PHENYTOIN

This substance was considered by previous working groups, in October 1976 (IARC,
[977) and March 1987 (IARC. 1987). Since that time, new data have become available,
and these have been incorporated in the monograph and taken into consideration in the
evaluation.

1. Exposure Data

1.1 Chemical and physical data

1.1.1  Nomenclature

Phenytoin
Chem. Abstr. Serv. Reg. No.: 57-41-0
Deleted CAS Reg. No.: 125-59-7
Chem. Abstr. Name: 5,5-Diphenyl-2,4-imidazolidinedione
IUPAC Systematic Name: 5,5-Diphenylhydantoin
Synonyms: Diphenylhydantoin; DPH

Phenytoin sodium
Chem. Abstr. Serv. Reg. No.: 630-93-3
Deleted CAS Reg. Nos: 143-75-9; 1421-15-4; 8017-52-5 |
Chem. Abstr. Name: 5,5-Diphenyl-2,4-imidazolidinedione, monosodium salt
[UPAC Systematic Name: 5,5-Diphenylhydantoin sodium salt

Synonyms: Diphenylhydantoin sodium; 5,5-diphenylhydantoin sodium; SDPH:
sodium diphenylhydantoin; sodium 5,5-diphenylhydantoin; sodium diphenylhydan-
toinate; sodium 5,5-diphenyl-2,4-imidazolidinedione; sodium phenytoin; soluble
phenytoin

—175-
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1.1.2° Structural and molecular formulae and relative molecular mass

0 ITI O
H
Phenytoin
C,,H,N.,O, Relative molecular mass: 252.27
e ®
Na® eO/gN 0
Phenytoin sodium
C,H,N,O,.Na Relative molecular mass: 274.25

1.1.3  Chemical and physical properties of the pure substances
Phenytoin
(a) Description: White, odourless powder (Gennaro, 1995)
(b) Melting-point: 295-298 °C (Budavari, 1995)
(¢) Spectroscopy data: Infrared, ultraviolet, nuclear magnetic resonance and mass
spectral data have been reported (Philip et al., 1984).

(d) Solubility: Practically insoluble in water; soluble in acetone (1 g/30 mL), ethanol
(1 g/60 mL) and alkali hydroxides (Budavari, 1995)

(e) Dissociation constant: pK, = 8.06-8.33 (American Hospital Formulary Service,
1995)

Phenytoin sodium

(a) Description: White, odourless powder (Gennaro, 1995)

(b) Spectroscopy data: Infrared, ultraviolet, nuclear magnetic resonance and mass
spectral data have been reported (Philip ef al., 1984).

(c) Solubility: Soluble in water (approx. 1 g/66 mL) and ethanol (1 g/10.5 mL);
insoluble in chloroform and diethyl ether (Budavari, 1995); freely soluble in
warm propylene glycol (American Hospital Formulary Service, 1995)

(d) Stability: Easily dissociated by weak acids (including carbon dioxide absorbed on
exposure to air) regenerating phenytoin; somewhat hygroscopic (Budavari, 1995)
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1.1.4  Technical products and impurities

Both phenytoin and phenytoin sodium are used in pharmaceutical preparations world-
wide, although phenytoin sodium is the more common form.

Phenytoin is available as 50-mg tablets which may also contain flavour, saccharin
sodium, sucrose, talc, aluminium lake, D&C Yellow 10 (Quinoline Yellow) or FD&C
Yellow 6 (Sunset Yellow FCF). It is also available as 30-, 100- and 125-mg/5 mL oral
suspensions, with a maximal alcohol content not greater than 0.6%, and may contain
anhydrous citric acid, carboxymethylcellulose, flavours, glycerin, magnesium aluminium
silicate, polysorbate 40, sodium benzoate, sucrose, vanillin, D&C Red 33, FD&C Red 40
(Allura Red AC) or FD&C Yellow 6 (Thomas, 1991; British Medical Association/Royal
Pharmaceutical Society of Great Britain, 1994; Medical Economics, 1996).

Phenytoin sodium is available as 25-, 30-, 50-, 100- and 300-mg capsules, 30- and
100-mg prompt- and extended-release capsules, and 50- and 100-mg coated tablets,
which may also contain citric acid, colloidal silicon dioxide, gelatin, glyceryl mono-
oleate, hydrogen peroxide, lactose, polyethylene glycol 200, sodium benzoate, sodium
lauryl sulfate, sucrose, talc, titanium dioxide, FD&C Blue 1 (Brilliant Blue FCF), FD&C
Red 3 (Erythrosine) or FD&C Yellow 6. It is also available as a 50-mg/mL injection
solution in a vehicle containing 40% propylene glycol (0.4 g/mL) and 10% ethanol
(0.1 g/mL) in water, adjusted to PH 12 with sodium hydroxide (Thomas, 1991 British
Medical Association/Royal Pharmaceutical Society of Great Britain, 1994; American
Hospital Formulary Service, 1995; Medical Economics, 1996).

Trade names for phenytoin and its pharmaceutical preparations include: Aleviatin:
‘Denyl; Difhydan; Dihycon; Di-Hydan; Dihydantoin; Dilabid; Di-Lan: Dilantin; Dilantin-
125; Dilantin Infatabs; Dilantin-30 Pediatric; Dintoina; Diphantoin; Diphedan;
Diphentyn; Ekko; Enkefal; Epanutin; Epdantoin Simple; Epelin; Epiland; Epinat: Eptoin;
Fenantoin; Hidantal; Hydantin; Hydantol; Lehydan; Lepitoin; Novophenytoin; Phen-
hydan; Phenhydantin; Sodanton; Tacosal; Zentropil.

Trade names for phenytoin sodium and its pharmaceutical preparations include:
Alepsin; Aleviatin; Aleviatin sodium; Antisacer; Citrullamon; Danten; Dantoin; Deny];
Difenin; Difetoin; Difhydan; Dilantin; Di-Len; Dintoina; Diphantoine; Di-Phen;
Diphenin; Diphenine; Diphenylan; Ditoin; Enkefal: Epanutin; Epdantoin Simple; Epelin;
Epilan D; Epilantin; Epsolin; Eptoin; Hidantal, Hydantin; Hydantoinal; Idantoin; Mine-
toin; Muldis; Neosidantoina; Novodiphenyl; Om-Hydantoine; Phenhydan; Pyorédol;
Solantyl; Tacosal; Thilophenyt; Zentropil.

1.1.5  Analysis

Methods for the analysis of phenytoin have been reviewed (Glazko, 1982; Philip
et al., 1984; Burke & Thénot, 1985).

Several international pharmacopoeias specify liquid chromatography (L.C) or titration
with sodium hydroxide or sodium methoxide as the assay for purity of phenytoin, and
LC, gas chromatography (GC) with flame ionization detection (FID) or thin-layer
chromatography (TLC) for determining levels of benzil, benzophenone and other impu-
rities and decomposition products. Assays for determining clarity and colour, acid or
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alkali, chloride, benzilic acid and heavy metals are also specified. The assay for pheny-
toin in powders, tablets and oral suspensions uses titration with sodium methoxide or
sodium hydroxide or a gravimetric method following acidification and extraction
(Society of Japanese Pharmacopoeia, 1992; British Pharmacopoeial Commission, 1993;
United States Pharmacopeial Convention, 1994).

Several international pharmacopoeias specify LC or titration with sodium hydroxide
as the assay for purity of phenytoin sodium, and LC, TLC or GC/FID for determining
benzophenone levels and other impurities and decomposition products. Assays for deter-
mining clarity and colour, free phenytoin, water and heavy metals are also specified. The
assay for phenytoin sodium in capsules, tablets and injectable solutions uses titration
with tetrabutylammonium hydroxide, an LC method or a gravimetric method following
acidification and extraction. Assays for determining bacterial endotoxins, clarity and
colour, pH, alcohol and propylene glycol content, particulate matter and heavy metals for
the injectable solution are also specified (Society of Japanese Pharmacopoeia, 1992;

British Pharmacopoeial Commission, 1993; United States Pharmacopeial Convention,
1994).

Phenytoin and its metabolites can be analysed in biological fluids by spectrophoto-
metry (colorimetry), radioimmunoassay, enzyme-mediated immunoassay techniques,
differential pulse polarography, GC, GC—mass spectrometry and high-performance liquid
chromatography (Glazko, 1982; Maya et al., 1992).

1.2 Production and use

1.2.1  Production

A method for preparing phenytoin sodium was first reported by Biltz in 1908
(Budavari, 1995).

Phenytoin and phenytoin sodium are prepared by treating benzaldehyde with sodium
cyanide to form benzoin, which is oxidized to benzil with nitric acid or cupric sulfate.
The benzil is then heated with urea in the presence of sodium ethoxide or isopropoxide,
forming phenytoin sodium. Phenytoin sodium yields the base (phenytoin) on acidi-
fication of its aqueous solution (Gennaro, 1995).

In the United States of America, commercial production of phenytoin and phenytoin
sodium was first reported in 1946 and 1938, respectively (United States Tariff Com-
mission, 1939; 1948). Phenytoin (and/or its sodium salt) is currently available as a
pharmaceutical in over 65 countries (Parke-Davis, 1995).

1.2.2 Use

Phenytoin is an anticonvulsant given orally (as phenytoin or phenytoin sodium) or by
slow intravenous injection (as phenytoin sodium) in the treatment of epilepsy. Phenytoin
exerts a stabilizing effect on excitable membranes of a variety of cells, including neurons
and cardiac myocytes. It can decrease resting fluxes of sodium as well as sodium currents
that flow during action potentials or chemically induced depolarizations (Jones &
Wimbish, 1985). It is therefore used to control tonic-clonic (grand mal) and partial
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(focal) seizures; it has also been used for the prophylactic control of seizures developing
during and after neurosurgery or following severe traumatic injury to the head. It is
believed to stabilize rather than elevate the seizure threshold and to limit the spread of
seizure activity. Phenytoin also has antiarrhythmic properties, which were discovered
only in the 1950s (Goodman Gilman et al., 1990; Reynolds, 1993).

The dose of phenytoin is typically adjusted to the needs of the individual patient to
achieve adequate control of seizures, preferably with monitoring of plasma concen-
tration; in many patients, control requires total plasma phenytoin concentrations of 10—
20 ug/mL (40-80 pmol/L), but some are satisfactorily controlled at concentrations
outside this range. A suggested initial oral dose of phenytoin or phenytoin sodium is
100 mg three times daily progressively increased with care to 600 mg daily if necessary;
the suggested interval between increments ranges from about one week to about one
month. Particular care is required at higher doses, where saturation of metabolism may
mean that a small increment produces a large rise in plasma concentration. The usual
maintenance dose is 300-400 mg daily (Reynolds, 1993).

A suggested initial dose for children is 5 mg/kg bw daily in two or three divided
doses; a suggested maintenance dose is 4-8 mg/kg bw daily in divided doses. Young
children may require a higher dose per kilogram body weight than adults, due to more
rapid metabolism (Reynolds, 1993).

In the treatment of tonic-clonic status epilepticus, a benzodiazepine such as diazepam
is usually given intravenously first, followed by intravenous administration of phenytoin
sodium. For adults, a suggested dose of phenytoin sodium is 10-15 mg/kg bw, given by
slow intravenous injection at a uniform rate of not more than 50 mg/min; thereafter
maintenance doses of 100 mg are given orally or intravenously every 6-8 h. The
suggested intravenous dose for children and neonates ranges from 10 to 20 mg/kg bw at a
rate not exceeding 1-3 mg/kg bw/min (Reynolds, 1993).

Phenytoin sodium is absorbed only very slowly from an intramuscular site, and intra-
muscular administration is appropriate only in certain situations (e.g., prophylactic
control of seizures during neurosurgery) (Reynolds, 1993; Medical Economics, 1996).

Phenytoin is also a class Ib antiarrhythmic agent (see Glossary, p. 447); it is used in
the treatment of cardiac arrhythmias, particularly those associated with digitalis intoxi-
cation. The usual dose is 3.5-5 mg/kg bw administered by slow intravenous injection at a
uniform rate of not more than 50 mg/min; this dose may be repeated once if necessary.
Phenytoin has also been used in the treatment of trigeminal neuralgia refractory to carba-
mazepine or in patients intolerant of carbamazepine (Reynolds, 1993).

Comparative data on sales of phenytoin in several countries are shown in Table 1.
Worldwide, sales decreased by approximately 8% from 1990 to 1995, while United
States prescriptions increased by about 10% (see Table 2 in the monograph on diazepam,
p. 43). '
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1.3  Occurrence

1.3.1 Natural occurrence

Phenytoin is not known to occur as a natural product.

1.3.2  Occupational exposure

In several hospital dispensaries in Japan, dust in the air and on surfaces was collected
on several work days and analysed by microscopy, TLC and mass spectrometry. Drugs
of several types, including phenytoin, were identified but exposure levels were not quan-
tified (Ichiba et al., 1984, 1986; Rikihisa et al., 1984).

No quantitative data on occupational exposure levels were available to the Working
Group.

Table 1. Sales of phenytoin in various countries’ (no. of standard units’, in
thousands)

Country 1990 1995 Country ’ 1990 1995

Africa Australia 61 508 54 340
South Africa 10 175 9290 Europe

North America Belgium 18 705 17735
Canada 101 748 - 101 085 France 36 149 27006
Mexico 103 204 96 439 Germany 91 567 77451
United States 1093 250 984 527 Greece 14 511 13012

South America [taly 46 206 39 557
Argentina 47 786 49 865 Netherlands 30816 26914
Brazil 131010 98 831 Portugal 15015 15426
Colombia 29 063 27253 Spain 75 760 77 944
Venezuela 15570 19 655 Sweden 21792 18 084

Asia Switzerland 11872 10229
Japan 249944 238584 Turkey 24 125 44232
Republic of Korea 6 146 5439 United Kingdom 187566 165014

“Data provided by IMS

"Standard dosage units, uncorrected for phenytoin content

The National Occupational Exposure Survey conducted between 1981 and 1983 in
the United States by the National Institute for Occupational Safety and Health indicated
that approximately 23 400 and 11 850 employees were potentially occupationally
exposed to phenytoin and phenytoin sodium, respectively. The estimate was based on a
survey of United States companies and did not involve measurements of actual exposure
(United States National Library of Medicine, 1996).
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1.4 Regulations and guidelines

Phenytoin is listed in the following pharmacopoeias: Australian, British, Brazilian,
Czech, French, German, Hungarian, International, Japanese, Mexican, Nordic,
Romanian, Swiss, Turkish and United States (Reynolds, 1993; Vidal, 1995).

Phenytoin sodium is listed in the following pharmacopoeias: Australian, British,
Brazilian, Chinese, Egyptian, European, French, German, Greek, Indian, International,
Italian, Japanese, Mexican, Netherlands, Portuguese, Swiss, United States and former
Yugoslavian (Reynolds, 1993; Vidal, 1995).

