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ABSTRACT: Although exposure during pregnancy to many drugs and environmental chemicals 
is known to cause in utero death of the embryo or fetus, or initiate birth defects (teratogenesis) 
in the surviving offspring, surprisingly little is known about the underlying biochemical and 
molecular mechanisms, or the determinants of teratological susceptibility, particularly in hu- 
mans. In v i m  and in vivo studies based primarily on rodent models suggest that many potential 
embryotoxic xenobiotics are actually proteratogens that must be bioactivated by enzymes such 
as the cytochromes P450 and peroxidases such as prostaglandin H synthase to teratogenic 
reactive intermediary metabolites. These reactive intermediates generally are electrophiles or free 
radicals that bind covalently (irreversibly) to, or directly or indirectly oxidize, embryonic cellular 
macromolecules such as DNA, protein, and lipid, irreversibly altering cellular function. Target 
oxidation, known as oxidative stress, often appears to be mediated by reactive oxygen species 
(ROS) such as hydroxyl radicals. The precise nature of the teratologically relevant molecular 
targets remains to be established, as do the relative contributions of the various types of 
macromolecular lesions. Teratological susceptibility appears to be determined in part by a 
balance among pathways of maternal xenobiotic elimination, embryonic xenobiotic bioactivation 
and detoxification of the xenobiotic reactive intermediate, direct and indirect pathways for the 
detoxification of ROS (cytoprotection), and repair of macromolecular lesions. Due largely to 
immature or otherwise compromised embryonic pathways for detoxification, cytoprotection, and 
repair, the embryo is relatively susceptible to reactive intermediates, and teratogenesis via this 
mechanism can occur from exposure to therapeutic concentrations of drugs, or supposedly safe 
concentrations of environmental chemicals. Greater insight into the mechanisms involved in 
human reactive intermediate-mediated teratogenicity, and the determinants of individual terato- 
logical susceptibility, will be necessary to reduce the unwarranted embryonic attrition from 
xenobiotic exposure. 
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Many drugs and environmental chemi- 
cals, collectively termed xenobiotics, are 
thought to cause toxicity in the embryo or 
fetus via a reactive intermediate. In this 
case, the parent compound, called a 
proteratogen, is relatively nontoxic, but can 
be converted in vivo to a short-lived and 
highly toxic reactive intermediary metabo- 
lite (Figure 1). If not immediately detoxi- 
fied, this reactive intermediate directly or 
indirectly will react irreversibly with cel- 
lular macromolecules such as DNA, pro- 
tein, and lipid. When such molecular dam- 
age exceeds compensatory function and the 
capacity for repair, developmental pro- 
cesses are altered, resulting in in utero death 
or developmental anomalies, termed ter- 
atogenesis, in the surviving offspring. 
Xenobiotic-initiated teratologic anomalies 
include not only the commonly appreci- 
ated structural defects, such as cleft lip or 
absent arms, but also biochemical and func- 
tional abnormalities, including the devel- 
opment of cancer decades after birth, and 
intellectual dysfunction. A widespread 
awareness of the teratologic impact of 
xenobiotics dates back to the discovery of 
human thalidomide teratogenicity in the 
late 1950s (Lenz, 1961, 1962; McBride, 
1961). It has been estimated that over 50%, 
and perhaps as many as 75%, of human 
fertilized eggs or embryos will die before 
birth (Roberts and Lowe, 1975; Rolfe, 1982), 
and of the children who survive to birth, at 
least 2 to 3% (Heinonen et al., 1977; 
Edmonds et al., 1981), and as many as 16% 
(Chung and Myrianthopoulos, 1975), will 
exhibit some teratologic abnormality. The 
contribution of xenobiotics to this develop- 
mental attrition has been said to approxi- 
mate 5% (Wilson, 1973); however, this fig- 
ure likely constitutes an underestimate due 
to such factors as unrecognized xenobiotic- 

initiated embryotoxicity early in pregnancy, 
individual enhanced susceptibility, and syn- 
ergistic and additive effects of xenobiotics. 

