple hydrophobic contacts, which could not 
suffice to discriminate between small struc-
turally similar ligands. Very large volumes of 
ligand-binding protein allow binding of multi-
ple ligands with different stereochemistry, as in 
the case of PPAR (Nolte et al., 1998), often at 
the expense of lower binding affinities. 

As in a structure-based sequence alignment, 
only three residues diverged in the ligand- 

binding proteins of RAR a, 0 and y. It was 
predicted that these divergent residues were 
critically involved in differentiating between 
isotype-selective retinoids (Renaud et al., 1995). 
Indeed, swapping of these residues confirmed 
the hypothesis (Gehin et al., 1999) and also 
confirmed the agonistic/antagonistic response 
towards the ligand onto any other RAR isotype. 

3.2.6 Molecular consequences of ligand 
binding 

A model was proposed in which holo nuclear 
receptors transmitted their activity to the basal 
transcription machinery via transcription 
intermediary factors or co-regulators. This 
hypothesis was based on so-called 'squelching' 
experiments in which it was observed that 
overexpression of one receptor ('autosquelch-
ing'; Bocquel et al., 1989) or of a different 
receptor ('heterosqueiching'; Meyer et al., 1989) 
inhibited agonist-induced trans-activation in a 
receptor dose- and ligand-dependent manner. 
These data were interpreted as the result of 
sequestration of transcription intermediary 
factors from the transcription initiation com-
plex by either excess of the same or 
addition of another ligand-activated receptor. 

3.3 	Retinoid X receptor subordination 
RXR cannot respond to RXR-selective agonists in 
the absence of an RAR ligand. This phenomenon 
is generally referred to as RXR 'subordination' 
or RXR 'silencing' by apoRAR. In the 
presence of an RAR agonist or certain RAR 
antagonists, RXR agonists further stimulate the 
transcriptional activity of RAR-RXR het-
erodimers synergistically (Figure 10; Chen et al., 
1996). RXR subordination solves a potential 
problem that arises from the ability of RXR to 
act as a promiscuous heterodimerization part-
ner for numerous nuclear receptors, compro-
mising signalling pathway identity, since in the 
absence of subordination RXR ligands could 
simultaneously activate multiple heterodimeric 
receptors, such as RAR-RXR, TR-RXR and 
VDR-RXR and confuse retinoic acid, thyroid 
hormone and vitamin D3 signalling, respec-
tively. Retinoic acid-deprived animals do 
not, however, have abnormalities that could 
readily be related to impaired thyroid hormone 
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or vitamin D3 signalling. Moreover, RXR-selec-
tive ligands on their own could not trigger 
RXR-RAR heterodimer-mediated retinoic 
acid-induced events in various cell systems 
(Chen et al., 1996; Clifford et al., 1996; Taneja 
et al., 1996). This is not due to an inability of 
the RXR partner to bind its cognate ligand in 
DNA-bound heterodimers, as was previously 
suggested (Kurokawa et al., 1994), as RXR ligand 
binding has been demonstrated to occur in 
such complexes in several studies in vitro, and 
synergistic trans-activation induced by 
RAR- and RXR-selective ligands has been 
observed in vivo (Apfel et al., 1995; Chen et al., 
1996, 1997; Clifford et al., 1996; Kersten et al., 
1996; Taneja et al., 1996; Li et al., 1997; Minucci 
et al., 1997). Thus, RAR apparently 'controls' 
the activity of RXR-RAR heterodimers in two 
ways: it induces transcription in response to 
its own ligand and silences RXR activity in 
the absence of an RAR ligand. Consequently, 
the only way for RXR to affect trans-activation 
in response to its ligand in RXR-RAR 
heterodimers is through synergy with RAR 
ligands (Figure 10). This concept of RXR silenc-
ing may not apply to all nuclear receptor 
partners, as the ligand-induced RXR activity 
was permissive in heterodimers with NGFI-B, 
leading even to a synergistic response (Forman et 
al., 1995; Perlmann & Jansson, 1995). Neither 
the existence of an endogenous NGFI-B ligand 
nor weak constitutive activity of the NGFI-B AF-
2 can be excluded; both could readily explain 
RXR activity and NGFI-B-RXR synergy due to 
the absence of RXR silencing. 

3.4 	Retinoid receptor cross-talk with other 
signalling pathways 

Retinoid receptors can regulate gene expression 
by interacting directly, as homodimers and/or 
heterodimers, with cognate response elements 
in target gene promoters. At least three types of 
regulatory mechanism exist, by which several 
nuclear receptors, including retinoid receptors: 
• can positively or negatively mutually inter- 

fere with gene activation in programmes of 
other signalling pathways (including so-
called AP-1 trans-repression; Göttlicher et 
al., 1998), 

• act through the response elements of other  

transcription factors in a ligand-dependent 
but DNA binding-independent fashion 
(Gaub et al., 1990; Paech et al., 1997), 
be affected by the activity of other sig-
nalling pathways, resulting for example in 
receptor phosphorylation and concomitant 
modification of its activity (Kato et al., 1995; 
Hu et al., 1996a; Rochette-Egly et al., 1997). 

Transcriptional interference is not restricted 
to AP-1 but can also involve factors such as 
NF01, STAT5, C/EBP and Oct-2A. Examples 
of genes that have been shown to be suppressed 
by all-trans-retinoic acid through antagonism 
of AP-1 include stromelysin (Nicholson et 
al., 1990), collagenase (matrix metallopro-
teinase-1) (Schüle et al., 1991; Schroen & 
Brinckerhoff, 1996; Guerin et al., 1997), involu-
crin (Monzon et al., 1996) and relaxin (Bernacki 
et al., 1998). 

all-trans-Retinoic acid can increase AP-1 
activity, and this may be associated with cell 
differentiation in melanoma cells (Desai & 
Niles, 1997) or cell growth enhancement in a 
lung carcinoma cell line (Wan et al., 1997). 
Whether all-trans-retinoic acid suppresses or 
increases AP-1 activity appears to be cell type-
specific and may depend on the differentiation 
programme elicited and the abundance of co-
factors. 

3.4.1 Dissociation of trans-activation and 
AP-1 trans-repression by synthetic 
retinoids 

Both RARs and RXRs (a, 0 and y isotypes) can 
act as ligand-dependent trans-repressors of AP-1 
(c-Jun/c-Fos) activity, and, reciprocally, AP-1 can 
inhibit trans-activation by EARs and RXRs. In 
the case of RAR, mutant analyses have shown 
that the integrity of both DNA and ligand-bind-
ing domains is required for efficient AP-1 
repression. Notably, C-terminal truncation 
mutants lacking H12 fail to trans-repress, sug-
gesting that H12 trans-conformation is 
involved in both trans-activation and trans-
repression. 

Several groups have generated ligands 
which are EAR isotype or RXR-selective ago- 
nists and antagonists and separate the trans-
activation and trans-repression functions of 
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Figure 10. Model of retinoid X receptor (RXR) subordination by apo-retinoic acid 
receptor (RAR) 
(a) In the presence of RAR agonists, co-repressor (COR) dissociates from the RAR—RXR heterodimer and co-activator (C0A) is 
recruited and establishes a transcription activation-competent complex, probably through the RAR subunit. (b) Synergy between 
RAR and RXR agonists is due to cooperative binding of a co-activator through two of its LXXLL nuclear receptor boxes. (o) RXR hg-
and alone is unable to dissociate the co-repressor from the heterodimer but allows co-activator recruitment to the RXR subunit. 
Either allosteric or direct steric hindrance effects exerted by the co-repressor destabilize the co-activator complex, resulting in RXR 
subordination. LBD, ligand-binding protein 
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retinoid receptors. The aim is to find ligands 
which are largely devoid of the side-effects of 
all-trans-retinoic acid and function as inducers 
of either apoptosis and/or differentiation or 
inhibitors of cell proliferation, preferably in a 
cell-specific manner. Both subunits of the 
RAR-RXR heterodimer contribute synergistically 
to differentiation and apoptosis in the model 
NB4 and HL60 acute promyelocytic leukaemia 
cell lines (Chen et al., 1996; Kizaki et al., 1996). 
Retinoids that can trans-repress AP-1 but are 
largely devoid of the ability to trans-activate 
cognate target genes can inhibit the growth of 
tumour cells (Chen et al., 1995). Huang et al. 
(1997) suggested that the antitumour effect of 
synthetic retinoids requires the AP-1 repressive 
but not the 'classical' trans-activation ability of 
the cognate receptor, but HL60 cells differentiated 
and ceased proliferation in response to RAR-RXR 
agonists and not to a retinoid with anti-AP-1 
activity that did not trans-activate target genes 
(Kizaki et al., 1996). Similar AP-1 antagonism-
independent antitumour effects of retinoids 
have been reported for neuroblastoma (Giannini 
et al., 1997) and prostate cancer (de Vos et al., 
1997) cells. It may be possible to target the 
antitumour effect of retinoids to specific cell types 
or tissues by designing synthetic retinoids with a 
defined pattern of RAR isotype and RXR selectivity 
and trans-activation or trans-repression ability. 