2. Studies of Cancer in Humans

2.1 Case reports

2.1.1  Lymphomas and leukaemias

In early years, numerous case reports described the occurrence of lymphomas and
leukaemias in patients treated with phenytoin (IARC, 1977, 1987). Between 1962 and
1980, reports appeared of 79 cases of lymphoma worldwide in patients taking phenytoin,
with or without other antiepileptic drugs (Scoville & White, 1981). Some difficulties
were encountered in distinguishing benign lymph node changes from lymphoma;
however, the hydantoin-induced lymph node reactions regress after drug withdrawal (see
Section 4.2.1). Saltzstein and Ackerman (1959) introduced the term ‘pseudolymphoma’
for this phenomenon (Halevy & Feuerman, 1977). Some patients originally described as
developing ‘pseudolymphomas’ following phenytoin (and in some cases also pheno-
barbital) treatment were later diagnosed with lymphoma (Gams et al., 1968). In 1968, the
term pseudo-pseudolymphoma was introduced by Gams er al. (1968) to underline the
possibility that what is initially considered a non-malignant phenytoin reaction may, after
long-term follow-up, turn out to be a true lymphoma (Scoville & White, 1981).

Most of the malignant lymphomas described in case reports were seen after long-term
phenytoin therapy rather than early in therapy. An additional case appeared as an isolated
malignant lymphoma of the jejunum (Rubinstein er al., 1985).

2.1.2 Childhood cancers

Several case reports have suggested an association between childhood cancer and
prenatal exposure to phenytoin. From 1976 to 1981, five cases of neuroblastoma were
reported in infants and young children (up to five years of age) exposed in utero to
phenytoin (Pendergrass & Hanson, 1976; Sherman & Roizen, 1976; Ramilo ef al., 1979;
Allen er al., 1980; Ehrenbard & Chaganti, 1981). These cases were also adversely
affected by the fetal hydantoin syndrome (see Section 4.3.1(b)). After four cases had
been described since 1976 in United States, Ehrenbard and Chaganti (1981) calculated
that, within the United States, it should take 45 years for four to develop by chance.
However, no more cases were reported until 1989 (Koren et al., 1989). [The Working
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Group noted that this may reflect a reporting bias, with clinicians lacking motivation to
report additional cases of an ‘established’ phenomenon.] The last two cases (reported in
1989 and 1992) did not have major anomalies consistent with the fetal hydantoin
syndrome (Koren et al., 1989; Al-Shammri et al., 1992).

Four cases of malignancies other than neuroblastoma in children exposed in utero to
phenytoin have been reported (Blattner et al., 1977; Taylor et al., 1980; Jimenez et al.,
1981; Bostrom & Nesbit, 1983). In six of the 10 recorded cases of cancer associated with
prenatal maternal phenytoin ingestion, the drug had not been given alone, but in combi-
nation with primidone or phenobarbital. Also, in some cases, there was evidence of
alcohol abuse in the mother, which is associated with the fetal alcohol syndrome.

Koren et al. (1989) also examined 188 cases of childhood neuroblastoma diagnosed
between January 1969 and October 1986 at the Hospital for Sick Children in Toronto,
Canada. A review of medical records showed that none of the mothers or fathers had had
epilepsy or been treated with phenytoin. In North America, the prevalence of epilepsy in
the general population is 0.5%, and about half of all epileptic patients receive phenytoin.
This serial cohort of 188 children indicates that, statistically, phenytoin cannot be incri-
minated in more than two cases of this series or in 1.5% of children with this malignancy
in general.

2.2  Cohort studies

In a cohort study of members of the Kaiser Permanente Medical Care Program, des-
cribed in the monograph on diazepam (pp. 44-45), phenytoin was used by 954 subjects
(0.7%) (Selby et al., 1989). Incidence of all cancers was marginally increased among
phenytoin users (standard incidence ratio (SIR), 1.2 [95% confidence interval (CD), 0.9-
1.5]; 61 cases), as were the incidences of brain cancer (SIR, 8.2 [95% CI, 3.3—-17];
7 deaths) and of oesophageal cancer (SIR, 5.0 [95% CI, 1.0-15]; 3 deaths). No other site
showed a significant increase or decrease in cancer incidence. In an earlier study
(Friedman, 1986), one case of multiple myeloma was reported in these subjects, with 0.6
expected. A case—control study of multiple myeloma in this population is described in
Section 2.3.1.

Olsen et al. (1989) selected 8004 patients from all patients admitted for treatment of
epilepsy to the Filadelfia treatment community in Denmark between 1933 and 1962 to
compare cancer incidence with that in the general population. The patients had received
powerful and prolonged treatment with anticonvulsants. During the 1940s, phenytoin
became popular and was used alone (at daily doses of 100—400 mg) or in combination
with phenobarbital. Time since hospitalization was used as a surrogate for cumulative
drug exposure. To trace patients, the Central Population Register and mortality files were
used (completeness of follow-up was > 90%). The follow-up lasted from 1943 to 1984.
For each cancer site, expected numbers of cases were based on incidence rates in the
general population by sex, five-year age group and calendar year. Tumour morphology
and behaviour comparisons were made with population samples from Danish Cancer
Registry records. For the 8004 patients (4246 men and 3758 women), the total person-
years of follow-up amounted to 207 798 (average, 23.5 years). A total of 789 cancers
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(based on 7864 patients, excluding 140 patients known to have received Thorotrast) were
reported, compared with 663.7 expected (relative risk (RR), 1.2; 95% CI, 1.1-1.3). Site-
specific relative risks are presented in Table 2. Significant excesses were found for
cancers of the lung and brain and central nervous system. Brain cancer risk was highest
within one year after admission and declined markedly with time. No overall cancer risk
was apparent after excluding the brain cancer cases (RR, 1.03). Nonsignificant risk
elevations were also observed for cancers of the liver and biliary tract and for non-
Hodgkin lymphoma. Significant deficits of urinary bladder cancer and melanoma were
observed. [The Working Group noted that brain tumours may account for the seizure
disorder and are unlikely to be due to exposure to the anticonvulsant treatment and,
furthermore, that the excess of liver cancer may be due to unrecorded exposure to
Thorotrast. The slight excess of lung cancer is difficult to interpret, because no infor-
mation was available on smoking history.]

2.3 Case-control studies

2.3.1  Multiple sites

Four nested case—control studies based on the cohort of Olsen et al. (1989) were
conducted to investigate the possible influence of anticonvulsant treatment on the risk of
lung cancer and urinary bladder cancer (including cases of bladder papillomas), lym-
phoma and hepatobiliary cancer (Olsen et al., 1993, 1995). The studies included
104 cases of lung cancer, 18 cases of urinary bladder cancer, 26 cases of primary liver
cancer, 13 cases of biliary tract cancer, 15 cases of non-Hodgkin lymphoma and six cases
of Hodgkin’s disease. Cases were individually matched to controls on the basis of sex,
year of birth (+ 1 year) and survival time. The matching ratio was 2, except in the study
of lymphoma, in which five controls were selected per case. Six percent of cases and 5%
of controls were excluded because of missing medical records. Information about
detailed drug use was abstracted from the medical records at the epilepsy centre.
Cumulative doses were computed by assuming that treatment continued daily at the
prescribed dose after each hospital discharge until the date of cancer diagnosis (or
equivalent date for matched controls) or until the end of 1964, whichever occurred first.
After the mid-1960s, many new anticonvulsants were released, and therefore no credible
assumptions about continuation of previous treatment after discharge were possible for
the years after 1964. The median cumulative dose of phenytoin was 750 g. Risk
estimates were adjusted for other anticonvulsant treatments, but not for smoking. The
prevalence of phenytoin use (alone or in combination with another drug) was around
50% among controls. Use of phenytoin was not associated with the risk for either lung
(RR, 1.0; 95% CI, 0.6-1.7) or urinary bladder cancer (RR, 1.1; 95% CI, 0.4-3.5). Also,
dose-response analyses revealed no consistent relationships between either lung cancer
or bladder cancer and cumulative exposure to phenytoin. Data from-a smoking survey
among Danish epileptics indicated that the elevated risk in the cohort is probably
attributable to confounding by smoking (Olsen et al., 1993). Epileptic patients who had
ever been given phenytoin had a slight, nonsignificantly increased risk for lymphoma
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Table 2. Numbers of incident cancers occufring between
1943 and 1984 among patients hospitalized for epilepsy
during 1933-62 at Filadelfia, Denmark, excluding 140

patients known to have received Thorotrast

Site

Observed  Observed/expected
ratio (95% CI)

All malignant neoplasms 789 1.2 (1.1-1.3)
Buccal cavity and pharynx 18 1.2 (0.7-1.9)
Oesophagus 7 1.3 (0.5-2.8)
Stomach 33 1.0 (0.7-1.4)
Colon 48 1.1 (0.8-1.4)
Rectum 28 0.9 (0.6-1.2)
Liver (primary) 9 1.9 (0.9-3.6)
Liver (not otherwise specified) 2 0.8 (0.1-3.1)
Biliary tract 11 1.7 (0.9-3.1)
Pancreas 20 1.1 (0.7-1.7)
Larynx 10 1.6 (0.8-2.9)
Lung 106 1.4 (1.2-1.7)
Breast 80 1.0 (0.8-1.2)
Cervix uteri 32 0.8 (0.5-1.1)
Corpus uteri 19 1.0 (0.6-1.5)
Ovary 18 0.8 (0.5-1.3)
Prostate 19 0.8 (0.5-1.3)
Testis 13 1.6 (0.8-2.7)
Kidney 18 1.0 (0.6-1.6)
Bladder 18 0.6 (0.3-0.9)
Melanoma of skin 7 0.5 (0.2-1.0)
Other skin 60 1.0 (0.8-1.3)
Brain and central nervous system 118 5.7 (4.7-6.8)
Thyroid 4 1.2 (0.3-3.2)
Non-Hodgkin lymphoma 16 1.4 (0.8-2.3)
Hodgkin’s disease 6 0.9 (0.3-2.1)
Multiple myeloma 3 0.5 (0.1-1.5)
Leukaemia 13 0.8 (0.4-1.4)
Other specified sites 31 1.2 (0.8-1.8)
Secondary and unspecified sites 22 1.9 (1.2-2.8)

From Olsen et al. (1989)

“Seven patients, chronic lymphocytic leukaemia; three, chronic
myelogenous leukaemia; one, acute leukaemia; and two, leukaemia

not otherwise specified
"Excluding liver
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(RR, 1.6; 95% CI, 0.5-4.8). The risk was highest for the subgroup of non-Hodgkin
lymphoma (RR, 1.8; 95% CI, 0.5-6.6). In this subgroup, patients who had received a
cumulative dose of 750 g phenytoin or more had a nonsignificantly higher risk than
patients who had been given less than 750 g (RR, 3.1; 95% CI, 0.6-15; versus RR, 1.0;
95% CI, 0.2-4.9). [The Working Group noted that the number of non-Hodgkin
lymphoma patients in the study was very small.] The risk for hepatobiliary cancer was
not increased among patients ever treated with phenytoin (RR, 1.2; 95% CI, 0.5-3.1)
(Olsen et al., 1995).

2.3.2  Multiple myeloma

A case—control study was conducted to investigate (among other factors) the
relationship between multiple myeloma and medicinal drugs, such as propoxyphene and
phenytoin (Friedman, 1986). A total of 327 cases of multiple myeloma occurring during
1969-82 were identified among Kaiser Foundation Health Plan subscribers in northern
California (United States) (96.6% based on pathological examination and 3.4% on strong
clinical evidence). Controls (one per case) were selected from the Health Plan member-
ship file of the same year as the case’s year of first hospitalization for multiple myeloma,
matched to the case by sex, year of birth, area of residence and, when feasible, race. No
association was found between phenytoin use and multiple myeloma risk. [The Working
Group noted that RR and 95% CI were not reported].

In the hospital-based, case—control study of multiple myeloma in whites in Baltimore
area, MD, United States, in 1975-82, reported in the monograph on diazepam (p. 53), a
nonsignificantly elevated risk was found for prior use of phenytoin (odds ratio, «; 95%
CI, 0.6—; discordant pairs ratio: 3/0) (Linet et al., 1987). [The Working Group noted
that the diagnostic categories for controls could have been associated with exposure to
phenytoin. In addition, the greater number of proxy interviews for cases than for controls
could not be adjusted for with phenytoin as the exposure.]

2.3.3 Hodgkin’s disease

A case—control study was conducted to investigate a number of risk factors for
Hodgkin’s disease in Brazil (Kirchhoff ef al., 1980). Cases were patients diagnosed from
1963 to 1976 at one hospital and were divided into three groups: private, self-paying
patients; patients whose care was paid for by the national health insurance programme;
and patients who were treated without charge. Out of a total of 546 patients, 70 patients
of the last two groups were included in this study. A control group was made up of 128
siblings of the Hodgkin’s disease patients. All of the patients and controls whose
cooperation was solicited agreed to participate in the study. Exposure to phenytoin was
assessed by asking whether the subjects had ever taken medicine for epilepsy, convul-
sions, fits or migraine headaches. The mean age of the cases was 27 years. For the sibling
control group, the mean age was 22 years. Phenytoin had been used by 4% of the cases
and 3% of the sibling controls. [The crude odds ratio for phenytoin use was 1.4; 95% CI,
0.3-6.4.] [The Working Group noted that the criteria for selection of cases were unclear. ]
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2.3.4 Childhood cancer

In a case—control study of 11 169 pairs of childhood cancer cases and matched
controls in 195371 in the United Kingdom, use of drugs during pregnancy was assessed
through hospital and general practitioners’ records (Sanders & Draper, 1979). Phenytoin
use was reported for mothers of 11 cases and 7 controls [crude odds ratio, 1.6; 95% ClI,
0.64.01.

In a case—control study of incident cases of neuroblastoma diagnosed between 1970
and 1979 in the United States, drug use during pregnancy was investigated among
mothers of 104 cases and 101 controls selected by telephone random digit dialling
(Kramer et al., 1987). No use of phenytoin during the index pregnancy was reported
among mothers of cases or controls.

3. Studies of Cancer in Experimental Animals

3.1 Oral administration

3.1.1 Mouse

Groups of 48 female C57Bl, C3H/F or SJL/J mice, two to three months of age, were
given 0 or 60 mg/kg bw phenytoin sodium (Dilantin) (pharmaceutical grade) in a liquid
diet for 168 days. Of those surviving to 10 months, 3/24 treated C57B1 mice as well as
3/24 C3H/F mice developed thymic lymphosarcomas, whereas no pathological lesion
was found in 48 controls [p = 0.03]. Of the treated SJL/J mice, 6/42 had generalized
lymphomas during the fourth to eight months, but no lymphoma was seen in 48 controls,
after eight months [p = 0.008]. After the eighth month, 90% of the treated SJL/J mice
developed reticulum-cell sarcomas which appeared 2-3 months earlier than in the
controls (Kriiger ef al., 1972).