Reactive intermediate-mediated terato- 
genesis differs in a number of clinically 
relevant ways from that caused by the re- 
versible binding of a xenobiotic to a recep- 
tor (Table 1). In the latter case, which ac- 
counts for the therapeutic effects of most 
drugs, the effect increases, peaks, and de- 
clines with or shortly after similar changes 
in the plasma drug concentration. Toxic 
effects, which often are predictable exten- 
sions of a drug’s therapeutic effect, gener- 
ally appear only if excessive plasma 
xenobiotic concentrations are achieved, and 
decline as the xenobiotic is eliminated. Such 
reversible, receptor-mediated interactions 
and toxicities generally are not cumulative. 
In contrast, imbalances among various path- 
ways for xenobiotic elimination, formation 
(bioactivation) and detoxification of reac- 
tive intermediates, and/or pathways of 
cytoprotection and macromolecular repair, 
can result in reactive intermediate-mediated 
toxicity at therapeutic concentrations of 
drugs, or at presumed safe concentrations of 
environmental chemicals (Figure 1). This 
hazard is compounded by the irreversible 
nature of the interaction of a reactive inter- 
mediate with tissues, which allows molecu- 
lar lesions to accumulate. With drugs, such 
effects are as unpredictable as those initi- 
ated by environmental chemicals because 
they are not mediated by the receptor inter- 
actions that are involved in the therapeutic 
effect of the drug. Another important dis- 
tinction with respect to reactive intermedi- 
ates is that the biochemical pathways in- 
volved in the formation and detoxification 
of the reactive intermediate, albeit the criti- 
cal determinants of toxicologic expression, 
often are quantitatively minor, amounting 
in some cases to only 1 to 10% of the total 
metabolism of that xenobiotic. Accordingly, 
substantial differences in these pathways 
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that render such individuals unusually sen- 
sitive to xenobiotic toxicity will not be re- 
flected in measurable differences in plasma 
clearance or steady-state concentrations of 
the parent compound. This is particularly 
true in the embryo, in which teratologically 
important imbalances generally will not be 
reflected by alterations in the maternal 
plasma disposition of xenobiotics and their 
metabolites. Finally, unlike with reversible, 
receptor-mediated interactions, toxicities 
initiated by reactive intermediates may oc- 
cur hours, weeks, months, years, and even 
decades after exposure. These contrasting 
features of reversible, receptor-mediated, 
and irreversible reactive intermediate-me- 
diated toxicities reflect major differences in 
their molecular and biochemical basis, and 
generally require divergent approaches for 
clinical management. Reversible, receptor- 
mediated chemical teratogenesis has been 
reviewed elsewhere (Hansen, 199 1 ; Juchau 
et al., 1992; Nau, 1994; Winn and Wells, 
1995a). This review focuses upon reactive 
intermediate-mediated teratogenicity . Toxi- 
cological principles are illustrated using a 
limited selection of representative terato- 
gens; in particular, the environmental poly- 
cyclic aromatic hydrocarbon benzo[a] 
pyrene, the anticonvulsant drug phenytoin 
(Dilantin@) and a number of structurally 
related anticonvulsant drugs, and the seda- 
tiveihypnotic drug thalidomide. 

II. ELIMINATION 

In general, the relative roles of maternal 
vs. embryonic drug metabolism with respect 
to reactive intermediates have yet to be es- 
tablished, particularly with regard to the 
formation and detoxification of reactive in- 
termediates, as discussed below. However, 
maternal pathways of elimination, which 
may reduce the amount of a proteratogen 

that can reach the embryo as well as the 
amount available for bioactivation (Figure 
l), are potentially important determinants 
of teratological susceptibility. 