There may be insufficient experimental 
evidence to establish that 9-cis-retinoic acid is 
'the' or 'a' physiological ligand for the RXR 
family of receptors. There is a considerable 
body of literature on the formation of 9-cis-
retinoic acid within cells, tissues and organisms 
and on the actions of 9-cis-retinoic acid in 
living systems. Heyman et al. (1992) reported 
that the concentrations of 9-cis-retinoic acid in 
adult mouse liver and kidney are 13 and 100 
pmol/g tissue, respectively, but Kurlandsky et 
al. (1995), who reported a limit of detection of 
only 4 pmol/g of tissue, were unable to detect this 
compound in adult rat liver, spleen, kidney, 
brain, adipose tissue, testis or muscle. Since no 
further reports of 9-cis-retinoic acid concentra-
tions in tissues have appeared, it can only be con-
sidered a putative physiological ligand for Ms. 

The mechanisms by which nuclear recep-
tors cross-talk with other signalling pathways  

remain elusive. Three models are being dis-
cussed, none of which comprehensively 
accounts for the observed phenomena. 

(i) The CBP (a 265-kDa CREB-binding protein) 
sequestration model (Kamei et al., 1996) is 
based on the assumption that both nuclear 
receptors and AP-1 compete for CBP/p300 
as a common cofactor. The problem with 
this model is that receptor mutants (Heck et 
al., 1994) and antagonists (Chen et al., 
1995; Vayssière et al., 1997) exist which do 
not induce trans-activation and do not 
recruit co-activators but nevertheless are 
potent trans-repressors of AP-1 activity. 

(ii) Interference with the Jun N-terminal kinase 
(JNK) signalling pathway, based on the 
blockade by hormone-activated nuclear 
receptors of c-Jun phosphorylation on Ser-
63/73, is required to recruit the transcrip-
tional co-activator CBP (Caelles et al., 1997). 
A similar mechanism was observed in 
human bronchial epithelial cells where all-
trans-retinoic acid decreased the amount 
and activation of AP-1 components. It 
inhibited JNK and, to a lesser extent, extra-
cellular signal-regulated kinase activity and 
also reduced c-fos mRNA (Lee et al., 1998). 
Pretreatment of human skin with all-trans-
retinoic acid was found to inhibit induction 
of c-Jun  protein by ultraviolet radiation 
and, consequently, AP-1 via a post-trans-
criptional mechanism, since all-trans-
retinoic acid did not inhibit induction of 
c-Jun mRNA (Fisher et al., 1998). This 
mechanism does not account for the inhibi-
tion of nuclear receptor activity by AP-1. 

(iii)Disruption of c-Jun/c-Fos dimerization by 
retinoid receptors (Zhou et al., 1999), 
observed in a mammalian two-hybrid sys-
tem, could account for the finding that ago-
nist-bound RAR can inhibit DNA binding by 
AP-1 in vitro. The mechanism does not, 
however, apply for the glucocorticoid recep-
tor, as inhibition of AP-1 DNA binding by 
glucocorticoid receptor has been shown to 
be an artefact (Konig et al., 1992). 
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3.4.2 Post-transcriptional mechanisms 
Although transcriptional control is recognized 
as a major mechanism of regulation of gene 
expression during differentiation and develop-
ment, alterations in gene expression through a 
post-transcriptional process are also an 
acknowledged mechanism for modulating 
important growth regulatory gene products. 
Through this mechanism, all-trans-retinoic acid 
can enhance or suppress the expression of 
genes that are already being actively tran-
scribed rather than only inducing the expres-
sion of silent genes. A number of genes have 
been reported to be regulated by retinoic acid at 
the post-transcriptional level, but the mecha-
nism is not clear. It has been proposed that all-
trans-retinoic acid modulates ENA processing 
or transport out of the nucleus (Rosenbaum & 
Niles, 1992). In most studies, it was found that 
all-trans-retinoic acid stabilizes mRNA, and the 
stable mRNA levels of the oncogenes p53 and 
c-myc were found to decrease in F9 embryonal 
carcinoma cells induced to differentiate into 
parietal endoderm by treatment with all-trans-
retinoic acid and dibutyryl cyclic AMP. The 
decrease in c-myc was rapid (< 24 h), whereas 
the decrease in p53 was observed after two to 
three days, and both were due to post-tran-
scriptional regulation, as indicated by nuclear 
transcription assay in vitro (Dony et al., 1985). 
Thus, in F9 embryonal carcinoma cells, some 
genes are regulated by all-trans-retinoic acid at 
the transcriptional level and others at the post. 
transcriptional level. Likewise, nuclear run-on 
transcriptional analysis showed no changes in 
the transcription rate of the four homeobox 
genes (HOX-1, HOX-2, HOX-3 and HOX-5) in 
human embryonal carcinoma cells treated with 
all-trans-retinoic acid and induced to differenti-
ate into several cell types. These data suggest 
that the activation of homeobox gene expres-
sion in retinoic acid-induced embryonal 
carcinoma cells is controlled, at least in part, by 
post-transcriptional mechanisms (Simeone et 
al., 1989). Other genes shown to be up-regulat-
ed by mRNA stabilization include protein 
kinase C in melanoma cells (Rosenbaum & 
Niles, 1992), alkaline phosphatase in 
pre-osteoblastic cells (Zhou et al., 1994), keratin 
19 in squamous carcinoma cells (Crowe, 1993), 

a secreted binding protein for fibroblast growth 
factors in squamous carcinoma cells (Liaudet-
Coopman & Welistein, 1996), connexin 43 in 
F9 embryonal carcinoma cells (Clairmont & 
Sies, 1997), Pbx protein (a heterodimerization 
partner of Hox proteins) in P19 embryonal car-
cinoma cells (Knoepfler & Kamps, 1997) and 
leukotriene C4 synthase in rat basophilic 
leukaemia cells (Hamasaki et al., 1997). 
Although it is not clear how all-trans-retinoic 
acid stabilizes the mRNA of certain genes, it 
affects connexin 43 gene expression at the level 
of mRNA stability via elements located in the 
3'-untranslated region (Clairmont & Sies, 
1997). Another mechanism was suggested by 
studies on differentiation of the pre-osteoblastic 
cell line, UMR 201. In these cells, all-trans-
retinoic acid caused a marked increase in the 
proficiency of post-transcriptional nuclear 
processing of alkaline phosphatase mRNA as a 
result of dephosphorylation of nuclear Ui 70K 
spliceosome-component protein. A twofold 
decrease in mRNA expression of an isoform of 
alternative splicing factor that inhibits splicing 
was also observed (Manji et al., 1999). Other 
mechanisms were described for the increased 
transcription of interleukin-1 13 mRNA induced 
by all-trans-retinoic acid, although, unlike for 
other primary target genes, mRNA expression is 
regulated at pre-mRNA processing (Jarrous & 
Kaempfer, 1994). 

A few studies have shown that all-trans-
retinoic acid induces changes in protein sta-
bility. The half-life of bd -2 protein was 
markedly shortened after treatment of blast 
stem cells of acute myeloblastic leukaemia 
with this compound (Hu et al., 1996b). all-
trans-Retinoic acid induced cyclin Dl proteol-
ysis via proteasome in normal and immortal-
ized human bronchial epithelial cells 
(Langenfeld et al., 1997; Boyle et al., 1999), 
and this effect may depend on retinoid recep-
tors because retinoids that activated RARj3 or 
RXR pathways preferentially led to a decrease 
in the amount of cyclin Di protein (Boyle et 
al., 1999). In contrast, all-trans-retinoic acid 
increased the stability of p53 protein in non-
small cell lung cancer cells (Maxwell & 
Mukhopadhyay, 1994). 
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4. 	Cellular biology of retinoids 

Normal tissue homeostasis depends on coordi-
nated regulation of cell proliferation, differenti-
ation and apoptosis. The putative cancer-pre-
ventive effects of retinoids are thought to be 
associated with their ability to modulate the 
growth, differentiation and apoptosis of nor-
mal, premalignant and malignant cells in vitro 
and in vivo. Although cancer prevention occurs 
by definition in vivo, many fundamental 
concepts of the mechanisms of action of 
chemopreventive agents can be explored in 
studies with cells in monolayer culture, 
semisolid media, three-dimensional raft cul-
tures and organ cultures. Retinoids exert 
pleiotropic effects on transformation of cells 
and tissues in culture. They suppress the trans-
forming effects of carcinogens, inhibit the 
growth of immortalized 'premalignant' cells 
and suppress the transformed phenotype of 
fully malignant cells. 