Groups of 30 and 23 female C3H/Sn mice, 3.5 months of age, were given 0 or
2 mg/animal phenytoin sodium (Diphenin) (pharmaceutical grade) in 0.2 ml tap-water by
gastric instillation five times per week for life. The life span of treated mice was
significantly increased (mean: controls, 450 + 19 days; treated, 558 * 28 days; p < 0.05,
Student’s ¢ test). The number of mice with mammary gland adenocarcinomas was signi-
ficantly decreased (19/30 controls, 7/23 treated mice; p < 0.05, chi-square test); the
numbers of mice with leukaemia were 5/30 controls and 2/23 treated mice; and the
numbers of mice with polyps of the endometrium [not otherwise specified] were 4/30
controls and 0/23 treated mice (Dilman & Anisimov, 1980).

Groups of 50 male and 50 female B6C3F1 mice, six weeks old, were given 0, 60 or
120 mg/kg diet (ppm) phenytoin (purity, > 99%) in the diet for 78 weeks. The estimated
mean total intake per mouse was 150 mg or 301 mg in males and 154 mg or 292 mg in
females. The mice were kept for a further eight weeks, after which time all surviving
animals were killed. Survival at week 86 was: males — 86% control, 72% low-dose and
82% high-dose; and females — 94% control, 88% low-dose and 86% high-dose. All
major organs and visually apparent lesions were examined histologically. In male mice,
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the incidence of hepatocellular adenomas was decreased (19/46 control, 12/45 low-dose
and 11745 high-dose); that of hepatocellular carcinomas was 7/46 control, 8/45 low-dose
and 5/45 high-dose. The decreased incidence of combined hepatocellular adenomas and
carcinomas was statistically significant (26/46 control, 20/45 low-dose and 16/45 high-
dose; p < 0.05, chi-square test). There was no significant difference in the incidence of
tumours at other sites between treated and control males. No increase in tumours was
seen in females (Maeda er al., 1988).

3.1.2  Rat

In a number of early carcinogenicity studies of phenytoin of limited duration,
negative results were reported (Griswold er al., 1966, 1968; McDonald, 1969; Morris
et al., 1969; Peraino er al., 1975). [The Working Group considered that these studies
were inadequate for assessing carcinogenicity. ]

Groups of 75 and 34 female rats [strain not specified], 3.5 months of age, were given
0 and 7.5 mg/rat phenytoin [purity not specified] in 5 mL tap-water by gastric instillation
five times per week for life. Animals were killed when moribund. Neoplastic tissues
were examined histologically. Mean life span was 681 * 14 days in controls and 724 +
36 days in treated animals. No treatment-related increase in tumour incidence was
observed (Anisimov, 1980).

Groups of 50 male and 5O female Fischer 344/DuCrj rats, five weeks of age, were
given 0, 250 or 500 (maximum tolerated dose) mg/kg diet (ppm) phenytoin (> 99% pure)
in the diet for two years. After a further eight weeks, survival was greater than 60% in all
groups, and all surviving rats were killed at that time. There was a dose-related decrease
in mean body weight in treated females but not in males. All rats that died or were killed
were autopsied. All lesions and most organs were examined histologically. There was no
significant difference in tumour incidence between treated and control rats (Jang et al.,
1987).

3.2 Perinatal and/or adult administration
3.2.1  Mouse

Groups of 60 female C57BI/6N and 60 male C3H/HeN mice were exposed perinatally
(F)), as adults (B6C3F1 mice) (F,) or both to various concentrations of phenytoin, as
shown in Table 3. Four groups of 60 females aged 10—-14 weeks were given 0, 21, 70 or
210 mg/kg diet (ppm) phenytoin (approximately 98% pure) in the diet for one week
before breeding. After breeding with previously unexposed male mice, the females
continued to receive the same diet throughout pregnancy and lactation. Weaning
occurred on day 28 post-partum and dietary exposure of the pups continued at the same
concentrations until they were approximately eight weeks of age. From eight weeks of
age, groups of 60 male and 60 female pups were fed diets containing 0, 30, 100 or 300
ppm (males) and 0, 60, 200 or 600 ppm phenytoin (females), respectively, for up to two
years (perinatal/adult exposure). The highest dose was set on the basis of body weight
changes in prechronic studies. Additional groups of 60' male and 60 female adults, 10—14
weeks of age, were given diets containing 0, 100 or 300 ppm and 0, 200 or 600 ppm
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Table 3. Incidence of hepatocellular adenoma or
carcinoma in mice exposed to phenytoin in the diet

Concentration (ppm)  Liver tumour incidence

F, F, Adenoma Carcinoma® Adenoma or
carcinoma’

Males

Adult exposure groups

0 0’ 19/50 13/50 29/50

0 100 19/49 15/49 29/49

0 300 22/49 7/49 26/49

Perinatal/adult exposure group

21 30 16/50° 13/50° 25/50°

70 100 20/50 18/50 31/50

210 100 23/49 18/49 35/49

210 300 31/50“  20/50 41/50*

Perinatal exposure group

210 0 23/50 14/50 33/50

Females

Adult exposure groups

0 0 5/48 0/48 5/48

0 200 13/49° 1/49 14/49°
0 600 22/50° 12/50° 30/50°
Perinatal/adult éxposure groups

21 60 11/50° 4/50 13/50%
70 200 25/50¢  3/50 26/50
210 200 12/50 4/50 16/50"
210 600 26/50° 10/50™ 34/507
Perinatal exposure group

210 0 11/49 1/49 12/49¢

From United States National Toxicology Program (1993)

“For adult exposure: carcinoma is hepatoblastoma or hepato-
cellular carcinoma

"Historical control rates at the laboratory: males — 167/410
(40%; range, 17-68%); females — 56/416 (13%; range, 3-26%)
{Chhabra er al., 1993)

“From Chhabra ez al. (1993)

“Significantly different (p < 0.05) from the 0:0 group (logistic
regression analysis)

“ Significantly different (p < 0.001) from the 0:0 group (logistic
regression analysis)

'Significantly different (p < 0.01) from the 0:0 group (logistic
regression analysis)

“Not significantly different (p = 0.055) from the 0:0 group
(logistic regression analysis)
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phenytoin for two years. After nine months of phenytoin administration, 10 animals from
each group were killed. Surviving animals were killed at the end of the two-year study
period. Survival at that time was similar in control (males, 78%; females, 72%) and
treated groups (66-88%). Incidences of hepatocellular tumours are summarized in
Table 3. In male mice, perinatal exposure alone did not increase the incidence of liver
tumours. However, there was a significant F_: F, interaction, which reflected the enhan-
cing effects of combined 210 ppm perinatal treatment and 300 ppm adult treatment on
the incidences of liver neoplasms. In female mice, both adult exposures and perinatal
plus adult exposure resulted in increased incidence of liver tumours (United States
National Toxicology Program, 1993). '

3.2.2 Rat

Groups of 60 female and 60 male Fischer 344/N rats were exposed perinatally (F), as
adults (F,) or both to various concentrations of phenytoin, as shown in Table 4. Four
groups of 60 females aged 10-12 weeks were given 0, 63, 210 or 630 mg/kg diet (ppm)
phenytoin (approximately 98% pure) in the diet for one week before breeding. After
breeding with previously unexposed male rats, the females continued to receive the same
diet throughout pregnancy and lactation. Weaning occurred on day 28 post-partum and
dietary exposure of pups continued at the same concentrations until they were approxi-
mately eight weeks of age. From eight weeks of age, groups of 60 male and 60 female
pups were fed diets containing 0, 240, 800 or 2400 ppm phenytoin for up to two years
(perinatal/adult exposure). The highest dose was set on the basis of body weight changes
in prechronic studies. Additional groups of 60 male and 60 female adults, 10—12 weeks
of age, were given diets containing 0, 800 or 2400 ppm phenytoin for two years. After
nine months of phenytoin administration, 10 animals from each group were killed.
Surviving animals were killed at the end of the two-year study period. Survival at that
time was similar in control (males, 52%; females, 62%) and treated groups (44-76%).
Incidences of hepatocellular tumours (adenoma and carcinoma combined) are
summarized in Table 4. In male rats, the incidence of liver tumours was slightly
increased in the high-dose perinatal/adult treatment group (p < 0.05, logistic regression
analysis) (US National Toxicology Program, 1993).

3.3 Intraperitoneal administration

Mouse: A group of 50 male and female random-bred albino mice, weighing 18-20 g
[age not specified], was given 0.6 mg/animal phenytoin as phenytoin sodium [purity not
specified] suspended in water or in saline daily by intraperitoneal injection over a 66-day
period (total of 57 injections; 34.2 mg/animal). No weight gain was observed and 10
animals died during this period. The remaining 40 animals were observed for nine
months. A group of 50 untreated controls was observed for 11 months. Ten treated mice
developed tumours, comprising four thymic and two mesenteric lymphomas and four
leukaemias. The leukaemias were found between 60 and 142 days and the lymphomas
between 100 and 255 days. In controls, one thymic lymphoma and one lung adenoma
were observed (Juhdsz et al., 1968).
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Table 4. Incidence of hepatocellular adenoma
and carcinoma combined in rats exposed to
phenytoin in the diet

Concentration (ppm) Liver tumour incidence

F F Male Female

It} 1

Adult exposure groups

0 0" /50 0/50
0 800 2/50 (1 carcinoma)  1/50
0 2400 4/50 1/50
Perinatal/adult exposure groups

63 240 3/49 (1 carcinoma) 0/50
210 800 2/49 1/50
630 800 1/49 0/50
630 2400 5/49" 0/50

Perinatal exposure group

630 0 1/50 0/49

From United States National Toxicology Program (1993)

“ Historical control rates at the laboratory: males — 6/302
(2%; range 0—-10%); females — 0/300 (Chhabra et al., 1993)
" Significantly different (p < 0.05) from the 0:0 group
(logistic regression analysis) (Chhabra et al., 1993)

3.4 Administration with known carcinogens

Mouse: In a short-term assay based upon lung adenoma induction in mice, three
groups of SWR inbred mice [age and sex not specified] were given 0.5 mg/g bw urethane
[purity not specified] in water as a single intraperitoneal injection. Two groups also
received seven daily subcutaneous injections either of 0.5 mg/animal phenytoin [purity
and solvent not specified] or of the solvent only before and after the administration of
urethane, while one group received no further treatment. Twelve weeks after the
injection of urethane, all animals were killed and their lungs were examined macro-
scopically for the presence of adenomas. The incidence of lung adenomas was 100% in
the urethane-treated controls (15 mice) and in animals treated with urethane plus solvent
(15 mice) and was 85.7% in animals treated with urethane plus phenytoin (14 mice). The
number of adenomas per mouse was reduced in the phenytoin-treated group (mean +
SE:45%0.6,4.7£0.6 and 2.9 £ 0.6 (p < 0.025, Student’s ¢ test) in the three groups,
respcctlvely) (Levo, 1974).

Groups of 25 male D2B6F1 mice, five weeks of age, were given 0 or 90 mg/kg bw N-
nitrosodiethylamine (NDEA; 99% pure) in tricaprylin as a single intraperitoneal
injection. Two weeks later, the mice were given 0, 125, 250 or 500 mg/kg diet (ppm)
phenytoin [purity not specified] in the diet. Ten mice from each group were killed at 30
weeks of age, at which time the incidence of hepatocellular lesions (foci) in NDEA-
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treated mice was 2 (lesions)/10, 4 (eosinophilic foci)/10, 0/10 and 10 (lesions)/10
(p <0.01, Mann-Whitney U test) in the groups treated with 0 (control), 125, 250 and 500
ppm phenytoin, respectively. Three NDEA-treated mice recelving 500 ppm phenytoin
developed hepatocellular adenomas. Control mice and mice given only phenytoin
displayed no hepatocellular lesions at 30 weeks. All surviving mice were killed at 60
weeks of age. Selected portions of liver lobe (two sections per lobe), all liver lesions and
lesions in other organs were examined histologically. Survival was not affected by
phenytoin in NDEA-treated or vehicle-treated mice. Phenytoin enhanced the hepato-
carcinogenesis initiated by NDEA at week 60 (see Table 5). No significant difference in
either incidence or multiplicity of lung adenomas was observed between the groups
(Diwan et al., 1993).

Table 5. Effect of phenytoin on hepatocellular carcinogenesis initiated by
N-nitrosodiethylamine (NDEA) in mice

Treatment groups No. of mice with No. of tumours per tumour-bearing mouse

tumours/total no. (mean * SD)

at risk (%)"

Adenomas Carcinomas  Hepato-
blastomas

NDEA 9/15 (60) 1.8+0.8 0 0
NDEA/125 ppm phenytoin 10/14 (71) 26+ 1.3 0 0
NDEA/250 ppm phenytoin 10/13 (77) 44+33" 0 0
NDEA/500 ppm phenytoin 15/15 (100)" 11,656 23+22 14+£05
Vehicle/250 ppm phenytoin ~ 1/15 (7) 1+0 0 0
Vehicle/500 ppm phenytoin ~ 1/15 (7) 1+0 0 0
Vehicle 0/15 0 0 0

From Diwan et al. (1993)

“Animals with severe post-mortem changes were not included

"Statistically significant compared with NDEA group (p < 0.03, Fisher’s exact test)

* Statistically significant compared with NDEA group (p < 0.001, Fisher’s exact test)

4. Other Data Relevant to an Evaluation of
Carcinogenicity and its Mechansms

4.1 Absorption, distribution,‘metabolism and excretion
4.1.1 Humans

Phenytoin is well absorbed following oral dosing with well formulated pharma-
ceutical preparations (capsules, tablets, suspensions); absorption occurs predominantly in
the duodenum, from which the absorption rate is limited by its dissolution in intestinal
fluids (solubility approximately 100 ug/mL) and plasma (75 pg/mL). Peak plasma con-
centrations are usually reached within 4-8 h. The drug is widely distributed in the body
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(volume of distribution averages about 0.8 L/kg), readily crosses the blood—brain barrier
and 1s bound extensively (~90%) to plasma protein, predominantly albumin (Treiman &
Woodbury, 1995). Phenytoin is metabolized extensively (Figure 1), principally to 5-(4'-
hydroxyphenyl)-5-phenylhydantoin (para-HPPH), which is excreted as the glucuronide
conjugate in the urine, typically accounting for 67-88% of the dose. This is formed via
the well known epoxide-diol pathway, like the 5-(3’,4’-dihydrodiol), which is also found
in urine, representing some 7-11% of the dose (Browne & LeDuc, 1995). The arene
oxide, which is the primary metabolite on this pathway, has never been isolated but its
occurrence is inferred. This class of metabolic intermediates has attracted considerable
attention because of their possible role in the mechanisms of toxicity, mutagenicity and
teratogenicity (see Section 4.3.3) (Van Dyke et al., 1991; Finnell ef al., 1992). In addi-
tion to the two major excretion products mentioned, a number of minor metabolites
including the 3’,4’-catechol, the corresponding 3’-O-methylcatechol, a bis-(4-hydroxy-
phenyl) derivative and the N-glucuronide of phenytoin have been identified. These never
account for more than trace quantities of a phenytoin dose in humans. The meta-isomer
of HPPH (namely the 5-(3’-hydroxyphenyl) derivative) has been reported (Browne &
LeDuc, 1995), but this may be an analytical artefact. Early workers also reported the
identification of two ring-opened products, diphenylhydantoic acid and o-aminodi-
phenylacetic acid, as minor metabolites. Since phenytoin is prochiral, any metabolic
change in one of the phenyl substituents will give rise to chiral derivatives. In humans,
the para-HPPH excreted in urine is predominantly the S-enantiomer (the S : R ratio is
typically about 3 : 1) (Poupaert eral., 1975; Maguire et al., 1980; Browne & LeDuc,
1995). |

There has recently been considerable study of the cytochrome P450 isoforms
responsible for the hydroxylation of phenytoin. Doecke et al. (1990) suggested that iso-
forms of the CYP2C subfamily were responsible for phenytoin metabolism in rabbits and
humans, and recent work by Veronese er al. (1993) strongly suggests that CYP2C9/10
isoforms are responsible for most of the para-HPPH formation in humans.