UDP-glucuronosyltransferases (UGTs) 
are a family of enzymes that catalyze the 
conjugation of most xenobiotics or their 
metabolites with UDP-glucuronic acid, 
thereby increasing their water solubility and 
facilitating elimination (Burchell and 
Coughtrie, 1989; Brierly and Burchell, 1993; 
Burchell et al., 1994). Because UGT-cata- 
lyzed glucuronidation often constitutes the 
major route of xenobiotic elimination, this 
pathway would be expected to be an impor- 
tant determinant of xenobiotic concentra- 
tion in the embryo, and hence, teratogenic- 
ity. Hydroxylated metabolites of the 
carcinogen and teratogen benzo[a]pyrene are 
largely eliminated via glucuronidation, 
which avoids alternative bioactivation to 
toxic electrophilic and free radical reactive 
intermediates (Figure 2). Thus, maternal 
glucuronidation would be expected to re- 
duce the amount of benzo[a]pyrene reach- 
ing the embryo, and possibly reduce the 
amount of benzo[a]pyrene bioactivated 
within the embryo. At a noncarcinogenic 
dose (25 mgkg i.p.) that had no effect in 
pregnant UGT-normal Wistar controls, 
benzo[a]pyrene administered to UGT-defi- 
cient Gunn rats initiated a threefold increase 
in the incidence of fetal resorptions (in utero 
fetal death), suggesting that UGTs are im- 
portant embryoprotective enzymes (Wells 
et al., 1989a). Maternal UGT-catalyzed 
elimination is particularly important given 
that UGTs are low or absent in fetal tissues 
(Dutton, 197 1; Burchell, 1973) and, unlike 
adult UGTs, murine fetal UGTs are not 
phenobarbital inducible during organogen- 
esis (Burchell and Dutton, 1975), the period 
of primary teratological susceptibility. It is 
likely that hereditary UGT deficiencies have 
broader teratological relevance. For ex- 
ample, both phenytoin and its major hy- 
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droxylated metabolite, 5-(p-hydroxyphenyl)- 
5-phenylhydantoin (pHPPH), are embryo- 
pathic in mouse embryo culture, and both 
are glucuronidated, respectively, to N- 
(Smith et al., 1977; Kim et al., submitted) 
and 0-glucuronides (Wells and Harbison, 
1980). Using a rat skin fibroblast model, 
DNA-damaging activity reflected by mi- 
cronucleus formation was higher for both 
phenytoin and pHPPH in cells from UGT- 
deficient animals (Wells and Kim, 1996; 
Kim et al., submitted), and teratological sus- 
ceptibility may be similarly enhanced. Pre- 
vious studies indicating that maternally ad- 
ministered pHPPH is not teratogenic 
(Harbison and Becker, 1974) likely resulted 
from maternal glucuronidation that pre- 
vented pHPPH from reaching the fetus, 
because pHPPH in clinically achievable con- 
centrations initiates micronucleus formation 
only in UGT-deficient cells (Wells and Kim, 
1996; Kim et al., submitted). 

There is limited evidence for an influ- 
ence of sulfation, another important path- 
way of xenobiotic elimination, upon chemi- 
cal teratogenesis; however, it is known that 
human fetal lung can sulfate 1 -naphthol and 
estrone (Jones et al., 1992). 

Maternal cytochromes P450 (P450s) 
may be similarly important in reducing the 
amount of teratogen reaching the embryo. 
In vivo studies have shown that pretreat- 
ment of pregnant mice with P450 inducers 
such as phenobarbital can reduce the terato- 
genicity of the anticonvulsant drug phenytoin 
(Harbison and Becker, 1971) and the anti- 
cancer drug cyclophosphamide (Gibson and 
Becker, 1968), likely via increased mater- 
nal metabolism. Conversely, pretreatment 
with P450 inhibitors such as SKF 525A 
enhances the teratogenicity of phenytoin and 
cyclophosphamide, likely via inhibiting 
maternal metabolism and increasing the 
amount of drug transferred to the fetus. In- 
terestingly, the antiepileptic drug stiripentol 
inhibits phenytoin teratogenicity in mice 