	

4.1 	Effects of retinoids on cell transformation 
The effects of retinoids on transformation of 
normal cells in vitro were examined in mouse 
embryonal cell, rat tracheal epithelial cell and 
human keratinocyte model systems. Certain 
retinoids inhibited transformation induced by 
carcinogens whether they were chemicals 
(Bertram, 1983; Langenfeld et al., 1996), physi-
cal agents (Harisiadis et al., 1978), viruses 
(Talmage & Lackey, 1992; Agarwal et al., 1991; 
Khan et al., 1993; Pomponi et al., 1996) or 
oncogenes (Roberts et al., 1985; Cox et al., 
1991). 

Retinoids suppressed the growth of immor-
talized keratinocytes that mimic a carcinoma in 
situ in raft culture (Shindoh et al., 1995; Eicher 
& Lotan, 1996). They also reversed histological 
changes induced by vitamin A deficiency in 
hamster trachea (Newton et al., 1980; Chopra, 
1983) and by exposure of mouse prostate to 
carcinogens in organ culture (Lasnitzki, 1976). 
Some of these systems (e.g. the hamster trachea 
system) have been used as preclinical screens 
for chemopreventive effects of retinoids 
(Newton et al., 1980).  

4.2 	Effects of retinoids on cell proliferation 
Investigations have been conducted with cells 
derived from normal tissues and cells immor-
talized with simian virus 40 large T antigen 
(Reddel et al., 1988; Langenfeld etal., 1996; Sun 
et al., 1999a), human papillomavirus (HPV) 
E6/E7 (Khan et al., 1993; Shindoh et al., 1995) 
or Epstein-Barr virus (Pomponi et al., 1996). 
Some of the latter cells were further trans-
formed by exposure to carcinogens in vitro 
(Langenfeld et al., 1997; Boyle et al., 1999) or in 
vivo (Klein-Szanto et al., 1992). The immortal 
and transformed cells provided an isogenic 
system of carcinogenesis in vitro in which the 
activities of chemopreventive agents could be 
compared (Sun et al., 1999a; Boyle et al., 1999). 
Retinoids were found to suppress the growth of 
certain cells. Human keratinocytes immortal-
ized by HPV 16 DNA became more sensitive 
than normal keratinocytes to growth control 
by retinoids (Pirisi et al., 1992). Treatment 
decreased the level of HPV E2/E5/6/E7 
transcripts (Pirisi et al., 1992; Khan et al., 1993). 
Whereas early-passage HKc/HPV16 cells were 
very sensitive to growth inhibition by all-trans-
retinoic acid, as the cells progressed in culture 
they lost their sensitivity to the retinoid (Creek 
et al., 1995). 

Most studies on the effects of retinoids on 
cells in vitro have been performed with cell lines 
derived from carcinogen-induced rodent 
tumours and spontaneous human cancers 
(Amos & Lotan, 1990; Gudas et al., 1994). In 
most cells that are sensitive to the growth-
inhibitory effects of retinoids in monolayer or 
suspension cultures, there are changes in cell 
cycle, most often an accumulation of cells in 
the Gi phase and a concomitant decrease in the 
numbers of cells in S and G2/M (Zhu et al., 
1997; Matsuo & Thiele, 1998). Growth inhibi-
tion is usually observed within 24-48 h of treat-
ment and requires the continuous presence of 
retinoids, as the effects are usually reversible 
(except when apoptosis is induced, as described 
below). The concentrations of retinoids 
required to induce 50% growth inhibition 
(IC,,) relative to control cultures can range 
from nanomolar (physiological) to micromolar 
(pharmacological) concentrations. They 
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depend on the solubility, hydro-phobicity and 
affinity for nuclear retinoid receptors of the 
retinoid and the rate of uptake, rate of catabo-
lism of the retinoid, expression of cellular and 
nuclear retinoid-binding proteins and receptors 
and other factors related to the transcriptional 
machinery in the cell. The growth inhibitory 
effects of retinoids have been documented in a 
wide variety of tumour cell types, including 
melanoma, neuroblastoma, glioma, retinoblas-
toma, embryonal carcinoma, carcinomas of the 
lung, breast, prostate, bladder, colon, skin, head 
and neck and cervix and various types of sarco-
ma that grow as adherent monolayers on plas-
tic tissue culture dishes, as well as in small-cell 
lung cancer cells isolated from pleural effusions 
and haematopoietic malignancies such as lym-
phomas, leukaemias, myelomas, premonocytic 
leukaemia and promyelocytic leukaemia which 
normally grow in suspension (Amos & Lotan, 
1990; Gudas et al., 1994). 

Retinoids also suppress the ability of certain 
malignant cells to form colonies in semisolid 
media, an anchorage-independence property 
that is a hallmark of transformed cells (Lotan et 
al., 1982; Amos & Lotan, 1990; Gudas et al., 
1994). Tumour cells examined for response to 
retinoids in this assay are often more sensitive 
than in monolayer cultures (Lotan et al., 1982). 
Another advantage of the assay is that it has 
been adapted for analysis of the sensitivity to 
retinoids of tumour cells dissociated from fresh 
surgical specimens (Meyskens & Salmon, 1979; 
Meyskens et al., 1983; Cowan et al., 1983). 

Natural and synthetic retinoids have been 
identified that are more effective in the various 
assays than all-trans-retinoic acid (Sun et al., 
1997; 1999a). Some of these retinoids may pave 
the way towards the next generation of chemo-
preventive retinoids if they are found to have 
greater cell specificity and fewer side-effects 
than those currently in use. 

4.3 	Effects of retinoids on cell differentiation 
HPV-transformed ectocervical cells were 
sensitive to the ability of retinoids to suppress 
squamous differentiation in monolayer 
cultures, which is also observed in normal cells 
(Agarwal et al., 1991). Many HPV-immortalized 
cell lines have shown greater sensitivity to sup- 

pression of squamous differentiation by all-
trans-retinoic acid than normal cells (Choo et 
al., 1995), but when HPV-immortalized 
keratinocytes derived in another laboratory 
were allowed to form three-dimensional 
organotypic raft cultures, they became less 
sensitive than normal cells to the suppressive 
effects of all-trans-retinoic acid on squamous 
differentiation (Merrick et al., 1993). all-tians-
Retinoic acid enhanced mucin secretion by 
SPOC1 cells (rat tracheal cells immortalized by 
growth on tracheal grafts in vivo) during the 
early plateau stage of culture (Randell et al., 
1996). Thus, it appears that all-trans-retinoic acid 
enhances the expression of the mucous pheno-
type while suppressing the squamous one. 

Retinoids were found to modulate the dif-
ferentiation of numerous types of cells derived 
from embryonal carcinoma, germ-cell tumour, 
choriocarcinoma, melanoma, neuroblastoma, 
astrocytoma, medulloblastoma, retinoblastoma, 
rhabdomyosarcoma, colon carcinoma, breast 
carcinoma, myeloid leukaemia, premonocytic 
leukaemia, erythroleukaemia and others 
(Lotan, 1995a). With the exception of normal 
and malignant keratinocytes, retinoids induced 
or enhanced the differentiation of these 
tumour cells (Gudas et al., 1994; Lotan, 1995a). 
In cultured keratinocytes and squamous-cell 
carcinomas, retinoids inhibited keratinizing 
squamous differentiation (Jetten et al., 1992; 
Lotan, 1993). Because in many tissues, such as 
buccal mucosa and bronchial epithelium, the 
keratinizing squamous differentiation of 
tumours derived from normally non-keratiniz-
ing epithelial cells is aberrant (i.e. it occurs dur-
ing carcinogenesis or other pathological states), 
the inhibitory effect of retinoids on the expres-
sion of squamous differentiation markers can 
be viewed as restoration of the normal non-ker-
atinizing phenotype (Lotan, 1993). 