Phenytoin displays non-linear elimination pharmacokinetics which are adequately
described by a model based on the Michaelis-Menten equation (Browne & LeDuc,
1995). One consequence of this non-linearity is that the apparent elimination half-life
varies with plasma concentration. Strictly speaking, it is inappropriate to refer to a ‘half-
life’, but in practical terms a mean value of around 22 h is a useful guide. It seems clear
that the non-linearity in the elimination of phenytoin results from saturation of the
enzyme(s) responsible for the formation of the arene oxide metabolite.

Phenytoin crosses the placenta (Mirkin, 1971). Similar concentrations have been
measured in maternal and umbilical cord plasma at delivery, indicating an equilibrium
state after long-term administration (Nau et al., 1982). Neonatal elimination of placen-
tally transferred phenytoin was very slow on post-partum days 1 and 2, increased
markedly on post-partum day 3 and was complete by post-partum day 5. Phenytoin
levels are low in breast milk obtained from epileptic mothers (Mirkin, 1971). The
maternal serum level falls during the second and third trimesters of pregnancy (Eadie
et al., 1977; Nau et al., 1982). Free and total plasma levels of phenytoin were determined
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Figure 1. Postulated metabolic pathways of phenytoin
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in a prospective study of 29 pregnant women receiving phenytoin monotherapy. Total
clearance of plasma phenytoin increased from the first trimester and a less pronounced,
but significant, increase was observed for clearance of free phenytoin during the third
trimester (Tomson et al., 1994). In a study of 10 epileptic women, the proportion of the
phenytoin dose excreted as para-HPPH tended to rise during pregnancy and overall the
increased excretion of para-HPPH appeared sufficient to account for the elimination of
the entire increase in the daily dose of phenytoin required during pregnancy. Excretion of
unmetabolized phenytoin and certain of its minor metabolites appeared essentially
unaltered. Thus pregnancy does not enhance uniformly the various pathways of pheny-
toin metabolism (Eadie er al., 1992). The plasma level of phenytoin returns to normal
values during the post-partum period (Lander et al., 1977).

4.1.2  Experimental systems

para-HPPH glucuronide appears to be the major metabolite in all species studied
(e.g., rats, mice, rabbits, monkeys) except dogs, in which the major excretion product is
the glucuronide of meta-HPPH (Atkinson et al., 1970), and cats, in which the N-glucu-
ronide of phenytoin predominates (Hassell et al., 1984). All of the major metabolites
found in humans have been identified in most of the animal species studied, although
there are some interspecies differences in the relative quantities and in the extent of
conjugation (Browne & LeDuc, 1995).

A single intragastric dose of phenytoin to pregnant Sprague-Dawley rats was trans-
ferred to the fetuses and was concentrated more in the kidney than in the liver, in contrast
to the situation in adult rats (Gabler & Falace, 1970). Transplacental transport has been
documented in mice (Waddell & Mirkin, 1972; Stevens & Harbison, 1974), rats (Mirkin,
1971; Stevens & Harbison, 1974), Syrian hamsters (Stevens & Harbison, 1974), goats
(Shoeman et al., 1972) and rhesus monkeys (Gabler & Hubbard, 1972).

Studies with CYP2C3 purified from rabbit liver have shown that this enzyme plays a
major role in the 4’-hydroxylation of phenytoin, and further suggested than an orthologue
to this enzyme was in part responsible for this metabolic reaction in humans (Doecke
et al., 1990). The hydroperoxidase component of prostaglandin synthetase, as well as
thyroid peroxidase and other peroxidases, can bioactivate phenytoin to a reactive free
radical intermediate, which may have toxicological relevance (Kubow & Wells, 1989).
Whether this free radical or the arene oxide intermediate is the principal mediator of
toxic effects remains unclear.

4.2 Toxic effects
4.2.1 Humans

(a) Acute toxicity

Death from acute phenytoin overdosage in humans is very uncommon (reviewed by
Dollery et al., 1991). Intravenous administration of high doses of phenytoin (e.g., in the
emergency treatment of cardiac arrhythmias or status epilepticus) may induce severe
cardiac arrhythmias and hypotension as well as central and peripheral nervous system
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toxicity. Nystagmus, ataxia, diplopia, dysarthria, vertigo and other cerebellar-vestibular
effects are common symptoms of phenytoin intoxication; acute oral overdosage has been
reported to cause irreversible cerebellar atrophy (Earnest et al., 1983; Masur ez al., 1989,
1990; Reynolds, 1993). Since phenytoin has a narrow therapeutic range and patients
respond with considerable interindividual variability, intoxications are frequently iatro-
genic or due to inappropriate self-adjustment of doses (Manon-Espaillat er al., 1991).
Phenytoin is a potent inducer of certain hepatic cytochrome P450 activities,
increasing the clearance of antipyrine, dicoumarol, primidone, carbamazepine, predni-

solone, dexamethasone and other glucocorticoids (Nation et al., 1990a,b: Dollery et al.,
1991).

(b)  Chronic toxicity
(1) Effects on the nervous system

Chronic phenytoin intake may induce a variety of adverse effects on the nervous
system, including drowsiness, nystagmus, ataxia, blurred vision and diplopia; in the past
when patients were treated with very high doses for many years, intellectual dulling and
depression of mood were frequently reported (reviewed by Dollery et al., 1991).

Although central and peripheral nervous system toxicity is the most consistent effect
of acute phenytoin overdosage, the chronic effects of phenytoin on the nervous system
are a subject of debate, since it remains unclear if they can be attributed solely to the
drug or if and to what extent they result from recurrent seizures. The most severe histo-
pathological feature associated with chronic phenytoin administration is development of
cerebellar atrophy. However, literature on neuropathology from before the introduction
of phenytoin documents that convulsions are associated with cerebellar atrophy. The
molecular mechanism of phenytoin damage to the cerebellum has not been elucidated
and the causal role of phenytoin in the induction of cerebellar atrophy cannot be
considered as proven (Ghatak ef al., 1976; Rapport & Shaw, 1977; McLain, et al., 1980-
Hammond & Wilder, 1983; Ney et al., 1994).

A rare, albeit well documented complication of phenytoin administration is the
induction of dyskinesias consisting mainly of generalized choreoathetosis with or
without orofacial symptoms. Phenytoin has been shown to interfere with the dopami-

nergic system; however, the precise mechanism remains to be elucidated (Harrison et al.,
1993).

(i)  Gingival overgrowth

Phenytoin-induced gingival overgrowth was first reported in 1939 (Kimball, 1939);
later studies revealed extremely high incidences of up to 50% of gingival hyperplasia in
patients medicated with phenytoin (Hassell, 1981). However, these high incidences were
based mainly on investigations carried out in hospital patients usually taking several
anticonvulsant drugs because they experienced complications with the control of their
epilepsy (Angelopoulos, 1975). A recent community-based study of patients in general
medical practice revealed a 13% incidence of phenytoin-induced, clinically significant
gingival overgrowth (Thomason et al., 1992).
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Gingival overgrowth can commence within three months after initiation of phenytoin
therapy and is most rapid in the first year of medication. Early signs often arise as diffuse
swelling of the interdental papillae; in severe cases, the overgrowth may induce impair-
ment of speech and eating (Thomason er al., 1992; Seymour, 1993). There is no strict
dose—effect relationship. Polypharmacy significantly increases the prevalence of gingival
overgrowth, especially co-medication with sodium valproate, phenobarbital and carba-
mazepine, which can result in alterations in phenytoin kinetics (Maguire et al., 1986).
The overgrowth of tissue appears to involve altered collagen metabolism, which in rare
cases and after many years of treatment may result in facial coarsening (Ohta ef al.,
1995), mainly manifested as broadening of the lips and nose. Rodents and other small
mammals do not appear to be susceptible to phenytoin-induced gingival overgrowth, but
this side-effect can be reproduced in the monkey Macaca arctoides (Staple et al., 1977)
and cats (Hassell et al., 1982; Thomason et al., 1992).

Studies on the mechanisms underlying phenytoin-induced gingival hyperplasia show
that fibroblasts derived from patients with phenytoin-associated gingival hyperplasia
synthesize a higher amount of total protein and collagen and have higher proliferation
rates compared with control cells or with cells from patients with idiopathic gingival
fibromatosis (Hou, 1993). Phenytoin inhibits calcium transport and, since gingival hyper-
plasia is also induced by nifedipine and other calcium-channel blockers, it has been
suggested that interference with calcium transport may be involved in the gingival over-
growth (Fujii et al., 1994).

(1) Folic acid deficiency
Patients taking phenytoin may exhibit folic acid deficiency (Mallek & Nakamoto,
1981; Reynolds, 1993). In addition to increasing the risk for developing megaloblastic
anaemia, folic acid deficiency has been implicated in the development of gingival hyper-

plasia by impairing maturation of the gingival epithelium, thus rendering the underlying
connective tissue more susceptible to inflammation and increased proliferation.

(iv) Hypersensitivity reactions — effects on the immune system

Phenytoin has been associated with numerous cutaneous hypersensitivity reactions.
Morbilliform rash arises in 2-5% of patients and in rare cases more severe reactions may
be observed, such as toxic epidermal necrolysis (Stevens—Johnson syndrome) or lupus
erythematosus. The skin reactions may be accompanied by lymphadenopathy, eosino-
philia, fever, diverse haematological disorders (leukocytosis, leukopenia, thrombocyto-
penia) and systemic organ manifestations such as hepatitis or nephritis (Reynolds, 1993).
This hypersensitivity syndrome complex, referred to as the phenytoin hypersensitivity
syndrome, usually appears early (e.g., two to four weeks) after initiation of treatment,

and does not exhibit a dose—response relationship (Delattre er al., 1988; Braddock et al.,
1992).

In some patients exhibiting the triad of skin reactions, fever and lymphadenopathy,
biopsy specimens of enlarged lymph nodes display a broad spectrum of histopathological
changes, ranging from benign hyperplasia to malignant-appearing cells (Saltzstein &
Ackerman, 1959; Hyman & Sommers, 1966; Anthony, 1970). The possible effects of
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phenytoin on the lymphatic tissue can be categorized into four groups, although some
symptoms may overlap: benign lymphoid hyperplasia, pseudolymphoma, pseudo-
pseudolymphoma and malignant lymphoma (see Section 2.1.1) (Harris ef al., 1992).

Lymphoid hyperplasia and pseudolymphoma are clinically indistinguishable;
however, histological examination reveals normal lymph node structure in the hyper-
plasia group, while loss of normal lymph node architecture, focal necrosis and infiltration
with eosinophils are seen in the pseudolymphoma group. Development of pseudo-
lymphoma has been reported in a few hundred patients receiving normal doses of
phenytoin (100 mg daily) and, in view of the many hundreds of thousands of treated
patients, can be considered as a rare, albeit severe, side-effect (see Section 2.1.1). The
clinical symptoms develop within an average of three weeks, five days to three months
after initiation of therapy. In addition to high spiking fever and intensely pruritic
maculopapular rash (sometimes with pustulation progressing to exfoliative erythro-
derma), marked localized or generalized enlargement of lymph nodes is observed.
Myalgia and arthralgia as well as hepatitis and in rare cases splenomegaly and histo-
logical skin features suggestive of mycosis fungoides have also been reported in some
patients. The symptoms resolve in most cases after withdrawal of the drug and
recurrence is usually observed upon readministration (Gams er al., 1968; Rosenthal
et al., 1982; Cooke et al., 1988; Rijlaarsdam et al., 1991 Singer et al., 1993).

(v) Endocrine effects

A variety of endocrine effects have been associated with chronic phenytoin
administration. Osteomalacia with hypocalcaemia (Dollery er al., 1991) and elevated
alkaline phosphatase activity may arise from altered vitamin D metabolism, inhibition of
intestinal absorption of calcium and reduced concentrations of vitamin K, which is
important for normal calcium metabolism in the bone (Keith ez al., 1983; Kumar et al.,
1993). Hyperglycaemia and glucosuria appear to be due to inhibition of insulin secretion
(Dollery et al., 1991).

Long-term administration of phenytoin affects blood thyroid hormone levels in a
specific manner. Phenytoin reduces the plasma concentration of total thyroxine (T,) as
well as that of free T,, while there are reports of variable effects upon the concentrations
of other thyroid and related hormones. Deda et al. (1992) reported that, in addition to T,
there were reductions in total triiodothyronine (T,), free T, and reverse T, levels in
phenytoin-treated epileptic children. Similar effects on T, and reverse T, were found in
adults in one study (Yeo et al., 1978), while in another study on adults, T, and thyro-
tropin were within normal ranges (Larkin et al., 1989). In a number of studies, the T, and
T, reductions were accompanied by unaltered thyroid stimulating hormone (TSH) levels
(see Schroder-Van der Elst & Van der Heide, 1990). Patients appear to be clinically
euthyroid, but experimental studies do not indicate whether phenytoin acts as a thyroid
hormone agonist or antagonist. Although much emphasis has been placed on the role of
occupancy by phenytoin of binding sites on the circulating thyroxine-binding globulin,
the experimental evidence does not support impairment of hormone-binding capacity in
the observed side-effects (Yeo er al., 1978; Larkin et al., 1989; Deda ef al., 1992).
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4.2.2  Experimental systems
(a) Acute toxicity

The nervous system is the major target of acute phenytoin toxicity in experimental
animals. Seizures may be induced after single intraperitoneal administration of 75 mg/kg
bw phenytoin in seven-day-old rats, while doses of about 200 mg/kg bw are required in
I8-day-old rats. Lethal doses after single intraperitoneal administration are in the range
of 1000 mg/kg bw phenytoin (Mares et al., 1987).

Treatment of mice with phenytoin (150 mg/kg intraperitoneally for three days)
induced a 33-43% increase in hepatic cytochrome P450 content compared with controls
(Kim et al., 1993). Analysis of the specific enzymes by immunoblot quantification and
by metabolic activities revealed a several-fold increase in CYP2B and hexobarbital
hydroxylase activities. In contrast, phenytoin treatment did not raise CYP1A activity in
mice.