(Finnell et al., 1994), and it is reported to be 
a P450 inhibitor (Loiseau and Duche, 1989). 
However, most P450 inhibitors enhance 
phenytoin teratogenicity (Harbison and 
Becker, 1971; Wells and Gesicki, 1984), 
and stiripentol may exert its apparent pro- 
tective effects via another mechanism. In 
contrast, Hales (198 la) found that pretreat- 
ing rats with phenobarbital increased the 
teratogenicity of cyclophosphamide, and 
concluded that maternally produced reac- 
tive metabolites were stable enough to reach 
the fetus. There is support for this hypoth- 
esis in murine embryo culture studies, where 
cyclophosphamide is not embryopathic with- 
out the addition of maternal hepatocytes 
(Ozolins et al., 1995a) or microsomes and 
NADPH (Kitchin et al., 1981). These stud- 
ies do not rule out the possibility that mater- 
nal metabolism also may produce a stable 
metabolite that readily crosses the placenta 
into the fetus, in which the metabolite is 
proximally bioactivated to a reactive inter- 
mediate, as discussed later (see Section III). 
This latter possibility may be exemplified 
by the phenytoin metabolite pHPPH, which, 
if not maternally glucuronidated, may cross 
the placenta and initiate teratogenesis, as 
discussed earlier. However, for many if not 
most xenobiotics thought to initiate terato- 
genicity via a reactive intermediate, 
embryopathy is demonstrable in embryo 
culture without supplemental sources of 
bioactivating enzymes, maternal or other- 
wise. In vivo, maternally produced reactive 
intermediates of most proteratogens may be 
too reactive to reach the fetus. The terato- 
logical importance of maternal metabolism 
also was illustrated with cytochrome 
P4501A1 (CYPlAl), comparing genetically 
inducible and noninducible pregnant mice 
pretreated with the P450 inducer 3-methyl- 
cholanthrene (Nebert, 1983). The CYPlAl- 
inducible dams were able to protect their 
susceptible embryos from benzofa Jpyrene- 
initiated teratogenicity, possibly via en- 
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hanced maternal metabolism and elimina- 
tion of benzo[a]pyrene, reducing embryonic 
exposure. However, 3-methylcholanthrene 
also upregulates UGTs and glutathione 
S-transferases (Juchau et al., 1992), which 
may contribute to the observed maternal 
protection. Conversely, as discussed in the 
following section, CYPl Al-inducible pups 
from noninducible dams treated with 
benzo[a]pyrene had an increased incidence 
of teratological anomalies. 

111. BlOACTlVATlON AND 
DETOXl FlCATlON 

A. Electrophiles 

The teratogenicity of many xenobiotics 
has been postulated to be due to their oxida- 
tion to highly reactive, electron-deficient 
(electrophilic) intermediary metabolites, 
such as epoxides and arene oxides (Fig- 
ure 3). Enzymes catalyzing this bioactivation 
vary with the substrate, and include P450s, 
prostaglandin H synthase (PHS), and possi- 
bly lipoxygenases (LPOs) (Table 2). If not 
immediately detoxified by enzymes such as 
epoxide hydrolase and glutathione S-trans- 
ferase (GST), the electrophilic (positively 
charged) center of the xenobiotic reactive 
intermediate reacts with electron-rich 
groups, such as protein thiols, on cellular 
macromolecules, forming an irreversible, 
covalent bond. If not repaired, this covalent 
binding, or adduct formation, is thought to 
initiate a process that ultimately results in in 
utero death or teratogenesis. 