Although retinoids can induce many 
pathways of differentiation, extensive studies 
with cell lines derived from embryonal carcino-
ma, normal and malignant keratinocytes, 
premonocytic and myeloid leukaemias, 
neuroblastoma and melanoma indicate that 
they do not determine the pathway of differen-
tiation but rather enhance predetermined 
programmes in cells that can undergo 

57 



ARC Handbooks of Cancer Prevention 

differentiation along one or more specific 
pathways. Notable examples are the P19 
embryonal carcinoma cells, which can be 
induced to undergo either myogenic differenti- 
ation or neuronal differentiation, depending 
on the concentration of all-trans-retinoic acid 
used (McBurney et al., 1982). In F9 embryonal 
carcinoma cells, all-trans-retinoic acid can 
induce parietal or visceral endodermal differen-
tiation depending on whether the cells are 
grown in monolayer culture or as three-dimen-
sional aggregates (Strickland et al., 1980; Gudas, 
1992). Furthermore, all-trans-retinoic acid 
induced three distinct differentiation path-
ways: ectodermal, mesodermal and endodermal 
in a developmentally pluripotent germ-cell 
tumour (Damjanov et al., 1993). The potential 
of all-trans-retinoic acid may sometimes be 
restricted to a specific pathway, as in HL-60 
myeloid leukaemia cells which can undergo 
both myeloid and monocytoid differentiation, 
even though retinoids can induce only the 
granulocytic pathway (Breitman et al., 1980). 
Presumably, the effects of retinoids on the 
differentiation pathway depend on various 
cellular factors that are either expressed consti-
tutively (e.g. certain transcription factors) or are 
induced by retinoic acid and then turn on a 
specific differentiation pathway, such as Hox 
genes (Boncinelli et al., 1991) and AP-2 
(Luscher et al., 1989). 

The induction of differentiation of tumour 
cells is not restricted to established cell lines, 
since fresh leukaemic cells in short-term culture 
were also responsive to treatment with 
retinoids (Imaizumi & Breitman, 1987). 
Because retinoids can enhance the differentia- 
tion of malignant cells, they have been 
developed for clinical trials of 'differentiation 
therapy' aimed at inducing the differentiation 
of tumour cells in vivo (see section 6). So far, 
reports on induction of differentiation of solid 
tumour cells in vivo are restricted to murine 
embryonal carcinoma cells injected into 
syngeneic mice. A significant degree of differ- 
entiation was observed in teratocarcinomas 
when retinoic acid was injected directly into 
the tumour (Speers & Altmann, 1984) or when 
several retinoids were administered in the diet 
(McCue et al., 1988).  

4.4 	Effects of retinoids on apoptosis 
Activation of apoptosis in cells at risk of under-
going neoplastic transformation may constitute 
a physiological anti-neoplastic mechanism. 
Apoptosis of DNA-damaged cells can protect 
the organism from cancer development by 
eliminating cells that might otherwise replicate 
the damaged DNA, a process that may lead to 
mutations and eventually to cancer. Agents 
that can induce or restore the ability to under-
go apoptosis in premalignant and malignant 
cells are expected, therefore, to be effective in 
cancer prevention and treatment (Thompson et 
al., 1992). In this context, it is of special inter-
est that retinoids have been found to induce 
apoptosis in mesenchymal, neuroectodermal, 
haematopoietic and epithelial cells during 
normal development and in cultured untrans-
formed and tumour cells (Davies et al., 1992; 
Lotan, 1995b). 

Different retinoids were found to induce 
distinct types of apoptosis. One type involves 
initial differentiation followed by 'physio-
logical' apoptosis of the differentiated cells. 
This pathway is exemplified by HL-60 myeloid 
leukaemia cells, which undergo differentiation 
into granulocytes and subsequently apoptosis 
by a process that requires six to eight days of 
treatment with all-trans-retinoic acid (Martin et 
al., 1990). A second type of apoptosis does not 
require induction of differentiation and is 
usually more rapid; it can be accomplished in 
HL-60 cells by treatment with 9-cis-retinoic 
acid or RXR-selective retinoids (Nagy et al., 
1995). In HL-60 cells, activation of RARs by an 
RAR-specific ligand is sufficient to induce 
differentiation, whereas activation of RXRs by 
their ligand is essential for the induction of 
apoptosis (Nagy et al., 1995). A third pattern of 
apoptosis is one in which cells that are resistant 
to induction of differentiation become respon-
sive to induction of apoptosis, as described for 
a subclone of NB4 cells (a t15;17 human 
promyelocytic leukaemia cell line). When the 
parental cells were treated with all-trans-
retinoic acid or 9-cis-retinoic acid, they differ-
entiated into granulocytes and eventually 
underwent apoptosis as mature cells; however, 
the differentiation-resistant subclone under-
went apoptosis after 72 h of treatment with 
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all-trans-retinoic acid (Bruel et al., 1995). In 
these cells, apoptosis and differentiation may 
include events that cannot occur simultaneously. 
A fourth pattern of apoptosis was found in cul-
tured PCC7-Mzl embryonal carcinoma cells, 
which after exposure to all-trans-retinoic acid 
differentiated into neuronal, astroglial and 
fibroblast-like derivatives over several days. 
With the all-trans-retinoic acid concentrations 
that induce differentiation, apoptotic cells are 
detected as early as 10 h after exposure (Herget 
etal., 1998). 

Retinoids have also been found to protect 
cells from apoptosis. This phenomenon was 
described in the specific case of T cell receptor 
activation-induced T cell hybridoma death, 
which is mediated by the engagement of Fas 
by activation-up-regulated Fas ligand. Retinoic 
acids were found to suppress apoptosis by 
inhibiting the induction of Fas ligand expres-
sion (Yang et al., 1993). Although 9-cis-
retinoic acid was more effective than all-trans-
retinoic acid, the effect required both nuclear 
retinoid receptors (RARs and RXR5) (Yang et 
al., 1995). 

An unusual induction of apoptosis was 
noted in SH SY 5Y human neuroblastoma cells 
which underwent apoptosis after treatment 
with 9-cis-retinoic acid for five days followed by 
incubation for four days without treatment. No 
apoptosis was observed when the cells were 
incubated under the same conditions with 
all-trans-retinoic acid or with LGD 1069, an 
RXR-selective retinoid or, surprisingly, when 
the cells were treated with 9-cis-retinoic acid for 
nine days continuously (Lovat et al., 1997; 
Irving et al., 1998). The mechanism of this 
effect remains to be explained. 

Whereas all these studies were conducted 
with natural retinoic acids, several studies have 
demonstrated that some synthetic retinoids, 
such as N-(4-hydroxyphenyl)retinamide, are 
more potent than all-trans-retinoic acid or 9-cis-
retinoic acid. N-(4-Hydroxyphenyl)retinamide 
induced apoptosis in all-trans-retinoic 
acid-resistant variant HL-60 cells and other 
leukaemia cells (Delia et al., 1993), neuro-
blastoma cells (Ponzoni et al., 1995), lung 
carcinoma (Kalemkerian et al., 1995; Zou et al., 
1998), ovarian carcinoma (Supino et al., 1996),  

head-and-neck squamous cell carcinomas 
(Oridate et al., 1996), breast carcinoma (Wang 
& Phang, 1996) and prostate carcinoma cells 
(Roberson et al., 1997; Sun et al., 1999b). 
N-(4-Hydroxyphenyl)retinamide did not 
induce differentiation of HL-60 cells (Delia et 
al., 1993) or neuroblastoma cells (Ponzoni et 
al., 1995). Because this compound induced 
apoptosis in cells that are resistant to all-trans-
retinoic acid and other retinoids, it may exert 
its effect by a distinct mechanism. Indeed, it 
was able to induce reactive oxygen species in 
leukaemia cells (Delia et al., 1997) and cervical 
cancer cells (Oridate et al., 1997); however, a 
survey of 13 cell lines indicated that only 
about 20% had increased production of reac-
tive oxygen species after exposure to N-(4-
hydroxyphenyl)retinamide, suggesting that 
other mechanisms should be considered (Sun 
et al., 1999b,c). 

	

5. 	The role of retinoids in embryo- 
genesis 

	

5.1 	Involvement of retinoids in embryonic 
development 

The unique features of retinoids in embryos is 
that they are endogenous and are required for 
normal embryonic development. 

5.1.1 Endogenous retinoids in the embryo 
Endogenous retinoids such as retinol, didehy-
droretinol, all-trans-retinoic acid, 4-oxoretinoic 
acid and didehydroretinoic acid have been 
identified by high-performance liquid 
chromatography in the embryos of all species 
examined to date. These include birds (Thaller 
& Lichele, 1987, 1990; Scott et al., 1994; Dong 
& Zile, 1995), rodents (Satre et al., 1989; 
Collins et al., 1994; Tzimas et al., 1995), rabbits 
(Tzimas et al., 1996a), primates, including 
humans (Creech Kraft et al., 1993; Hummier 
et al., 1994; Sass, 1994; Tzimas et al., 1996b), 
Xenopus (Durston et al., 1989) and zebrafish 
(Costaridis et al., 1996). Furthermore, retinoic 
acid is differentially distributed within single 
embryonic regions such as the chick limb 
bud where it forms a concentration gradient 
across the anterior—posterior axis, with the 
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highest concentrations posteriorly (Thaller 
& Eichele, 1987; Scott et al., 1994). A similar 
gradient of all-trans-retinoic acid concen-
trations from the forebrain (lowest) to the 
spinal cord (highest) is found in the nervous 
system of early mouse embryos (Horton & 
Maden, 1995). 