(b)  Subacute and chronic toxicity

Groups of 10 male and 10 female B6C3F1 mice 7-9 weeks old were given phenytoin
in the diet at concentrations between 0 and 1200 mg/kg diet (ppm) for 13 weeks. Nine
males and all females exposed to 1200 ppm died before the end of the study and all
treated animals showed depressed body-weight gain, although food consumption was not
significantly lower than that of the controls. Dose-dependent centrilobular hypertrophy
was observed in animals exposed to doses of 300 ppm or more (United States National
Toxicology Program, 1993). In another 13-week study, B6C3F1 mice were given 60—
4000 ppm phenytoin in the diet. Most mice receiving 1000 ppm or more phenytoin died
before the end of the study. Weight gain impairment and focal necrosis of liver cells
were observed in the groups receiving 500 and 250 ppm, while no sign of toxicity was
observed in animals given 120 ppm (Maeda er al., 1988).

Groups of 10 male and 10 female Fischer 344/N rats, 7-9 weeks old, were given
phenytoin in the diet at concentrations between 0 and 4800 mg/kg diet (ppm) for 13
weeks. Mean body-weight gains were significantly lower in the 2400-ppm and 4800-ppm
males and females. There was no clinical sign of toxicity and no gross lesion of any
organ related to chemical exposure. Chemical-related microscopic lesions were limited to
mild centrilobular hypertrophy in the liver of the 4800-ppm group, which was slightly
more prominent in males than in females (United States National Toxicology Program,
1993). Similar impairment in body weight-gain and histopathological changes in the liver
were reported in another 13-week study in Fischer 344/N rats given phenytoin at
concentrations of 1000 and 2000 ppm in the diet, while no change was induced with
concentrations of 120-500 ppm. In addition, the relative weights of the liver and spleen
in females and of the liver and kidney in males were increased by 1000 and 2000 ppm
phenytoin. Increases were measured in alkaline phosphatase activity and in levels of
triglyceride and total protein in males and in total cholesterol, total protein and blood
urea nitrogen in females (Jang er al., 1987).
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(1)  Effects on the liver

In male D2B6F1 mice given diets containing 250 or 500 mg/kg diet (ppm) phenytoin,
hepatic CYP2B-mediated benzyloxyresorufin O-dealkylase activity was induced 30-fold
and 43-fold after 30 weeks and 41-fold and 57-fold after 60 weeks, respectively. Male
B6C3F1 mice given 125, 250, 500 or 1000 ppm phenytoin for 14 days showed signi-
ficant increases in liver weights at all but the lowest dose and in hepatic CYP2B-

mediated benzyloxyresorufin O-dealkylase activity at all doses relative to controls
(Diwan et al., 1993).

(1)  Effects on the nervous system

The chronic effects of phenytoin on the peripheral nervous system were investigated
in female Sprague-Dawley rats given 300 mg/kg bw phenytoin per day orally for 180
days. A time-dependent slowing of sensory and motor conduction velocity was observed,
and animals with impaired motor conduction velocity also had histopathological changes
in the myelinated fibres of the sciatic nerve (Moglia er al., 1981). In male Wister rats, a
single intraperitoneal dose of 150 mg/kg bw phenytoin induced a complete blockage of
muscle action potential in the dorsal segmental muscles of the tail evoked by electric
stimulation of the caudal nerve and a 40% decrease in the Na', K*-ATPase activity of the
sciatic nerve compared with control values (Raya ef al., 1992).

Exposure of immortalized mouse hippocampal neurons to 1-100 uM phenytoin
(concentrations spanning the human therapeutic serum levels and the concentrations in
the human brain) impaired the formation of normal neuronal processes by preventing the
assembly of several cytoskeletal constituents such as actin, tubulin, neurofilament, tau
protein and MAP 5; these constituents accumulated within membrane blebs or cyto-
plasmic condensations instead of forming normally organized processes. However, at
these concentrations, no reduction in the overall cell protein synthesis was seen, an effect
observed with concentrations above 200 UM (Bahn et al., 1993).

In addition to its established anticonvulsive activity, phenytoin has been reported to
have beneficial effects on the nervous system in other situations. Six-day-old Wistar rats
were given 50 mg/kg bw phenytoin (a dose known to give anticonvulsive activity in rats)
intraperitoneally, 1 h before induction of brain hypoxia by ligation of the left carotid
artery. This dose markedly reduced hypoxic-ischaemic infarction in the cerebral cortex
and in the striatum assessed histopathologically 72 h later. This protective effect was not
observed when phenytoin was administered immediately after the hypoxia. The authors
proposed attenuation of hypoxia-induced release of glutamate (an excitatory amino acid)
as a mechanism for this neuroprotective action of phenytoin (Hayakawa er al., 1994). In
albino rats of the Wistar-derived Sabra strain, systemically (1-10 mg into the left carotid
artery) or topically (0.1-1 mM) applied phenytoin on the neuroma surface suppressed
spontaneous ectopic discharge in sciatic nerve neuromas without blocking impulse
conductance. Since phenytoin is known to provide effective relief in some kinds of
human neuralgia, the authors suggested that the clinical analgesic action of phenytoin
may involve direct suppression of ectopic impulses generated in the region of nerve
damage (Yaari & Devor, 1985).
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(1) Effects on the immune system

Oral administration of phenytoin (25, 50 or 100 mg/kg bw per day for seven days) to
BALB/c mice significantly depressed both humoral and cellular immune responses
compared with control animals, as assessed by the enumeration of direct and indirect
splenic plaque-forming cells and the delayed-type hypersensitivity reaction against sheep
red blood cells. Furthermore, spleen cells and lymphocytes obtained from mice treated
with 100 mg/kg bw phenytoin suppressed the physiological responses of normal cells in
these systems. These immunosuppressing effects were observed in spite of the fact that
phenytoin induced a rise in spleen cellularity in the treated mice (Andrade-Mena et al.,
1994). Similar results concerning the effects of phenytoin on the murine immune system
were also obtained in previous studies in mice (de Souza Queiroz & Mullen, 1980;
Margaretten & Warren, 1987).

Lorand er al. (1976) assessed morphological changes in lymphoid organs induced by
administration of phenytoin-(10 or 50 mg/kg bw) to female Wistar rats for two to four
months. The morphological changes indicated blockage of cellular differentiation in the
thymus; in the lymph nodes, depletion of T lymphocytes together with an increase in
plasma cells implied a functional disturbance of the lymphoreticular system. Atypical
cells or other morphological features potentially indicative of lymphoma production were
not found in this study. Experimental results relating to lymphoma induction are
described in Section 3.1.1.

(itv) Endocrine effects

Dietary administration of phenytoin to male Wistar rats (50 mg/kg bw for 8 or 20
days) resulted in 20-30% reductions in the serum concentrations of thyroxine (T,) and
tritodothyronine (T,) but no change in TSH (Schréder-Van der Elst & Van der Heide,
[990; Cageao et al., 1992). At the same doses, the pituitary deiodination of T,to T, was
significantly increased and this increase in the conversion rate is known to inhibit the
feedback response of TSH. The observations in rats are consistent with the clinical
findings (see Section 4.2.1).

(v) Bone effects

Long-term treatment of epileptic patients with phenytoin has been associated with
increased thickness mainly of craniofacial bones. This side-effect has been observed in
Sprague-Dawley rats given 5 mg/kg bw per day phenytoin for 36 days by intraperitoneal
injection, in which increased histomorphometric (osteoblast number, bone mineral appo-
sition rate) and biochemical parameters (skeletal alkaline phosphatase activity, osteo-
calcin concentration in the serum) of bone formation were measured. Simultaneous
administration of sodium fluoride (50 mg/L (ppm)) in drinking water for 36 days acted in
collaboration to stimulate bone formation and to increase bone volume (Ohta et al.,

1995).
(vi) Effects on cell proliferation

Phenytoin is commonly used in brain tumour patients with epileptic seizures.
Although phenytoin cannot be considered as a cytostatic drug, it has been reported to
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inhibit microtubule polymerization (MacKinney et al., 1978), and it enhances the cyto-
toxicity of vincristine, a prototype microtubule inhibitor, in multidrug-resistant human
glioma cell lines (Ganapathi ef al., 1993).

4.3 Reproductive and prenatal effects

4.3.1 Humans

Four kinds of effects and consequences of phenytoin treatment can be differentiated.

(@) Reproductive effects concerning germ cells, sexual hormones and sexual
activity;

(b) Structural abnormalities, i.e. classical teratogenic effects, when used mainly in
the first trimester of gestation;

(c) Short-term functional alterations, manifested postnatally and related mainly to
treatment in the perinatal period;

(d) Long-term developmental (including behavioural) effects, in general connected
with use in the second and third trimesters of gestation.

(a) Reproductive effects

Swanson et al. (1978) found phenytoin in the semen at a concentration of 0.2 relative
to plasma. A diminution of sperm production in epileptic males is due to a decrease in
free testosterone level (Cramer & Jones, 1991). This phenomenon results from an
increased prolactin level (Aminoff er al., 1984; Laxer et al., 1985) caused by seizures
which can inhibit gonadotrophin-releasing hormone secretion from the hypothalamus
that in turn inhibits follicle-stimulating hormone (FSH) and luteinizing hormone (LH)
production. Taneja e al. (1994) compared the effect of phenytoin on semen with data
from untreated epileptic and healthy males. A smaller volume of seminal fluid, and lower
spermatozoal concentration and total sperm count were seen in untreated epileptics and
phenytoin-treated patients compared with the healthy males, but no difference was
evident between the two patient groups. The number of morphologically abnormal sperm
was greater in untreated patients than in phenytoin-treated or control subjects.

Male patients treated with phenytoin commonly complain of diminished libido and
impotence (Toone er al., 1983). Hyposexuality may be the result of altered levels of
pituitary hormones, sex hormone-binding globulin and free testosterone (Mattson &
Cramer, 1985; Macphee er al., 1988). Phenytoin decreases free testosterone levels by
induction of aromatase and sex hormone-binding globulin synthetase, enhancing conver-
sion of free testosterone to oestradiol. Oestradiol exerts a potent inhibitory influence on
LH secretion and it may have a major role in negative feedback in men as well as
women. Suppression of LH secretion results in hypogonadotropic hypogonadism, which
accounts for reproductive and sexual dysfunction among men with epilepsy (Herzog

etal., 1991). The higher level of oestrogen during pregnancy can lower the seizure
threshold (Mattson & Cramer, 1985).
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(b) Congenital abnormalities

The maternal metabolism of phenytoin during pregnancy is discussed in Section
4.1.1.

In Europe, about 0.4% of pregnant women have epilepsy (Czeizel et al., 1992).
During epileptic convulsive attacks there may be breathing disorders up to apnoea and
alterations in cardiac output that, in pregnancy, may effect fetal well-being, especially in
the case of frequent attacks (Yerby, 1991). About 40% of women have increased
frequency of seizures, mainly due to the decreased serum level of phenytoin, particularly
in the first trimester, in parallel with hyperemesis gravidarum, during labour (Schmidt
et al., 1983) or if the fetus is male (Dansky & Finnel, 1991). Pregnant epileptic women
therefore need higher doses of anticonvulsant treatment. The risk of stillbirth, micro-
cephaly and mental retardation is doubled in the offspring of women with seizures during
pregnancy (Nelson & Ellenberg, 1982).

Meadow (1968) reported five cases of congenital malformation in the offspring of »
epileptic women treated with phenytoin. Subsequently, a total of 32 children born to
mothers who took anticonvulsants, including phenytoin, throughout pregnancy were
found to have a similar constellation of abnormalities including cleft lip and palate, and
cardiovascular and skeletal (limb, skull, face) abnormalities (Meadow, 1970). Sub-
sequent case reports of epileptic women treated during pregnancy with phenytoin and
phenobarbital have described affected infants with similar abnormalities (IARC, 1977).

In the early 1970s, nearly all analytical epidemiological studies indicated a 2—3-fold
greater risk for congenital abnormalities after phenytoin treatment in the first trimester of
gestation (IARC, 1977). However, the risk is five- to six-fold higher for the fetal hydan-
toin syndrome (Hanson & Smith, 1975; Hanson, 1976). The most characteristic symptom
of this syndrome is hypoplasia of the nails and distal phalanges, which occurs in up to
18% of the exposed fetuses (Barr ef al., 1974; Hill et al., 1974). Distal digital and nail
hypoplasia has been documented through radiographic hand analyses in about 30% of
exposed children (Kelly, 1984). Other abnormalities include cleft lip and palate or
unusual face (hypoplasia of the mid-face, broad depressed nasal bridge, short upturned
nose, mild hypertelorism, inner epicanthal folds, ptosis of the eyelid), microcephaly and
congenital cardiovascular malformations. Mild to moderate mental retardation and
prenatal-onset growth retardation may also occur. Hanson er al. (1976) concluded that as
many as 11% of exposed fetuses develop the fetal hydantoin syndrome. However, there
is no obvious borderline between lesser manifestations of this syndrome and normal
babies. Thus, at present there is evidence for the teratogenicity of phenytoin ingested at
100-800 mg/day during the first trimester of gestation (Adams et al., 1990).

Gaily e al. (1988) reported that several minor anomalies previously regarded as
symptoms of fetal hydantoin syndrome were genetically linked to epilepsy. Only hyper-
telorism and digital hypoplasia were specifically associated with phenytoin exposure.

Most studies in which epileptic mothers taking phenytoin alone (namely those
receiving monotherapy) were identified indicated a significantly higher rate of fetal
hydantoin syndrome compared with untreated non-epileptic women (Lowe, 1973;
Fedrick, 1973; Bertollini et al., 1987; Kaneko ef al., 1992). It is difficult to calculate the
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specific teratogenic risk of phenytoin as the drug is frequently given with other anti-
convulsants (polytherapy) and because maternal epilepsy itself is teratogenic. The terato-
genic risk of polytherapy has consistently been found to be higher than that of mono-
therapy. For example, Kaneko et al. (1988, 1992) found that the overall rate of con-
genital abnormalities was 6.2-6.5% in children born to epileptic women with mono-
therapy, while the rate was 13.5-15.6% after polytherapy.

The teratogenicity of phenytoin afflicts only some exposed fetuses, possibly due to
genetic variation in susceptibility. Strickler er al. (1985) demonstrated a genetic defect in
the detoxification of arene oxide metabolites of phenytoin, which may increase the risk
for fetal hydantoin syndrome. Buehler ef al. (1990) assessed epoxide hydrolase levels in
cultures of both fetal fibroblasts and amniocytes and found a deficiency of the enzyme in
fetuses at high risk for fetal hydantoin syndrome. In a prospective study of 19
pregnancies monitored by amniocentesis, an adverse outcome was predicted for four
fetuses on the basis of low epoxide hydrolase activity (< 30% of the standard). In all four
cases, the mother was receiving phenytoin monotherapy and, after birth, the infants had
clinical findings compatible with the fetal hydantoin syndrome. The fetuses with enzyme
activity above 30% of the standard after use of the same doses of phenytoin were not
considered to be at risk and all 15 neonates lacked any characteristic features of the fetal
hydantoin syndrome.