Enhanced embryonic P450-catalyzed 
bioactivation may contribute to teratologic 
susceptibility. CYPl A1 is a nonconstitutive 
P450 that bioactivates the diol metabolite of 
the proteratogen and procarcinogen benzo[a] 
pyrene to its ultimate toxic intermediate, 

benzo[a]pyrene-7,8-diol-9,lO-oxide (Fig- 
ure 2). Embryonic bioactivation of benzo[a]- 
pyrene, attributed to CYPlA1, has been 
detected as early as the preimplantation stage 
in mice (gestational day 4) (Filler and Lew, 
1981), well before organogenesis (days 8 to 
15). In mouse embryos previously exposed 
in vivo to the CYPlAl-inducing agent 3-me- 
thylcholanthrene, the incidence of benzo[a] 
pyrene-initiated fetal anomalies was higher 
among embryos demonstrating substantial 
CYPl A1 induction compared with geneti- 
cally noninducible littermates (Nebert, 
1983). Similarly, in embryo culture, pre- 
treatment of rats with 3-methylcholanthrene 
increased the embryotoxicity of 2-acetyl- 
aminofluorene, which was inhibited by the 
general P450 inhibitor carbon monoxide 
(Juchau et al., 1985a, b; Faustman-Watts et 
al., 1986). These results suggested that en- 
hanced P450-catalyzed bioactivation of 
benzo[a]pyrene and 2-acetylaminofluorene 
in CYPl Al-induced embryos resulted in 
increased covalent binding and teratologic 
initiation. However, P450 activities are very 
low in rodent embryos, particularly until the 
end of the period of organogenesis (day 15) 
(Juchau, 1981; Juchau et al., 1992), and it is 
not clear whether even the elevated activi- 
ties of those P450s that are inducible during 
this critical period are sufficient to catalyze 
teratologically relevant bioactivation. For 
some teratogens in rodents, an alternative 
mechanism may involve embryonic peroxi- 
dase-catalyzed bioactivation to a free radi- 
cal intermediate, as discussed in the follow- 
ing section. P450s are more likely to play a 
role in human teratogenesis, where embry- 
onic activities during organogenesis may 
achieve 10 to 40%, and for some P450s, as 
much as 70% or more of adult levels, de- 
pending upon the P450 species (Table 3) 
(Manson, 1986; Raucy and Carpenter, 1993; 
Kitada and Kamataki, 1994). Even higher 
P450 activities in human embryos occur- 
ring later in gestation, after the so-called 
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TOXlFlCAflON DETOXIFICATION 
Giucuronic acid 
Sulfate 

R Glycins 
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k b t 8 h  

0 ENZYMATIC M 2 E K E S  

Q 
0 

CONJUGATION 
BlOACTlVATlON R 
Mixed-function 
monoox ygenases 
(Cyrochromes P-450) 

SPONTANEOUS 
REARRANGEMENT OH 

Phenol 

R 

HYDROLASES 

# OH 
REACTIVE INTERMEDIATE OH 

(Arene Oxide. Epoxide) 
frans-0thydrodioI 

A 

b 
U S 4  

COVALENT BINDING 
to essential fetal 

cellular macromolecules 
(DNA. RNA. protens. phospholipids1 OH 

I GSH conjugate I - FETAL REPAIR 
MECHANISMS7 .) 

FETAL DEATH OR 
ALTERED DEVELOPMENT 

FIGURE 3. Postulated role of electrophilic reactive intermediates in chemical terato- 
genesis. (From Wells, P. G. 1989. In: Principles of Medical Pharmacology, 5th ed., 
pp. 644-657. (Kalant, H. and Roschlau, W. H. E., Eds.) Toronto: B. C. Decker. With 
permission.) 