Transgenic mice carrying a reporter gene 
under the transcriptional control of a RARE 
(Rossant et al., 1991; Mendelsohn et al., 1991; 
Balkan et al., 1992) and cell lines transfected 
with a retinoic acid-driven reporter gene (Chen 
et al., 1992b; Wagner et al., 1992; Chen et al., 
1994a) have been used to study the molecular 
basis of retinoid action. The response of the 
reporter system is assumed to reflect the 
presence of all-trans-retinoic acid and other 
active retinoids but cannot be considered to 
reflect the chemical identity of the retinoids 
conclusively. Despite this caveat, such methods 
demonstrate the existence of some 'hot spots' 
of embryonic retinoid concentrations which 
include the Hensen node of chicken embryos 
(Chen et al., 1992b) and anterior-posterior 
gradients of retinoid concentrations in early 
neurula Xenopus embryos (Chen et al., 1994a), 
the central nervous system tissue of rat 
embryos (Wagner et al., 1992) and early chick 
embryos (Maden et al., 1998). 

5.12 Differential distribution of retinoid 
synthesizing enzymes 

The enzymes that synthesize retinoic acid are 
distributed differentially in the embryo, a good 
example being the high level of activity of the 
enzyme retinaldehyde dehydrogenase(II) in 
mouse embryo spinal cord at the brachial and 
lumbar enlargements (McCaffery & Drager, 
1994). In each of these locations, there are 
more motor neurons than in the rest of the 
spinal cord. These neurons innervate the limbs 
which grow out at those two locations, and 
retinoic acid is required for motor neuron 
differentiation. Another example concerns the 
same enzyme, which is expressed in the 
mesenchyme of the early chick embryo (soon 
after gastrulation) in a domain that has an 
anterior border at the level of the second 
somite (Maden et al., 1998). 

5.1.3 Differential distribution of binding 
proteins and receptors 

Retinoid cytoplasmic binding proteins and 
nuclear receptors are differently distributed in 
the embryo. The cytosolic binding proteins for 
retinoic acid and retinol (CRABP5 and CRBP5, 
respectively) show very specific expression 
patterns within the embryo (Maden et al., 1991; 
Gustafson et al., 1993; Dekker et al., 1994; 
Scott et al., 1994). They may be involved in 
the metabolism of retinol to retinoic acid as 
well as in the control of local concentrations of 
'free' all-trans-retinoic acid which is available 
for nuclear receptor binding. Indeed, CRBP 
occurs at relatively high concentrations in 
tissues sensitive to retinoid deficiency (such 
as embryonic heart), while CRABP occurs at 
high concentrations in tissues that are very 
sensitive to excess retinoic acid (such as the 
central nervous system). 'Knock-out' experi-
ments have suggested, however, that these 
cytosolic binding proteins are 'dispensable' for 
embryonic development (Gorry et al., 1994), as 
null mutant mice have no major developmen-
tal defects. 

Studies of mouse embryos (Scott et al., 1994) 
showed that the concentrations of all-trans- 
retinoic acid were much lower than those of its 
cellular binding protein CRABPI. In contrast, 
the whole-embryo concentration of retinol 
exceeded the concentration of its cellular 
binding protein CRBPI. Thus, it appears that 
all-trans-retinoic acid is predominantly bound 
to CRABPI in mouse embryos, while most of 
retinol remains unbound. CRABP can therefore 
function as a 'sink' for extensive accumulation 
of all-trans-retinoic acid in the embryo in the 
presence of low plasma concentrations (Tzimas 
etal., 1996a). 

The RARs and RXRs show very specific spa-
tial and temporal distributions in the embryo 
(Doué et al., 1989, 1990; Ruberte et al., 1990, 
1991, 1993; Mangelsdorf et al., 1994; Yamagata 
et al., 1994). RARa is expressed ubiquitously 
throughout the embryo, while RARf3 and RAki' 
show temporally and spatially restricted expres-
sion that is often mutually exclusive. For exam- 
ple, RARJ3 was found in the closed portion of 
the neural tube, while RAki' was present only in 
the open neural folds of the mouse embryo on 
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day 8.5 of gestation (Doué et al., 1990; Ruberte 
et al., 1991, 1993), suggesting a role for RARI3 
and RARy in the formation and closure of the 
neural tube. By day 13.5 of gestation, RARI3 was 
no longer expressed in the cartilagenous con-
densations of the limb but was found in the 
interdigital mesenchyme, whereas RARy was 
strongly expressed in the digits (Dollé et al., 
1990). These distribution patterns suggest that 
RARI3 and RARy are involved in the formation 
of the digits, and interference with retinoid 
signalling may cause interdigital webbing. Of 
the RXR family, RXR3 showed the widest distri-
bution pattern within the embryo, while RXRa 
and RXRy had more restricted patterns of 
expression (Mangelsdorf et al., 1994). 

5.1.4 Retinol deficiency and embryogenesis 
When the concentrations of retinol and its 
metabolites in the embryo are reduced substan-
tially, increased embryonic death and terata 
occur, as shown classically by removing vita-
min A from the diet of the mother. Hale (1933) 
found that frank vitamin A deficiency in pigs 
induced anophthalmia in their offspring. 
Subsequent experiments by Warkany (1945), 
Wilson et al. (1953) and Kalter and Warkany 
(1959) showed that rodent embryos born to 
vitamin A-deficient mothers were afflicted with 
anophthalmia, microphthalmia, defects of the 
retina, hydrocephalus, cleft palate, malformed 
hind legs, cryptorchidism, cardiovascular mal-
formations and urogenital tract malformations. 
Major defects in the developing central nervous 
system of the embryo could also be induced 
(Maden et al., 1996). 

Administration of various retinoids during 
specific developmental periods showed the effi-
ciency of 'rescue' of embryonic structures by 
particular retinoids (Dickman et al., 1997; 
Wellik et al., 1997; Zile, 1998). In vitamin A-
deficient rats, all-trans-retinoic acid can substi-
tute for vitamin A in all instances except for 
reproduction (spermatogenesis) and vision. The 
embryos of vitamin A-deficient dams which 
were 'rescued' with all-trans-retinoic acid devel-
oped normally but were blind and sterile. 
Retinoic acid cannot be reduced to retinal, and 
no cofactor for rhodopsin can be produced 
from exogenous retinoic acid. Furthermore,  

retinoic acid cannot cross the blood-testis bar-
rier (Kurlandsky et al., 1995), and retinol is 
needed in the testis where it can be metabo-
lized to retinoic acid. 

It is clear, therefore, that any disturbance in 
the concentration of retinoids either by the 
provision of excess ligand or removal of ligand, 
disturbance of enzyme levels or removal of 
binding protein or receptors will result in tera-
ta. The terata are, as indicated above, remark-
ably uniform across all vertebrate species, 
although some differences between species are 
apparent. For example, at least in mammals, 
placental type may play a role. It is well 
established that rodents at different gestational 
ages have different types of placenta. In rats, 
the choriovitelline (yolk-sac) placenta is formed 
after angiogenesis of the chorionic placenta. An 
additional type of placenta, the chorioallantoic 
placenta, differentiates from day 11.5 of 
gestation and becomes functional from day 12 
onwards (Beck, 1976; Jollie & Craig, 1979; 
Garbis-Berkvens & Peters, 1987). Most of the 
information on the transplacental distribution 
of retinoids in rodents is derived from studies 
performed on mid-organogenesis stages, such 
as day 11 in mice and day 12 in rats, thus prior 
to full development of the chorioallantoic pla-
centa. In monkeys, development of the 
chorioallantoic placenta occurs much earlier 
during gestation and is already accomplished 
when embryonic retinoid concentrations can 
be measured (Beck, 1976). 

Another factor is the presence of binding 
proteins in the embryo or the placenta. Harnish 
et al. (1992) found prolonged induction of 
CRABP II expression in mouse embryos after 
administration of teratogenic doses of 
retinoids. Increased CRABP II expression after 
exposure to all-trans-retinoic acid has also been 
observed in other systems and is compatible 
with the presence of a RARE and a RXRE in the 
promoter of the CRABP II gene (Durand et al., 
1992). In the presence of more CRABP II, more 
retinoic acid will be taken up by the embryo. 