Data on congenital abnormality rates among babies born to women with epilepsy but
without anticonvulsant therapy are contradictory (Speidel & Meadow, 1972; Monson
etal., 1973; Lowe, 1973; Shapiro et al., 1976; Czeizel et al., 1992). A summary of 12
prospective studies (Kaneko & Konds, 1995) showed that the overall rate of congenital
abnormalities was 11.1% (122/1099), 5.7% (6/105) and 4.8% (4081/85 361) in children
born to epileptic women treated with anticonvulsants during pregnancy, to epileptic
women without anticonvulsant therapy and to non-epileptic control women, respectively.

(¢)  Short-term functional alterations

Clinical manifestations of withdrawal syndrome including hyperirritability, tremor,
seizures, vomiting, poor suckling and sleep disturbances may occur shortly after birth in
infants exposed to phenytoin during pregnancy (Watson & Spellacy, 1971; Koch et al.,
1985). These symptoms do not affect psychomotor development (Hirano et al., 1984).

In newborns exposed to phenytoin during pregnancy, a tendency to bleeding may
develop during the first day of life due to decreased levels of vitamin K-dependent
clotting factors, despite normal levels in the mother (Bleyer & Skinner, 1976).
Haemorrhage secondary to thrombocytopenia may also be caused occasionally by
phenytoin (Page et al., 1982).

(d)  Long-term developmental effects

Developmental and behavioural neurotoxicity in humans has been studied (Hirano
etal., 1984; Adams et al., 1990). The prospective study of Scolnik et al. (1994) indicated
a mean global IQ in children of mothers treated with phenytoin during pregnancy 10
points lower (95% ClI, 4.9-15.8) than that of matched controls, and specific weakness in
performance of non-verbal tasks. The deficits were unrelated to seizure activity, but
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correlated with serum levels of phenytoin. However, behavioural dysfunction was gene-
rally limited to global measures of intellectual function. [The Working Group noted that
the studies were limited by the short study period, which in general did not extend past
infancy.]

4.3.2  Experimental systems

In rabbits (as in humans), Swanson et al. (1978) found phenytoin in the semen at a
concentration of 0.2 relative to plasma. A single intragastric dose of phenytoin to
pregnant Sprague-Dawley rats was transferred to the fetuses and was concentrated more
in the kidney than in the liver, in contrast to the situation in adult rats (Gabler & Falace,
1970). Transplacental transport has been documented in mice, rats, hamsters, goats and
monkeys (see Section 4.1.2).

A/Jax mice were treated with 12.5, 25 or 50 mg/kg bw phenytoin sodium by sub-
cutaneous injection at various times from days 9 to 15 of pregnancy; the highest dose
produced cleft palates in 26-43% of the offspring (Massey, 1966). Similar treatment with
50 mg/kg bw phenytoin sodium on days 7-9 or 11-13 of gestation induced significant
increases in the incidence of cleft palates in the offspring of Swiss-Webster (15%) and
A/J mice (31%) (Gibson & Becker, 1968). The teratogenicity of phenytoin has been
confirmed in other experiments in mice (Elshove, 1969; Harbison & Becker, 1969;
Marsh & Fraser 1973; Sullivan & McElhatton, 1975), rats (Harbison & Becker, 1972;
Mercier-Parot & Tuchman-Duplessis, 1974) and rabbits (McClain & Langhoff, 1980). In
a mouse model, it has been shown that phenytoin, and not epileptic disease state nor
seizure frequency, was associated with congenital abnormalities (Finnel, 1981; Finnel
etal., 1989). The major metabolite of phenytoin, para-HPPH, and diphenylhydantoic
acid and o-aminodiphenylacetic acid were less teratogenic in vivo in mice than phenytoin
itself (Harbison & Becker, 1974).

Phenytoin (100 mg/kg bw) administered by gastric instillation on gestational days 9,
Il and 13 to Sprague-Dawley rats interfered with sexual dimorphism in cranofacial
pattern (Zengel et al., 1989).

Groups of 10 female Fischer 344/N rats and C57B1l/6N mice were given phenytoin in
“the diet for two weeks before breeding and throughout gestation and lactation (United
States National Toxicology Program, 1993). The concentrations were 0, 80, 240, 800 and
2400 mg/kg diet (ppm) for the rats and 0, 20, 60, 200 and 600 mg/kg diet (ppm) for the
mice. The females were mated with unexposed males. Four pregnant rats only from each
group were killed on gestational day 18 and their uterine contents assessed. The
remaining rats and all of the mice were permitted to litter and rear their pups until lacta-
tional day 28, after which the pups were weaned and continued to be exposed to the
experimental diets for another four weeks. None of the sperm-positive rats given the
2400-ppm diet and none of the mice given 600 ppm delivered any litters. In offspring of
the group of rats given 800 ppm phenytoin, there was increased postnatal death. No gross
external malformation was observed among rat fetuses or rat or mouse pups surviving to
term in any dose group. No gross or histological lesion was found in the rats exposed to
800 ppm or in any of the groups of mice during the four weeks following weaning.
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No obvious teratogenic effects (major defects) were seen in monkeys (rhesus
macaque, Macaca mulata, Wilson, 1974; Hendrie et al., 1990; Macaca fascicularis,
Phillips & Lockard, 1985, 1989, 1990, 1993), but there was an increased risk for hyper-
excitability.

Phenytoin produces multiple behavioural dysfunctions in rat offspring at subterato-
genic and non-growth-retarding doses. Elmazar and Sullivan (1981) found an impairment
of motor function, primarily of gross motor coordination. Mullenix ef al. (1983) reported
an increase in the activity level of males but not of females. Exposure to phenytoin in
utero caused a permanent alteration in the hypothalamic-pituitary-thyroid axis in rats
(Theodoropoulos et al., 1990). Significant learning and memory deficits, delayed audi-
tory startle, increased locomotor activity and an extremely abnormal spontaneous circling
behaviour have been reported (Vorhees, 1983, 1987a,b; Minck et al., 1989; Vorhees &
Minck, 1989; Vorhees et al., 1989; Adams er al., 1990). These dysfunctions were dose-
dependent and exposure period-dependent in offspring of treated rats. Pizzi and Jersey
(1992) found lower birth weight, later lower body weight and a significant increase in
locomotor activity.

4.3.3  Possible mechanisms of prenatal effects of phenytoin

Various mechanisms have been suggested for the origin of phenytoin-induced cleft
palate and other congenital abnormalities.

Genetic susceptibility

The genetic basis of susceptibility to the fetal hydantoin syndrome became clear from
the difference in the incidence and pattern of defects in three inbred mouse strains
(Finnel & Chernoff, 1984a,b). It was possible to characterize ‘fast’ and ‘slow’ meta-
bolizers among several inbred strains of mice, but there was no correlation between the
rate of metabolism and the sensitivity to the teratogenic effect of phenytoin (Atlas ef al.,
1980). The available human data (Strickler et al., 1985; Buehler ef al., 1990) were
discussed in Section 4.3.1.

Reactive intermediates

Phenytoin is a potent inducer of liver microsomal oxidation in humans (Conney,
1969). The human fetus has hepatic and extrahepatic monooxygenase systems which
may catalyse the formation of epoxide (Pelkonen & Kiirki, 1975) and has hepatic and
extrahepatic enzymes (e.g. glutathione S-transferase, epoxide hydrolase) that metabolize
epoxides (Pacifici et al., 1981 Pacifici & Rane, 1983). In human fetal liver, sulfhydryl
groups and glutathione are also present which react with metabolites of phenytoin
(Rollins et al., 1981). Martz et al. (1977) demonstrated the binding of an oxidized
metabolite of phenytoin to cellular macromolecules (trichloroacetic acid-precipitable
material) in mouse fetuses and showed that this binding was associated with an increased -
teratogenic potential of phenytoin. These findings suggest that an intermediary meta-
bolite such as an arene oxide may be the causative agent in the teratogenic effect.
Phenytoin enhances epoxide metabolism in cultured fetal hepatocytes (Rane & Peng,
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1985) and may also induce the metabolism of its own epoxide. Thus, the balance
between the enzyme activities that catalyse the formation and the elimination of epoxides
could be a determinant of the risk for developmental abnormalities.

Human evidence to support a role for an epoxide intermediate in phenytoin-induced
teratogenesis was presented by Strickler er al. (1985), who found that increased toxicity
of murine microsome-generated phenytoin metabolites to the lymphocytes of 24 children
exposed to phenytoin throughout gestation was highly correlated with major birth
defects. Each of the 14 children with a ‘positive’ assay had a parent whose lymphocytes
also scored ‘positive’. However, no association was found with the presence of minor
anomalies, which seem to be independent, mainly familial traits, a conclusion also
reached by Gaily et al. (1988), who found that only hypertelorism and digital hypoplasia
were associated with phenytoin exposure. Thus, a genetic defect of detoxification of
arene oxide metabolites of phenytoin may increase the risk for or can select fetuses
having abnormalities. This hypothesis was supported by the study of Buehler er al,
(1990) described in Section 4.3.1, who found that epoxide hydrolase activity in
amniocytes of fetuses with fetal hydantoin syndrome was significantly lower than that in
fetuses without this syndrome.

The arene oxide of phenytoin can be formed through cytochrome P450-mediated oxi-
dation and yields the dihydrodiol metabolite, 5-(3,4-dihydroxy-1,5-cyclohexadien-1 -yl-5-
phenylhydantoin), in a reaction catalysed by the enzyme epoxide hydrolase (Chang et al.,
1970) and possibly direct or indirect interactions with glutathione (Harbison, 1978:
Pantarotto er al., 1982; Wong er al., 1989). Substitution of hydrogen by deuterium at the
para position of one of the phenyl rings, which favours arene oxide formation, causes an
increase in the teratogenic effect of phenytoin (Lambotte-Vandepaer et al., 1989).
Embryonic peroxidase-catalysed bioactivation of phenytoin and glutathione-dependent
detoxifying and cytoprotective pathways are critical determinants of phenytoin terato-
genicity (Miranda et al., 1994). When the rate of bioactivation exceeds the detoxifying
capacity of the organism, the electrophilic centre of the arene oxide is capable of binding
covalently to nucleophilic sites found in fetal macromolecules, such as nucleic acid
(Jerina & Daly, 1974), and such irreversible binding at the critical periods of deve-
lopment may explain the teratogenic effect of phenytoin. Finnel er al. (1993, 1994)
reduced the teratogenic effect of phenytoin in mice by co-administration of stiripentol, a
potent inhibitor of cytochrome P450 enzymes. This suggests that cytochrome P450
oxidation products may be the primary teratogenic agent(s) in phenytoin-induced
teratogenesis.

Besides an arene oxide, free radicals may also be reactive intermediates generated by
cytochromes P450 and/or prostaglandin synthetase (Kubow & Wells, 1986: Wells er al.,
1989). Increased oxygen consumption and free radical intermediates were detected
during bioactivation of phenytoin by prostaglandin synthetase in vifro (Kubow & Wells,
1989). Phenytoin embryopathy was enhanced by concurrent treatment with 12-O-tetra-
decanoylphorbol 13-acetate, which activates phospholipase A, leading to release of
membrane-bound arachidonic acid and enhanced prostaglandin biosynthesis (Wells &
Vo, 1989). Furthermore, administration to CD-1. mice of phenytoin together with acetyl-
salicylic acid (an irreversible inhibitor of prostaglandin synthetase), caffeic acid (an
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antioxidant) or o-phenyl-N-zert-butylnitrone (a free radical spin-trapping agent) led to
50%, 71% and 82% reductions in the rate of phenytoin-caused cleft palate, respectively
(Wells et al., 1989). These results indicated that prostaglandin synthetase contributes to
the enzymatic bioactivation of phenytoin to a teratogenic free radical intermediate.
Phenytoin teratogenicity in mice was also reduced by the antioxidant vitamin E (Sanyal
& Wells, 1993) and by dietary n-3 fatty acids (Kubow, 1992) via inhibition of
embryonic prostaglandin synthetase. Liu and Wells (1994) showed that peroxidase-
catalysed bioactivation of phenytoin may initiate oxidative damage to lipids and proteins
in embryonic tissues.

It has been suggested that phenytoin and glucocorticoids disrupt normal palatal
development by the same or a very similar mechanism (Fritz, 1976; McDevitt et al.,
1981). Phenytoin treatment of A/J mice increased endogenous maternal corticosterone
concentrations for approximately 48 h after dosing (Hansen ez al., 1988). Thus, Hansen
et al. (1992) hypothesized that phenytoin causes clefting through the glucocorticoid-
mediated effect; however, it appeared that phenytoin is capable of producing clefts in the
absence of endogenous maternal corticosterone. Involvement of glucocorticoids or of
interaction between phenytoin and the glucocorticoid receptor (Sonawane & Goldman,
1981; Katsumata et al., 1982; Hansen & Hodes, 1983: Gupta et al., 1985; Katsumata
etal., 1985; Hansen, 1991) has not been ruled out. Binding of phenytoin to the
glucocorticoid receptor could stimulate the release of a protein that can inhibit the
phospholipase A -mediated release from membrane phospholipids of arachidonic acid, a
precursor in the synthesis of leukotrienes, thromboxanes and prostaglandins (Kay et al.,
.1988). In experimental systems, addition of arachidonic acid decreased the incidence of
phenytoin-induced abnormalities, suggesting that phenytoin somehow caused a defi-
ciency of arachidonic acid (Kay er al., 1990). However, a significant amount of work
remains to be done to examine the involvement of the arachidonic acid cascade in
phenytoin-induced teratogenicity in vivo.

In conclusion, the bulk of experimental data and some human evidence suggests some
role for reactive intermediates in phenytoin-induced teratogenicity. These observations
may also contribute to the understanding of the effect of phenytoin on the central nervous
system (Kempermann et al., 1994).

Effect on folate metabolism

Phenytoin alters the metabolism of folate (Malpas et al., 1966; Reynolds, 1973). This
water-soluble B vitamin is required for DNA synthesis (it provides one-carbon units for
the de-novo synthesis of guanine, adenine and thymine) and plays an important role in
the methylation cycle in supplying the methyl group (Czeizel, 1995). Folate deficiency is
seen in epileptics, mainly in pregnant epileptic women (Hiilesmaa et al., 1983; Dansky
et al., 1987), although there is an increased demand for folate during pregnancy.