period of organogenesis, may be particu- 
larly relevant to intellectual dysfunction 
caused by teratogens such as ethanol (Car- 
penter and Raucy, 1995), because brain 
development continues throughout gestation 
and into the early postnatal period. Although 
over two thirds of the chemicals recognized 
as teratogens also are substrates for P450 
(Juchau et al., 1992), there are no human 
studies directly examining the role of P450- 

catalyzed bioactivation as a determinant of 
teratologic susceptibility. However, when 
lymphocytes were obtained from children 
exposed in utero to the anticonvulsant drug 
phenytoin, coincubation with a P450 source 
(rodent liver microsomes) and the P450 
cofactor NADPH was necessary for cyto- 
toxicity, and the cytotoxicity was elevated 
in lymphocytes from those children who 
had a major malformation following in utero 
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TABLE 2 
Enzymes Potentially Catalyzing the Bioactivation of Teratogenic Xenobiotics to 
Electrophiiic Reactive Intermediatese 

Enzymeb 

Cytochromes P450e 
P450’ 

CYP 

CYP 

CYP 

A1 

B1 

c 3  
CYP2C9 

CYP2D6 

CYP2E1 
CYP3A3h 

CY P3A4h 
CY P3A5h 
CY P3A7h 

Prostaglandin H synthase 
(PHS) 

Su bstrateC 

Phenytoin 

Cyclophosphamide 

Thalidomide 

2-Acetylarninofluorene 

Diethylstilbestrol 
Thiabendazole 
Acetaminophen 
Rifampin 
N-Methyl-N-(7- 
propoxynaphthalene-2- 
ethyl hydroxylamine 
Naphthaline 

Benzo[a]pyrene 

Benzanthraceneg 

Phenytoin 
Phenytoin 
Dextromethorphan 
Trichloroeth ylene 
oxide 

Ethanol 
Aflatoxin B, 
Benzo[a]pyrene 
Benzo[a]pyrene-7,8-diot 
Aflatoxin B, 
Warfarin 
Benzyloxyresorufin 
Phenytoin 
Benzo[ alpyrene 
Benzo[a]pyrene-7,8-diol 

2-Naphthylamine 
2-Acetylaminofluorene 

Ref.d 

Martz et al., 1977; 
Pantarotto et al., 1982; 
Roy and Snodgrass, 1990; 
Finnell et al., 1994 

Hales et al., 1981a; 
Fantel et al., 1979; 
Sanyal et al., 1979 

Gordon et al., 1983; 
Braun et al., 1986 

Faustmann-Watts et at., 1983, 
1986; Juchau et at., 1985a, b 

Balling et al., 1985 
Yoneyama and Ichikawa, 1986 
Harris et al., 1989 
Greenaway and Fantel, 1983 
Terlouw et al., 1993 

lyer et al., 1991 
Filler and Lew, 1981; 
Shum et al., 1979 

Pottenger et al., 1991; 
Savas et al., 1994; 
Otto et al., 1991, 1992 

Doecke et al., 1991 
Veronese et al., 1991 
Raucy and Carpenter, 1993 
Fort et al., 1993 

Carpenter and Raucy, 1995 
Raucy and Carpenter, 1993 

Guengerich and Shimada, 1991 
Raucy and Carpenter, 1993 
Yang et al., 1994 

Kubow and Wells, 1986, 1989 
Marnett et al., 1975 
Marnett et al., 1975; 

Boyd and Eling, 1987 
Boyd and Eling, 1984; 

Byczkowski and Kulkarni, 1989 

Boyd et al., 1983 
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TABLE 2 (continued) 
Enzymes Potentially Catalyzing the Bioactivation of Teratogenic Xenobiotics to 
Electrophilic Reactive Intermediatesa 

Enzymeb Su bst ratec Ref.d 

Lipoxygenases (LPOs) Phenytoin Kubow and Wells, 1988; 