5.2 	Molecular pathways for the teratogenicity 
of retinoids 

During embryogenesis, the molecular code 
present in the genome is used to generate 
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mechanisms for the control of cell prolifera-
tion, differentiation and morphogenesis. 
Numerous processes must be strictly defined in 
developmental time and location to allow for-
mation of the appropriate three-dimensional 
structure of the developing embryo during 
organogenesis and during all other develop-
mental periods. Interference with such processes 
during organogenesis—when the most drastic 
structural defects can be induced—may be 
expected to be most efficient in altering gene 
expression. The complex retinoid signalling 
pathways, involving retinoid receptors, 
retinoid ligands and their strict spatio-temporal 
expression, are discussed in section 3. A major 
class of patterning genes which has been the 
subject of considerable research with regard to 
retinoids and teratogenesis are the Hox genes, 
many of which have retinoic acid response 
elements in their upstream sequences 
(Langston & Gudas, 1992; Popperl & 
Featherstone, 1993; Marshall et al., 1994; Gould 
et al., 1998; Packer et al., 1998). Although the 
developing hindbrain of the central nervous 
system has been one focus of study, Hox genes 
are also expressed in other areas of the embryo, 
such as the limbs, the urogenital system, the 
genitalia and the gut, which helps to explain 
why retinoids have such pleiotropic effects. 

	

5.3 	New retinoids 
New retinoids which can selectively activate 
individual RARs or RXRs may produce subsets 
of teratological defects in embryos. As the ability 
to bind the RARs decreases, so the teratogenicity 
of these retinoids decreases, such that RXR-
selective compounds are not teratogenic in vitro 
or in vivo (Jiang et al., 1994; Kochhar et al., 
1996). Thus, if RXR-selective compounds are 
found to be useful, they could eliminate the 
teratogenic side-effects of retinoid therapy. 

	

6. 	Differentiation therapy of cancer 

The fact that cancer may be envisaged as a 
disorder of differentiation provides at least a 
theoretical basis for therapy (Lynch, 1995). 
The possible therapeutic effect of retinoids has 
been recognized in this context for some years 

(Gudas, 1992; Smith et al., 1992) and is consid-
ered to be strengthened by their ability to 
induce apoptosis (section 4.4). Uncontrolled 
proliferation of tumour cells may be due to the 
loss, altered expression or altered structure of 
particular gene products as a consequence of 
gene mutation or chromosomal translocation. 
The biology of leukaemia and a range of 
tumour types suggests that cancer may be 
understood as a disorder of differentiation. 
Thus, spontaneous differentiation of tumour 
cells has been described, specifically in terato-
carcinoma (Pierce & Speers, 1988) and neurob-
lastoma. 

The identification of Patched, a gene essen-
tail for the embryonic development of 
Drosophila melanogaster, as a tumour suppressor 
gene provides direct support for the under-
standing that tumorigenesis involves 
abnormalities of development (Gailani et al., 
1996). Genes that play a critical role in cell 
cycle regulation may function as tumour 
suppressor genes. Loss of the cyclin-dependent 
kinase inhibitors p15 and p16 is evident in 
some tumours (Hunter & Pines, 1994). In turn, 
cellular proliferation is influenced by differenti-
ation and DNA repair, the complex interrela-
tionships being mediated in part by p53 
(Vogelstein & Kinzler, 1992). Thus, in the lym-
phoid and myeloid lineages there is evidence 
that wild-type p53 is associated with growth 
regulation and stage-specific differentiation 
(Shaulsky et al., 1991; Zhang et al., 1992). 

The p53 tumour suppressor gene also exem-
plifies the close relationship between cell cycle 
regulation, DNA repair and apoptosis. Most 
currently used anticancer drugs inhibit DNA 
replication or formation of the mitotic spindle, 
thereby causing cell cycle arrest and in many 
cases initiating DNA repair processes. 
Depending on the cell type, prolonged cell 
cycle arrest or persistent DNA damage may 
result in cell death by either apoptosis or mitot-
ic catastrophe (King & Cidlowski, 1995), 
although the same cytotoxic agents have been 
shown to induce differentiation of many cell 
lines at low concentrations (Darzynkiewicz, 
1995). For example, adriamycin and dauno-
mycin may mediate differentiation of HL-60 
cells (Yung et al., 1992) 
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Most, if not all cytotoxic drugs mediate cell 
death by apoptosis (Hickman et al., 1994). In 
some cell populations and in response to 
particular stimuli, differentiation and apopto-
sis may be regulated independently (Delia et 
al., 1993; Ponzoni et al., 1995). In many 
instances, however, a close relationship 
between differentiation and apoptosis has 
been observed. For example, apoptosis is 
observed in human HL-60 cells induced to dif-
ferentiate by phorbol esters and etoposide 
(Solary et al., 1994). 

Sachs (1978) proposed that an impairment 
of the proliferation-differentiation balance 
occurs in malignancy, raising the possibility of 
characterizing differentiating agents that can 
modify the biological response. In contradis-
tinction to cytotoxic therapy, differentiation 
therapy is specifically targeted to the trans-
formed malignant cell which is induced to 
differentiate terminally and to lose self-renew-
al potential. Hence, inducing malignant cells 
to differentiate is an established approach to 
cancer therapy. As differentiation of tumour 
cells to cells incapable of further division is 
not necessarily accompanied by depletion of 
the tumour stem-cell pool, differentiation 
therapy may have to be combined with other 
cytotoxic or apoptotic strategies. 

6.1 	Retinoid differentiation therapy in acute 
promyelocytic leukaemia 

Studies on myeloid leukaemic cell lines have 
played a pivotal role. The demonstration of ter-
minal differentiation of HL-60 cell line in 
response to retinoic acid (Breitman et al., 1980) 
led to the finding that cells from patients with 
acute promyelocytic leukaemia are terminally 
differentiated by retinoic acid both in vitro 
(Chomienne et al., 1990) and in vivo (Castaigne 
et al., 1990), resulting in complete remission in 
90% of cases. Despite a growing number of 
differentiating agents, however, few have been 
effective in clinical trials in improving the 
chances of long-term survival. Other models 
for differentiation therapy have been studied, 
such as the use of G-CSF for acute myeloid 
leukaemia associated with the t(8;21) transloca-
tion (Da Silva et al., 1997). 

6. 1.1 Molecular basis of acute promyelocytic 
Ieukaemia 

Acute promyelocytic leukaemia accounts for 
approximately 10% of all cases of acute 
myeloid leukaemia. It is characterized morpho-
logically by blast cells (differentiation block at 
the promyelocytic stage; Bennett et al., 1976), 
the t(15;17) chromosomal translocation 
(Larson et al., 1984) and coagulopathy 
(Dombret et al., 1992). The breakpoint has been 
cloned and has revealed a fusion between the 
RARa (located on chromosome 17) and PML 
(for promyelocytic leukaemia, located on chro-
mosome 15) genes, giving rise to a PML/RARa 
chimaera (de Thé et al., 1991). PML belongs to 
a gene family which encodes nuclear proteins 
with a zinc finger DNA-binding domain char-
acteristic of many transcription factors that 
have a 'leucine zipper' motif, which functions 
as a dimerization interface in certain proteins 
(Kakizuka et al., 1991). Each acute promyelo-
cytic leukaemia patient is characterized by a 
specific PML/RARa fusion transcript termed 
bcrl, bcr2 or bcr3 (Grignani et al., 1994). A 
variant translocation t(11;17) in an acute 
myeloid leukaemia patient has been cloned and 
another transcription factor has been 
identified, called PLZF, fused to RARŒ (Chen et 
al., 1993). There is evidence that both fusion 
proteins alter the DNA binding and trans-
activation properties of the wild-type RARa 
receptor (de Thé et al., 1991; Chen et al., 1994b) 
and lead to differentiation block (Rousselot et 
al., 1994). Normal PML and PLZF proteins are 
located in large nuclear bodies which in the 
fusion protein have a microspeckled pattern 
(Koken et al., 1994; Reid et al., 1995). Two other 
rare fusions have been cloned from acute 
myeloid leukaemia patients with t(5;17) and 
t(11;17) translocations involving, respectively, 
the nucleophosmin (NPM) and nuclear mitotic 
apparatus (NuMA) genes with RARu (Redner et 
al., 1996; Wells & Kamel-Reid, 1996). 

6.1.2 Retinoic acid differentiation of acute 
promyelocytic leukaemic cells 

Acute promyelocytic leukaemia cells are suc-
cessfully induced to differentiate in vitro to 
polymorphonuclear cells in the presence of 
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retinoids, as demonstrated by morphology, 
nitroblue tetrazolium reduction assay and 
expression of differentiation antigens (CD1 lb, 
CD15). all-trans-Retinoic acid gave better 
results than the 13-cis isomer or 4-oxo metabo-
lites, and a one-log difference in concentration 
for the same magnitude of effect was found 
(Chornienne et al., 1989, 1990). The 9-cis-
retinoic acid derivative gives results similar to 
those for all-trans-retinoic acid (Miller et al., 
1995). Cells that harbour chromosomal translo-
cations resulting in rearrangements of the 
RARx gene but involving other fusion genes 
such as PLZF and NPM do not differentiate in 
the presence of all-trans-retinoic acid (Licht et 
al., 1995). 