In experimental systems, conflicting results have been obtained when phenytoin and
folate were given concurrently. Folic acid had no effect on the rate of abnormalities
produced by phenytoin treatment in mice (Marsh & Fraser, 1973; Mercier-Parot &
Tuchmann-Duplessis, 1974). Although folic acid was initially said to decrease the rate of
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cleft palate (Marsh & Fraser, 1973), this was not confirmed in subsequent reports
(Schardein et al., 1973; Sullivan & McElhatton, 1975). The embryonic concentration of
folate decreased after intraperitoneal administration of phenytoin (Netzloff ez al., 1979),
but not after dietary supplementation (Hansen & Billings, 1985), and further intervention
studies (e.g., Chatot et al., 1984; Zhu & Zhou, 1989) have also given contradictory
results. Nevertheless, phenytoin and/or its arene oxide metabolite can decrease the acti-
vity of hepatic 5,10-methylenetetrahydrofolate reductase (Billings, 1984) and, conse-
quently, may affect S-adenosylmethionine synthesis, which is central to methyl group
transfer reactions. Neither folate absorption (Nelson et al., 1983) nor folate catabolism
(Guest et al., 1983) is adversely affected by phenytoin. Data from human randomized
double-blind intervention studies suggest that a high dose (4 mg) of folic acid alone can
reduce the recurrence (MRC Vitamin Study Research Group, 1991) and a low dose
(0.8 mg) of folic acid-containing multivitamins can prevent the first occurrence of
neural-tube defects (Czeizel & Dudds, 1992) and some other major congenital abnorma-
lities (Czeizel, 1993), including oral clefts. This is supported by a case—control study
(Shaw et al., 1995).

Fetal hypoxia

The experimental studies of Danielson et al. (1992) and Danielsson et al. (1992)
indicated that phenytoin exerts its teratogenic effects by inducing fetal hypoxia, leading
to vascular disruption and necrosis of existing and developing structures.

4.4  Genetic and related effects (see also Table 6 for references and Appendices 1
and 2)

4.4.1 Humans

Bone-marrow cells from epileptic patients treated with phenytoin were analysed in
two studies. Alving et al. (1977) found no evidence of either chromosomal damage or
induction of hyperploidy in 10 adult patients (four women and six men), aged 19-49
years (mean, 33 years), treated for 4-20 years; in none of the patients did the serum level
of phenytoin exceed 20 mg/L during the last year of treatment. The controls in this study
were bone-marrow aspirates and peripheral blood samples from 10 patients without
haematological disorders who had not received treatment with ionizing radiation or
cytostatic drugs. The bone-marrow smears from five of the patients were also studied for
the presence of micronuclei: a doubling of the number of erythroblasts with micronuclei
was observed, but the difference was not statistically significant. Knuutila et al. (1977)
reported on a series of 22 patients with epilepsy (12 women and 10 men), aged 4-47
years (mean, 21 years); the effective serum concentrations of phenytoin varied between 4
and 113 pmol/L [1 and 29 mg/L]. The results of the study were compared with those
from a simultaneously conducted study of 20 healthy persons (11 women and nine men),
aged 23-37 years (mean, 27 years): none had taken medicines and none of the women
contraceptive pills for at least half a year before the study (Knuutila ef al., 1976). The
mean frequency of all chromosomal structural changes among the patients was 0.5%
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Table 6. Genetic and related effects of phenytoin or its sodium salt

Test system Result* Dose’ Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
PRB, SOS repair test (chromo-test) - NT 6300 Brams et al. (1987)
SAO, Salmonella typhimurium TA100, reverse mutation - - 385 Sezzano er al. (1982)
SAO, Salmonella typhimurium TA100, reverse mutation - - 323 Haworth et al. (1983)
SAOQ, Salmonella typhimurium TA100, reverse mutation - - 185 Léonard er al. (1984)
SAO, Salmonella typhimurium TA100, reverse mutation - - 370 Brams et al. (1987)
"SA3, Salmonella typhimurium TA1530, reverse mutation - - 185 Léonard er al. (1984)
SAS, Salmonella typhimurium TA1535, reverse mutation - - 385 Sezzano et al. (1982)
SAS, Salmonella typhimurium TA1535, reverse mutation - - 323 Haworth et al. (1983)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 385 Sezzano et al. (1982)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 323 Haworth et al. (1983)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 185 Léonard er al. (1984)
SAS, Salmonella typhimurium TA1538, reverse mutation - (+) 100 Sezzano et al. (1982)
SAS8, Salmonella typhimurium TA1538, reverse mutation - - 370 Léonard et al. (1984)
SA9, Salmonella typhimurium TA98, reverse mutation - - 385 Sezzano et al. (1982)
SA9, Salmonella typhimurium TA98, reverse mutation - - 323 Haworth et al. (1983)
SA9, Salmonella typhimurium TA9S8, reverse mutation - - 370 Léonard et al. (1984)
SA9, Salmonella typhimurium TA98, reverse mutation - - 370 Brams et al. (1987)
SAS, Salmonella typhimurium TA97, reverse mutation - - 185 Léonard et al. (1984)
SAS, Salmonella typhimurium TA97, reverse mutation - - 370 Brams er al. (1987)
DMX, Drosophila melanogaster, sex-linked recessive lethal mutation - 100 inj. Woodruff et al. (1985)
DMZX, Drosophila melanogaster, sex-linked recessive lethal mutation - 5000 feed Woodruff et al. (1985)
GCO, Gene mutation, Chinese hamster ovary cells, hprt locus, in vitro ? ? 800 Oberly et al. (1993)
G5T, Gene mutation, mouse lymphoma L5178Y cells, tk locus, in vitro - - 400 Oberly et al. (1993)
SIC, Sister chromatid exchange, Chinese hamster ovary cells in vitro - - 300 Riedel & Obe (1984)
SIA, Sister chromatid exchange, Wg 3h cells in vitro 0 + 75 Tan et al. (1985)

(abstract)
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Table 6 (contd)
Test system Result’ Dose” Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
CIC, Chromosomal aberrations, Chinese hamster ovary cells in vitro - - 300 Riedel & Obe (1984)
CIC, Chromosomal aberrations, Chinese hamster ovary cells in vitro - - 300 Kindig et al. (1992)
CIM, Chromosomal aberrations, mouse primary embryonic fibroblasts - NT 200 de Oliveira & Machado-
in vitro Santelli (1987)
AIA, Aneuploidy, mouse primary embryonic fibroblasts in vitro + NT 200 de Oliveira & Machado-
(hyperdiploidy) Santelli (1987)
T7S, Cell transformation, SA7/Syrian hamster embryo cells in vitro + NT 50 Hatch et al. (1986)
SHL, Sister chromatid exchange, human lymphocytes in vitro + NT 15 Maurya & Goyle (1985)
CHL, Chromosomal aberrations, human lymphocytes in vitro - NT 70 Bishun et al. (1975)
CHL, Chromosomal aberrations, human lymphocytes in vitro - NT 100 Alving et al. (1976)
CHL, Chromosomal aberrations, human lymphocytes in vitro - NT 500 Léonard et al. (1984)
CHL, Chromosomal aberrations, human lymphocytes in vitro + NT 54 Ramadevi et al. (1984)
CHL, Chromosomal aberrations, human lymphocytes in vitro + NT 10 Garcia Sagredo (1988)
CIH, Chromosomal aberrations, human amnion cells in vitro - NT 200 de Oliveira & Machado-
Santelli (1987)
AlIH, Aneuploidy, human lymphocytes in vitro (hyperdiploidy and - NT 70 Bishun et al. (1975)
polyploidy)
AlH, Aneuploidy, human lymphocytes in vitro (hyperdiploidy) - NT 100 Alving et al. (1976)
AIH, Aneuploidy, human amnion cells in vitro (hyperdiploidy) + NT 200 de Oliveira & Machado-
Santelli (1987)
TVI, Transformation of mouse peritoneal macrophages treated in vivo, + 50ipx1 Massa et al. (1990)
scored in vitro
TVI, Cell transformation, human fibroblasts treated in vivo, scored in vitro  + NG Dhanwada er al. (1992)
MVM, Micronucleus test, mouse (Swiss) bone marrow in vivo + 100 pox 2 Das et al. (1983)
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Table 6 (contd)

Test system

Result”

Withouit With
exogenous
metabolic
system

metabolic
system

€xogenous

Dose”
(LED/HID)

Reference

MVM, Micronucleus test, mouse (BALB/c) bone marrow in vivo

MVM, Micronucleus test, mouse (Swiss CD-1) liver in utero
MVM, Micronucleus test, mouse (Swiss CD-1) bone marrow in vivo
MVM, Micronucleus test, mouse (CD-1) bone marrow in vivo
MVM, Micronucleus test, mouse (BALB/c) bone marrow in vivo
MVM, Micronucleus test, mouse (B6C3F1) bone marrow in vivo
MVM, Micronucleus test, mouse (B6C3F1) peripheral blood erythrocytes
In vivo
SVA, Sister chromatid exchange, mouse (ICR) bone marrow in vivo
SVA, Sister chromatid exchange, mouse (ICR) liver in utero
SVA, Sister chromatid exchange, mouse (B6C3F 1) bone marrow in vivo
SVA, Sister chromatid exchange, female mouse (CD-1) bone marrow
in vivo ,
SVA, Sister chromatid exchange, mouse (ICR) liver in utero
CBA, Chromosomal aberrations, rat (Lister) bone-marrow cells in vivo
CBA, Chromosomal aberrations, mouse (BALB/c) bone marrow in vivo

CBA, Chromosomal aberrations, mouse (BALB/c) bone marrow in vivo
CBA, Chromosomal aberrations, mouse (B6C3F1) bone marrow in vivo
DLM, Dominant lethal test, mouse in vivo

AVA, Aneuploidy, rat (Lister) bone-marrow in vivo (hyperdiploidy)

. AVA, Aneuploidy, mouse (BALB/c) bone marrow in vivo

-+

(+)

0.5ivx1

100ipx 1
100 ip x 1
40ipx2
20ivx1
70ipx 3
70ipx 3

80ipx1
80ip x 1
250ip x 1
40ip x 1

40ip x 2
50%x3

0.48 po
3d/wk 2 m

100 ip x 3
500ip x 1
1451p x 1
50x3

Montes de Oca-Luna
et al. (1984)
Barcellona et al. (1987)

Barcellona et al. (1987)
Kindig et al. (1992)
McFee et al. (1992)
McFee et al. (1992)
McFee et al. (1992)

Sharma et al. (1985)
Sharma ez al. (1985)
McFee et al. (1992)
Kindig et al. (1992)

Kindig et al. (1992)
Alving et al. (1976)
de Oliveira er al. (1987)

de Oliveira et al. (1987)
McFee et al. (1992)
Epstein et al. (1972)
Alving et al. (1976)

0.48 po 3d/wk  de Oliveira et al. (1987)
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CLH, Chromosomal aberrations, human lymphocytes in vivo
CLH, Chromosomal aberrations, human lymphocytes in vivo

CLH, Chromosomal aberrations, human lymphocytes in vivo

6 daily > 8 mo
NG

2707 daily > 1
yr

Table 6 (contd)
Test system Result" Dose” Reference
(LED/HID)
Without With
€X0genous  eXogenous
metabolic metabolic
system system
. AVA, Aneuploidy, mouse (BALB/c) bone marrow in vivo + 50ipx3 de Oliveira et al. (1987)
SLH, Sister chromatid exchange, human lymphocytes in vivo + NG Habedank et al. (1982)
SLH, Sister chromatid exchange, human lymphocytes in vivo - NG Sinués et al. (1982)
SLH, Sister chromatid exchange, human lymphocytes in vivo + NG Schaumann et al.
(1985)
SLH, Sister chromatid exchange, human lymphocytes in vivo - NG Tan et al. (1985)
(abstract)
SLH, Sister chromatid exchange, human lymphocytes in vivo - NG Schaumann et al.
(1989)
SLH, Sister chromatid exchange, human lymphocytes in vivo - 270%daily >1  Flejter et al. (1989)
yr
SLH, Sister chromatid exchange, human lymphocytes in vivo + NG Taneja et al. (1992)
MVH, Micronucleus test, human lymphocytes in vivo - 6 daily > 6 mo Hashem & Shawki
(1976)
MVH, Micronucleus test, human bone-marrow cells in vivo - NG Alving et al. (1977)
CBH, Chromosomal aberrations, human bone-marrow cells in vivo - NG Alving et al. (1977)
CBH, Chromosomal aberrations, human bone-marrow cells in vivo - NG Knuutila et al. (1977)
CLH, Chromosomal aberrations, human lymphocytes in vivo + 6 daily >6 mo Hashem & Shawki
(1976)
CLH, Chromosomal aberrations, human lymphocytes in vivo - NG Alving et al. (1977)

Esser et al. (1981)
Tan et al. (1985)
(abstract)

Flejter et al. 1989)

[4Y4
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Table 6 (contd)

Test system Result* Dose’ Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
AVH, Polyploidy, human lymphocytes in vivo + 6 daily >6 mo Hashem & Shawki
(1976)
AVH, Aneuploidy, human bone-marrow cells in vivo - NG Alving et al. (1977)
AVH, Aneuploidy, human lymphocytes in vivo - NG Alving et al. (1977)
AVH, Aneuploidy, human bone-marrow cells in vivo - NG Knuutila ez al. (1976)
*, Inhibition of tubulin polymerization i vitro - 0 2520 Léonard et al. (1984)
ICR, Inhibition of gap-junctional intercellular communication, Chinese + 0 23 Welsch & Stedman
hamster (V79) cells in vitro (1984)
ICR, Inhibition of gap-junctional intercellular communication, Chinese + 0 60 Jone et al. (1985)
hamster (V79) cells in vitro
SPM, Sperm morphology, mouse (Swiss) in vivo + 10pox5 Ramaniah et al. (1980)
*, Increase in c-sis expression + 10 Dill et al. (1993)

* Not shown on profile
‘ +, positive; (+), weak positive; —, negative; NT, not tested; ?, inconclusive

" LED, lowest effective dose; HID, highest ineffective dose; in-vitro tests, pg/mL; in-vivo tests, mg/kg bw/day; NG, dose not given

* Pretreatment with epoxide hydrolase inhibitor 1,2-epoxy-3,3,3-trichloropropane (100 mg/kg bw sc) increased genotoxicity

‘ Average daily dose from 10 patients
" Combination treatment with phenobarbital enhanced the effect of phenytoin

NIOLANHHd
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(range, 0-5.4%), compared with 0.4% (0-2%) in controls. No increase in polyploidy or
hyperdiploidy (except one cell in two patients) was found.

Many studies have been conducted on possible cytogenetic effects induced by
phenytoin in lymphocytes (and two in bone marrow) of children and adult patients
affected by grand mal or petit mal seizure. Almost all of the adequately conducted
studies had negative findings for micronucleus frequencies (2/2 studies), chromosomal
aberrations (5/6 studies) and aneuploidy (2/2 studies). The only positive finding was that
of Hashem and Showki (1976) for chromosomal aberrations and polyploidy. Their study
subjects were 21 epileptic patients aged 3—12 years (11 boys and 10 girls) treated for
grand mal epilepsy with the sodium salt of phenytoin at a dose of 3—6 mg/kg bw per day
for durations ranging between six months and five years; serum levels were not reported.
The control group comprised 25 subjects (3—15 years); 10 were epileptics and 15 were
normal subjects aged 3—14 years (nine boys and six girls). There was no difference
between epileptics not receiving any treatment and normal controls, but a significant
increase was seen in gaps, chromatid breaks, chromosome pulverization, polynuclei and
polyploidy in treated epileptics relative to untreated epileptics or normal controls. In
normal controls, the percentages of cells with single chromatid breaks and polyploidy,
were 2.5 £ 0.25 and 0.2, respectively; neither fragmentation/pulverization nor gaps were
observed. In untreated epileptic patients, the percentages of cells with single chromatid
breaks and polyploidy were 3.0 0.2 and 0.3, respectively. In treated patients, the corres-
ponding frequencies were 6.8 + 0.87 and 2.8 + 0.35; induction of gaps (5.2 £ 0.31%) and
isochromatid breaks (5.6 + 0.21%), as well as fragmentation/pulverization (1.8 £ 0.67%),
was observed.