6.1.3 all-trans-Retinoic acid differentiation 
therapy in acute promyelocytic leukaemia 

The first clinical trial of all-trans-retinoic acid 
therapy in acute promyelocytic leukaemia was 
reported in 1988 from China (Huang et al., 
1988). About 90% of patients with newly 
diagnosed or first relapsed disease achieved 
complete remission with a dose of 45 mg/m2  
daily. When the data on 565 patients in studies 
conducted in China, France, Japan and the 
United States were combined, complete remis-
sion was found to have been achieved in 84%. 
Results for more than 1000 patients with acute 
promyelocytic leukaemia led to the conclusion 
that there was no resistance, the response was 
about 95% when the specific PML/RARa 
rearrangement was present, the differentiating 
effect was obtained without aplasia and coagu-
lopathy rapidly improved (Warrell et al., 1993). 
The major side-effect is the condition referred 
to as the 'all-trans-retinoic acid syndrome', 
sometimes associated with hyperleukocytosis 
and characterized by fever, respiratory distress, 
weight gain, pleural or pericardial effusion and 
sometimes renal failure (Frankel et al., 1992). It 
occurs during the first month of treatment and 
can be prevented by giving chemotherapy 
when hyperleukocytosis occurs (Fenaux et al., 
1993). Steroids such as dexamethasone signifi-
cantly reduce the severity and frequency of 
symptoms (Wiley & Firkin, 1995). 

The shortness of the duration of complete 
remission after all-trans-retinoic acid therapy  

alone and the weaker activity of subsequent 
treatment led to the identification of acquired 
resistance due to autoinduced catabolism of 
all-trans-retinoic acid, by the induction of 
4-hydroxylase of CYP involved in plasma catab-
olism (Lippman & Meyskens, 1987). A 
European multicentre randomized trial of 
chemotherapy alone and of all-trans-retinoic 
acid followed by the same chemotherapy in 
newly diagnosed cases of acute promyelocytic 
leukaemia was performed between 1991 and 
1992. The trial was terminated when event-free 
actuarial survival at three years was 76% in the 
group receiving chemotherapy and all-ti-ans-
retinoic acid and 53% in the group given 
chemotherapy alone (Fenaux et al., 1993). 
Subsequent clinical trials have established the 
superiority of combined treatment based on 
all-trans-retinoic acid and cytotoxic chemo-
therapy for acute promyelocytic leukaemia 
(Tallman et al., 1997). 

Patients at high risk for relapse can be 
identified by a positive reaction in a reverse 
transcriptase polymerase chain reaction by 
amplification of the different PML/RARa 
transcripts resulting from the t(15;17) translo-
cation (Fenaux & Chomienne, 1996). Patients 
defined as poor responders, less than 50% of 
whose cells differentiate after three days of cul-
ture in the presence of all-trans-retinoic acid, 
have low intracellular concentrations of all-
trans-retinoic acid and a greater risk for relapse 
(Agadir et al., 1995). 

In primary cultures of acute promyelocytic 
leukaemia cells in vitro, other agents have been 
shown to be more effective than all-trans-
retinoic acid. These include RARa agonists 
(Cassinat et al., 1998) and the aromatic retinoid 
AM80, which was effective in resistant patients 
(Takeshita et al., 1996). 9-cis-Retinoic acid, 
which is as effective in vitro as all-trans-retinoic 
acid, also had equivalent activity in inducing 
complete remission in vivo. It has the added 
advantage of not decreasing 9-cis-retinoic acid 
plasma concentrations during treatment. 
Longer follow-up will be required to determine 
if 9-cis-retinoic acid is more effective in eradi-
cating the leukaemia clone than all-trans-
retinoic acid (Miller et al., 1995). 
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6.2 	Retinoid therapy in other haematological 
disorders 

Myelodysplastic disorders are lethal, as they 
involve a stem-cell defect that affects the 
control of myeloid differentiation and apoptosis. 
In one-third of cases, the cause of death is acute 
myeloid leukaemia. 13-cis-Retinoic acid and 
all-trans-retinoic acid have been used in 
randomized trials alone or in association with 
other drugs with no significant effect 
(Greenberg et al., 1985; Clark et al., 1987; 
Koeffler et al., 1988; Aul et al., 1993; Kurzrock et 
al., 1993). Subtypes of myelodysplastic disor-
ders with a proliferative disease such as chronic 
myelomonocytic leukaemia or juvenile chronic 
myeloid leukaemia appear to benefit more from 
the antiproliferative effect of retinoids. 
Preliminary results in cases of juvenile chronic 
myeloid leukaemia have shown that 13-cis-
retinoic acid can reduce lymphocyte counts 
and organomegaly in one-half of patients 
(Castleberry et al., 1994). These results prompt-
ed Cambier et al. (1996) to test the efficacy of 
all-trans-retinoic acid in adult chronic 
myelomonocytic leukaemia, as this disorder 
has many features in common with the juve-
nile disease. Of 10 patients with advanced adult 
chronic myelomonocytic leukaemia treated 
with all-trans-retinoic acid (45 mg/m2  per day), 
two developed 'all-trans-retinoic acid syn-
drome' and four had a significant response; two 
of the latter had reduced transfusion require-
ment and two showed increased platelet 
counts. all-trans-Retinoic acid alone was not 
associated with a reduction in hepato-
splenomegaly or leukocytosis. The improve-
ment in cytopenia observed by Cambier et al. 
(1996) in four patients was not reported in the 
cases of juvenile chronic myeloid leukaemia. 
Whether those differences in response to 
retinoids in adult and juvenile disease are due 
to intrinsic biological differences between the 
two disorders or to different actions of 13-cis-
retinoic acid and all-trans-retinoic acid remains 
to be clarified. 

	

6.3 	Retinoid therapy in solid tumours 
The efficacy of retinoids in inhibiting 
malignant cell growth in vitro and, in some 
cases, inducing differentiation and/or apoptosis 

have led to trials of their use for the therapy of 
invasive and preinvasive tumours of epithelial 
origin, including skin cancers such as basal-cell 
carcinomas and advanced squamous-cell 
carcinomas (Lippman et al., 1987, 1995), 
cutaneous T-cell lymphoma, mycosis fungoides 
(Molin et al., 1985) and Kaposi sarcoma 
(Bonhomme et al., 1991). Pilot studies have 
been conducted with 13-cis-retinoic acid and 
etretinate for bladder cancer, prostate cancer 
and central nervous system cancers (Lippman 
& Meyskens, 1987; Grunberg & Itri, 1987; 
Reynolds et al., 1990; Lippman et al., 1992; 
Cobleigh et al., 1993; Reynolds et al., 1994; 
Defer, 1996). A phase II clinical trial of all-trans-
retinoic acid showed no significant antitumour 
activity in patients with chemotherapy-refrac-
tory germ-cell tumours (Moasser et al., 1995). 
Further, the combination of all-trans-retinoic 
acid and interferon a-2a was inactive in 
patients with advanced carcinoma of the cervix 
(Castaigne et al., 1990). 

On the basis of a small number of patients, 
it was suggested that 13-cis-retinoic acid might 
be effective in the treatment of M-1 anaplastic 
large-cell lymphoma (Chou et al., 1996). A 
phasell trial in children with recurrent neuro-
blastoma showed few responses, but the drug 
may be of more benefit in patients who have 
been treated by bone-marrow transplantation. 
It has been shown to be effective as a single 
agent in the treatment of squamous-cell 
carcinomas of the skin and mycosis fungoides 
(Villablanca et al., 1995). In combination with 
interferon a-2a, 13-cis-retinoic acid was of ben-
efit in the treatment of renal-cell carcinoma 
(Motzer et al., 1995). 

The lack of efficacy of retinoids against solid 
tumours is probably due to reduced accessibility, 
the heterogeneity of tumour cells and the lack 
of specific targeting of the retinoid to a tumour-
specific retinoid receptor. In comparison with 
haematopoietic cells, which preferentially 
express the RARcL receptor, a target for all-tTans-
retinoic acid, lung, nervous and thyroid cells 
express RARI3. In some of these tumours, RARI3 
expression is decreased or absent. In vitro, the 
response to retinoids has been shown to be 
linked to an increase in RARI3 (Houle et al., 
1993; Lotan et al., 1995; Carpentier et al., 1997; 
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Schmutzler et al., 1998). The general lack of 
efficacy, despite promising results in studies in 
cell lines, prompted trials with the more active 
receptor-targeted ligands such as targretin 
(RXR) (Miller et al., 1997) and LGD 1550 
(RAR). 