Results on sister chromatid exchange (SCE) in lymphocytes are contradictory.
Habedank er al. (1982) were the first to describe increased SCE in lymphocyte cultures.
of nine children (6-16 years of age) suffering from epilepsy and therefore treated with
phenytoin monotherapy for 6-60 months; serum levels of phenytoin were rather uniform
(40-80 uM) [10-20 mg/L]. Their average SCE rate (10.03 + 1.31 per metaphase) clearly
exceeded that of a control group of healthy children (6.49 + 0.46 per metaphase).
Schaumann et al. (1985) also found significantly increased frequencies of SCE in
lymphocyte cultures of 12 adult male epileptic patients (37.25 * 2.26 years of age; 12.28
+ 0.69 SCE/metaphase) on long-term monotherapy (1.3—14 years) compared with 12
controls matched for age and smoking (37.08 + 2.21 years of age; 7.81 + 0.44 SCE/meta-
phase); the serum levels of the patients were consistently within the therapeutic range of
10-20 mg/L (with exception of two patients with subtherapeutic levels). More recently,
an extensive study (Taneja et al., 1992) compared SCE frequencies in 29 phenytoin-
treated epileptics (8.29 & 2.67 SCE/metaphase in 22 men; 7.52 + 2.92 SCE/metaphase in
seven women), 32 untreated epileptics (8.44 + 2.40 SCE/metaphase in 16 men; 9.76 +
2.73 SCE/metaphase in 16 women) and 32 normal healthy controls (5.0 + 1.13
SCE/metaphase in 16 men; 4.95 £+ 1.08 SCE/metaphase in 16 women). Age ranged from
16 to 41 years (20.9 £ 7.8 years) in the patients and from 16 to 38 (24.5 £ 5.5 years) in
the controls, but no information was available on smoking habits. The authors concluded
that SCE frequencies were similar in untreated patients and in patients receiving pheny-
toin monotherapy, but that both groups had significantly increased frequencies compared
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with controls. No correlation of SCE frequency with sex or duration of therapy was
observed. None of the subjects in this study were heavy smokers or on any drugs. The
disease itself might therefore be responsible for inducing genetic damage. [The Working
Group noted that the distribution of smokers in the groups was not presented. ]

In contrast with these results, Schaumann et al. (1989) undertook a larger, better
controlled study than that published in 1985 and observed no increase in SCE frequency
in lymphocytes of treated patients. Sixteen adult male patients with epilepsy receiving
long-term phenytoin monotherapy (serum level, 320 mg/L; age, 38.8 + 2.4 years) were
matched with 16 healthy controls (age, 38.9 + 2.4 years) for sex, age and smoking habits.
Statistical analysis did not reveal any significant difference between rates of SCE in
phenytoin-treated persons (5.52 + 0.25 per metaphase) and controls (5.78 + 0.29 per
metaphase). These data agree with those from three other studies, one published as an
abstract (Tan ez al., 1985), on 12 adult epileptics and two more extensive studies. Sinués
et al. (1982) analysed the lymphocytes of 64 epileptic adults (6.84 + 1.18 per metaphase)
and 30 controls taking no medication (6.66 + 1.15 per metaphase); no information was
reported on age, smoking habits or serum levels of phenytoin. Flejter et al. (1989)
compared a mixed population of five epileptic children and four adults [6.10 + 1.93 per
metaphase] with 10 control adults aged 23—52 years and taking no medication (6.83 =+
1.65 per metaphase). The blood levels of phenytoin ranged from 2.7 to 22.0 mg/L.

4.4.2  Experimental systems

In bacteria, all gene mutation tests performed without exogenous metabolic systems
were negative, while one of these studies was positive in the presence of an exogenous
metabolic activation system.

No sex-linked recessive lethal mutations were observed in Drosophila melanogaster
after phenytoin was injected or fed to the adults.

No mutation was induced at the tk locus in mouse lymphoma L5178Y cells; the
results concerning the hprt locus in Chinese hamster ovary cells are unclear.

There was no evidence for the induction of SCE in one study on Chinese hamster
cells in vitro, but one abstract reported positive effects in Wg 3h cells in the presence of
an exogenous metabolic system. Chromosomal aberrations were not found in Chinese
hamster ovary cells or in mouse primary embryonic fibroblasts. Aneuploidy induction,
mitotic delay and abnormal chromosome/spindle segregation were observed in one study
of primary embryonic fibroblasts in vitro (de Oliveira & Machado-Santelli, 1987).

Cell transformation was induced in one study with Syrian hamster embryo cells. Gap-
Junctional intercellular communication in Chinese hamster lung V79 cells was inhibited
by phenytoin treatment.

In cultured human lymphocytes, SCE was observed in a single study and chromo-
somal aberrations were increased in two of five studies. In one of these, there was an
increase in hyperdiploidy, but without a dose-response relationship, while the results of
two others were negative for both aneuploidy and polyploidy. Mitotic delay and ab-
normal chromosome/spindle segregation have also been reported in human lymphocyte
or amnion cell cultures (Maurya & Goyle, 1985; de Oliveira & Machado-Santelli, 1987).
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The frequency of cell transformation was enhanced in vitro in hyperplastic gingival
tissue derived from one patient treated with phenytoin and in murine peritoneal macro-
phages in a host-mediated assay.

Micronuclei were induced in two of six studies performed in vivo in mouse bone
marrow but not in single studies in mouse liver and circulating erythrocytes. Inhibition of
epoxide hydrolase by subcutaneous injection of mice on day 13 of gestation with 1,2-
epoxy-3,3,3-trichloropropane (TCPO) (100 mg/kg) 1 h before intraperitoneal injection of
phenytoin increased the frequency of micronuclei in liver cells of the fetal mice (TCPO
control, 0.23 + 0.120 versus TCPO + phenytoin, 1.05 *+ 0.658) over that observed with
phenytoin, but without TCPO treatment (control, 0.23 + 0.116 versus phenytoin, 0.43 +
0.206) (Barcellona et al. 1987). There is no evidence for the induction of either SCE or
chromosomal aberrations in adult mouse in bone marrow in vivo or in mouse liver
in utero. Increased frequencies of aneuploidy were observed in mouse bone marrow after
three intraperitoneal injections of 50 mg/kg bw phenytoin, but not after two months oral
dosing with 0.48 mg/mouse/day three days per week; no increased hyperploidy was
reported with the former protocol in rat bone marrow. Phenytoin administered to male
mice induced dominant lethal effects and sperm-head morphological abnormalities.

5-(4'-Hydroxyphenyl)-5 -phenylhydantoin (para-HPPH)

This metabolite of diphenylhydantoin was reported to slightly increase mutations in
S. typhimurium in the presence of S9 in one study (Sezzano et al., 1982), but not in
another in which higher dose levels were used (Léonard et al., 1984).

Following intraperitoneal treatment of pregnant mice, micronuclei were not induced

in the bone-marrow cells of the adults or in the liver cells of the fetuses (Barcellona
etal., 1987).

S.  Summary of Data Reported and Evaluation

5.1 Exposure data

Phenytoin, often administered as its sodium salt, has been widely used since the
1930s as an anticonvulsant in the treatment of epilepsy and, to a lesser extent and more
recently, in the treatment of certain cardiac arrhythmias.

5.2 Human carcinogenicity data

Many case reports have suggested that there may be a relationship between
lymphomas and anticonvulsants, especially phenytoin. In a cohort study in Denmark of
epileptic patients exposed to anticonvulsants, including phenytoin, there was an increase
in overall cancer risk, attributable to an excess of brain and lung cancer. Nevertheless,
brain tumours probably caused the seizure disorder; an evaluation of brain tumour risk
over time showed that these tumours were unlikely to be drug-related.
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Nested case—control studies based on the Danish cohort investigated in detail the
influence of several treatments with anticonvulsants on the risk of cancers of the lung,
bladder and liver and non-Hodgkin lymphoma. Anticonvulsant treatment with phenytoin
was not associated with lung, bladder or liver cancer. There was an elevated risk for non-
Hodgkin lymphoma associated with phenytoin use, but this was not significant.

Two case—control studies investigated the relationship between multiple myeloma and
the use of phenytoin, among many other factors. One found no association between
phenytoin use and at risk for multiple myeloma risk. The other study found a nonsignifi-
cantly elevated risk associated with the use of phenytoin. The power of both studies to
assess an effect of phenytoin was low.

5.3 Animal carcinogenicity data

- Phenytoin was tested for carcinogenicity by oral administration in three experiments
in mice and in two experiments in rats. It was also tested by perinatal/adult exposure in
one study in mice and rats and by intraperitoneal administration in one study in mice.

In one experiment in three strains of female mice, oral administration of the sodium
salt of phenytoin was reported to increase the incidence of lymphomas. Oral adminis-
tration to female mice in another study decreased the incidence of mammary gland
adenocarcinomas, leukaemias and polyps of the endometrium; in a further study, the
incidence of hepatocellular tumours was reduced in males. Oral administration to rats did
not increase the incidence of tumours in two studies.

In the experiment using combinations of adult and perinatal exposure, adult exposure
resulted in a dose-dependent increase in the incidence of hepatocellular tumours in
female mice. Perinatal treatment followed by adult exposure increased the incidence of
hepatocellular tumours in both male and female mice and slightly in male rats.

Following intraperitoneal injection of phenytoin into mice, leukaemias and lym-
phomas were observed.

In one experiment in mice, phenytoin increased the incidence of hepatocellular

tumours induced by N-nitrosodiethylamine. In a mouse lung adenoma assay, phenytoin
decreased the multiplicity of lung adenomas induced by urethane.

5.4 Other relevant data

Phenytoin is well absorbed in humans. It is eliminated mainly as the glucuronide of
the major metabolite, 5-(4’-hydroxypheny1)—5—phenylhydantoin, which typically accounts
for 67-88% of the dose in urine. Several other metabolites are known. The elimination
kinetics are non-linear, but an apparent mean half-life of 22 h is a useful guide.

5-(4'—Hydr0xyphenyl)—5—phenylhydantoin is the main metabolite in all animal species
except dogs (5—(3’-hydroxyphenyl)-S—phenylhydantoin) and cats (the N-glucuronide).

Acute phenytoin intoxication in humans presents usually with cerebellar-vestibular
effects such as nystagmus, ataxia, diplopia, vertigo and dysarthria. Chronic adminis-
tration of phenytoin at therapeutic doses may rarely induce various adverse health effects
such as symptoms associated with impairment of the nervous system described above.
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Gingival overgrowth, sometimes together with increased thickness of the craniofacial
bones as well as folic acid deficiency and development of megaloblastic anaemia, are
well established adverse effects of the drug. Phenytoin has also been associated with
various forms of cutaneous hypersensitivity reactions, sometimes accompanied by
lymphadenopathy and benign lymphoid hyperplasia. In rare cases, the histological archi-
tecture of the lymph nodes is lost (pseudolymphoma). Phenytoin may also induce a
variety of endocrine effects such as reduction of thyroxine concentrations, hypo-
calcaemia, osteomalacia and hyperglycaemia.

The nervous system appears to be the major target of acute and chronic phenytoin
toxicity in experimental animals. In addition, repeated administration of phenytoin
induces increased liver and kidney weights, centrilobular hepatic hypertrophy and
diverse immunosuppressive effects. Phenytoin may reduce thyroxine concentrations and
increase bone thickness in rodents, but gingival hyperplasia has been observed only in
cats and monkeys and not in rodents.

Phenytoin is an inducer of certain hepatic cytochrome P450 activities in humans and
mice.

There is evidence for the teratogenicity of phenytoin in humans ingesting 100-
800 mg per day during the first trimester of gestation. Phenytoin is teratogenic in mice
and rats. Animal and a few human studies suggest that neurobehavioural deficits occur at
doses which produce no dysmorphic effect.

Phenytoin induced mutations in Salmonella typhimurium in the presence of a meta-
bolic activation system in one study.

No mutagenic effect was observed in Drosophila or in mammalian cells in vitro in the
absence of an exogenous metabolic system. Aneuploidy was induced in one study in
primary mouse embryonic fibroblasts in vitro. Cell transformation was induced in Syrian
hamster embryo. A single study showed increased clone sizes of murine macrophages in
a host-mediated assay. Phenytoin inhibited gap-junctional intercellular communication.

In human lymphocytes in vitro, sister chromatid exchanges were induced in one study
and chromosomal aberrations were induced in two of five studies. Aneuploidy was
observed in human amnion cells but not in lymphocytes.

Phenytoin induced micronuclei in three of five studies in rodents in vivo. Aneuploidy,
in one of two studies, aberrant sperm morphology and dominant lethal mutations were
induced, but not sister chromatid exchange or chromosomal aberrations.

In general, studies of human lymphocytes in vivo showed no induction of micro-
nuclei, chromosomal aberrations or aneuploidy but an increase of polyploidy was found
in one study and of sister chromatid exchange frequencies in three of seven studies.
Neither chromosomal aberrations nor aneuploidy were induced in human bone marrow.

The metabolite 5-(4-hydroxyphenyl)-5-phenylhydantoin was mutagenic in Salmo-
nella typhimurium in the presence of a metabolic activation system; it did not induce
micronuclei in mouse bone marrow in vivo.
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Mechanistic considerations

Evidence is available to support the conclusion that phenytoin induces liver tumours
in mice by a promoting mechanism. The increase in liver weight, centrilobular hyper-
trophy and pattern of cytochrome P450 induction are similar to those observed with other
non-genotoxic mouse liver tumour promoters such as phenobarbital. In addition, the
inhibition of cell-cell communication by phenytoin in vitro supports the role of promo-
tion in mouse carcinogenesis.

The metabolic activation of phenytoin to a reactive intermediate has been proposed to
account for the teratogenicity and possible genotoxicity of phenytoin. One possible
intermediate is an arene oxide, that is hypothesized to result in binding to cellular macro-
molecules. However, this possibility has not been evaluated definitively, and studies of
potential DNA damage in mouse liver or hepatocytes have not been reported.

The mechanism of induction of aneuploidy by phenytoin in vitro is unclear, as is its
relationship to carcinogenicity in mouse liver.

5.5 Evaluation'

There is inadequate evidence in humans for the carcinogenicity of phenytoin.

There is sufficient evidence in experimental animals for the carcinogenicity of
phenytoin. )

Overall evaluation

Phenytoin is possibly carcinogenic to humans (Group 2B).
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