	

7. 	Use of retinoids in the treatment 
of other conditions 

	

7.1 	Treatment of psoriasis 
During the past decade, retinoids have been 
used increasingly for the treatment of psoriasis 
and other hyperkeratotic and parakeratotic skin 
diseases with or without dermal inflammation 
and as a standard treatment for severe acne and 
acne-related dermatoses (Peck et al., 1982; 
Orfanos et al., 1997). Vitamin A deficiency in 
experimental animals and humans is associated 
with xerosis, epithelial hyperkeratosis and 
squamous metaplasia of mucosal surfaces. 
Because these effects are reversible after intake 
of vitamin A and because of the similarity 
between certain disorders of keratinization and 
hypovitaminosis A, retinol and its esters were 
used in the treatment of psoriasis, ichthyoses 
and Darier disease in the 1940s. Topical 
all-ti-ans-retinoic acid was later shown to have 
some activity in the treatment of psoriasis 
vulgaris. Later, etretinate was selected for clini-
cal evaluation in psoriatic patients because of 
its favourable 'therapeutic index', which is 10 
times better than that of all-trans-retinoic acid 
in animals. 

Both etretinate and acitretin have been 
shown in extensive clinical trials to be effective 
in treating severe forms of psoriasis. The best 
responses are obtained in erythrodermic psori-
asis and in localized or generalized pustular 
psoriasis, in which improvement has been 
reported in approximately 90% of all treated 
patients (Lowe et al., 1988). Accordingly, 
retinoids have been used for topical and 
systemic treatment of psoriasis and other 
hyperkeratotic and parakeratotic skin disorders, 
keratotic genodermatoses and severe acne-relat-
ed dermatoses (Bjerke & Geiger, 1989; Orfanos 
et al., 1997). Etretinate was also used in the 
treatment of psoriatic arthritis, although its  

efficacy failed to achieve statistical significance 
in a meta-analysis (Jones et al., 1997). 

In psoriatic skin, etretinate has strong ker-
atinolytic activity, leading to restoration of the 
normal epidermis by causing reappearance of 
the granular layer, disappearance of parakerato- 
sis and reduction of acanthosis. Autoradio-
graphic studies have demonstrated a decrease 
in the labelling index for jj3H]thymidine 
incorporation and prolonged DNA synthesis in 
the affected and uninvolved epidermis of psori- 
atic patients. Clinical benefit after initiation of 
etretinate therapy for psoriasis occurs one to 
two weeks after desquamation begins, and heal-
ing may be seen after three weeks (Gollnick et 
al., 1990). 

Acitretin is very similar in efficacy to etreti-
nate for the treatment of psoriasis. In several 
8-12-week randomized, double-blind clinical 
trials (Lauharanta & Geiger, 1989; Lassus & 
Geiger, 1988), acitretin was as effective as 
etretinate in patients with erythrodermic and 
pustular psoriasis. It has been suggested that 
etretinate may be better tolerated than acitretin 
when tested at equivalent doses (Cunningham 
& Geiger, 1992; Koo et al., 1997). Acitretin was 
tested at administered doses of 10-75 mg/day 
in more than 1000 patients with psoriasis 
between 1985 and 1992 (Pilkington & Brogden, 
1992) in non-comparative and placebo-con- 
trolled, double-blind clinical trials ranging in 
length from six weeks to 12 months. In the 
non-comparative studies, in which 8-52 evalu- 
able patients per study received the drug orally 
for periods up to six months, body surface 
involvement was reduced by 33-96%. In the 
placebo-controlled trials, involving similar 
treatment protocols, a dose-dependent 
improvement of 6-85% was seen. In these and 
related studies, acitretin at 10-25 mg/day 
resulted in responses equivalent to those of the 
placebo, whereas doses of 50-75 mg/day signif-
icantly improved the symptoms of psoriasis 
(Koo et al., 1997). 

The mode of action of acitretin in psoriasis 
is unknown. Since retinoids have immuno- 
modulatory and anti-inflammatory effects in 
human peripheral blood lymphocytes and 
polymorphonuclear leukocytes, an immune 
mechanism might be involved. During therapy 
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with acitretin and other agents, IgG-Fc receptor 
levels increase but do not reach those registered 
in normal controls, indicating an immunologi-
cal defect that is not corrected by effective ther-
apy (Bjerke et al., 1994). Acitretin may mediate 
its effect on psoriasis through modification of 
cAMP-dependent protein kinases (Raynaud et 
al., 1993). 

Combination therapy involving acitretin 
and ultraviolet B radiation was of greater ben-
efit to patients with plaque-type psoriasis than 
either treatment alone (lest & Boer, 1989). 
Most of the trials lasted from 8 to 12 weeks and 
involved 34-88 patients taking 20-50 mg of 
acitretin per day alone or in combination with 
ultraviolet B radiation. With either monothera-
py or combination therapy, 50% to over 90% of 
patients showed improvement (Koo et al., 
1997). 

Acitretin is also effective in the treatment of 
psoriasis associated with HIV infection (Buccheri 
et al., 1997). Etretinate has also been combined 
with other systemic treatments such as 
methotrexate, hydroxyurea and cyclosporine. 

7.2 	Other dermatological conditions 
13-cis-Retinoic acid is regarded as an extremely 
effective drug when given systemically in the 
treatment of severe acne. Its efficacy is attrib-
uted to its ability to inhibit sebaceous gland 
activity. Orally administered retinoids such as 
etretinate and acitretin do not inhibit sebum 
production in humans and are ineffective 
against acne (Geiger, 1995). 

Systemically administered retinoids such as 
etretinate and those given topically such as all-
trans-retinoic acid are of benefit in the treat-
ment of oral lichen planus (Lozada-Nur & 
Miranda, 1997). Acitretin has been used to treat 
skin complications in renal transplant recipi-
ents (Yuan et al., 1995). Topical administration 
of all-trans-retinoic acid is useful for treating 
patients with dry eye disorders in which 
squamous metaplasia with keratinization of the 
ocular epithelium is present (Wright, 1985; 
Tseng, 1986; Murphy et al., 1996). In addition, 
all-trans-retinoic acid can block the process of 
premature skin ageing induced by sunlight 
(Fisher et al., 1997).  

7.3 	Other non-malignant conditions 
The use of retinoids for a variety of conditions 
has been proposed on the basis of experimental 
observations. In a single case report, 
13-cis-retinoic acid was of benefit in the 
treatment of thrombotic thrombocytopenic 
purpura (Raife et al., 1998). Etretinate was 
proposed to be of benefit in the treatment of 
severe Reiter syndrome associated with HIV 
infection (Louthrenoo, 1993). 

Studies of collagen production in human 
lung fibroblasts indicate that all-trans-retinoic 
acid inhibits the basal and transforming growth 
factor-3-stimulated production of types I and III 
collagen by these cells (Redlich et al., 1995). In 
an isolated, spontaneously beating neonatal rat 
cardic myocyte preparation, all-trans-retinoic 
acid (10-20 pmol/L) prevented arrhythmia 
induced by isoproterenol or lysophosphatidyl-
choline (Kang & Leaf, 1995). 

Retinoids like retinol and retinyl esters, 
which must be activated to retinoic acid, are 
beneficial in the treatment of bronchopul-
monary dysplasia in premature infants (Chytil, 
1996). In rats, all-trans-retinoic acid reversed 
the effects of elastase-induced pulmonary 
emphysema, and the efficacy of all-trans-
retinoic acid in the treatment of emphysema is 
being assessed in clinical trials (Massaro & 
Massaro, 1996, 1997). 

all-trans-Retinoic acid was also reported to 
be effective in reducing neointimal mass and 
eliciting favourable remodelling of vessel walls 
after balloon-withdrawal injury to the common 
carotid artery in rats (Miano et al., 1998). Thus, 
all-trans-retinoic acid may prove useful for pre-
venting or treating restenosis in patients with 
cardiovascular disease. Similarly, retinoids may 
prove effective for treating non-insulin-depen-
dent diabetes mellitus, as studies of RXR-selec-
tive retinoids in mouse models for this disease 
indicate that RXR agonists function as insulin 
sensitizers and can decrease hyperglycaemia, 
hypertriglycidaemia and hyperinsulinaemia 
(Mukherjee et al., 1997). The treatment of 
experimental mouse models of arthritis with 
any of several retinoids significantly inhibited 
the severity and development of arthritis 
(Takaoka et al., 1997; Nagai et al., 1999). 
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