Datta and Kulkarni, 1994 
Yu and Wells, 1995 

Aflatoxin B, 
Benzo[a]pyrene-7,8-diol Byczkowski and Kulkarni, 1989 

Electrophilic reactive intermediates are quantified by measuring covalent binding of the 
xenobiotic to target cellular macromolecules (usually DNA and/or protein). In some cases, 
covalent binding may result from free radical reactive intermediates, as discussed later. 
Abbreviations: P450, cytochromes P450; CY P, cytochrorne P450; PHS, prostaglandin H 
synthase; LPO, lipoxygenase. 
Where available, teratogenic substrates are illustrated, but not all substrates are known 
teratogens (e.g., dextromethorphan). 
Citations here and throughout this review are only representative, and should not be 
considered to be comprehensive. 
In general, activities of most P450s (except 1 B1) in rodent embryos during organogenesis 
are low to negligible compared with adult hepatic activities, while human fetal activities are 
substantially higher, constituting 20 to 40% or more of adult activities. The term P450 
refers nonspecifically to activities for which the particular isoenzymes were not deter- 
mined. 
In these studies, the P450 isoenzymes were not identified. 
Substrates include benzanthracene, but the teratological relevance is unknown. 
Fetal 3A enzymes have been identified in humans, but are reported not to be found in 
rodents and rabbits unless transplacentally induced (Wrighton and Stevens, 1992; Yang 
et al., 1994). 

TABLE 3 
Cytochromes P450-Dependent Reactions Catalyzed by Human Fetal 
Liver Preparations 

Substrate Metabolic reactions Activity (% of adult liver) 

Aminopyrine 
Ethylmorphine 
Dimethylnitrosamine 
Chlorpromazine 

Diazepam 
Desmethylimipramine 
Aniline 
Benzo[a]pyrene 
Hexobarbital 

N-Demethylation 
N-Demethylation 
N-Demethylation 
N-Demethylation; 

aromatic hydroxylation 
Metabolites 

Aromatic hydroxylation 
Aromatic hydroxylation 
Aromatic hydroxylation 
Aliphatic hydroxylation 

30 
40-70 

Present 
Present 
Present 

10 
Present 

30 
2-4 
40 

From Kitada, M. and Kamataki, T. 1994. Drug Metab. Rev. 26: 2305-2323. With 
permission. 
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phenytoin exposure (Strickler et al., 1985). 
These results suggested that a detoxifying 
pathway for a P450-generated phenytoin re- 
active intermediate was deficient in suscep- 
tible human embryos, although the pathway 
could not be identified. This lymphocyte 
model has demonstrated the potential for a 
similar P45O-dependent mechanism in thali- 
domide teratogenicity, as discussed below. 

The question of a maternal contribution 
to bioactivation and related pathways (see 
Section VI) remains unclear. For cyclophos- 
phamide, this appears possible, if not prob- 
able. In the case of phenytoin, supplementa- 
tion of murine embryo culture with an 
exogenous NADPH-dependent microsomal 
bioactivating system enhanced phenytoin 
covalent binding and embryopathy, indicat- 
ing a potential maternal P450-dependent 
contribution to bioactivation (Shanks et al., 
1989). Also, mouse embryos cocultured with 
hepatocytes from different species, includ- 
ing pregnant mice and rats, and male rab- 
bits, were differentially susceptible to 
phenytoin embryopathy (Ozolins et al., 
1995b). However, in the absence of any 
supplementation to the embryo culture sys- 
tem, a therapeutic concentration of phenytoin 
initiates molecular target damage and 
embryopathy (see below) (Shanks et al., 
1989; Miranda et al., 1994; Winn and Wells, 
1995b, 1996), indicating that maternal pro- 
cesses are not required for phenytoin 
bioactivation and teratogenicity. 

A major pathway for detoxifying P450- 
generated electrophilic epoxides involves 
the insertion of a hydroxyl ion, catalyzed by 
epoxide hydrolases, forming a stable 
dihydrodiol metabolite. Epoxide hydrolase 
activities were found to be significantly 
lower in the amniocytes (fetal cells) of preg- 
nancies in which children exposed in utero 
to phenytoin demonstrated a characteristic 
pattern of birth defects termed the fetal 
hydantoin syndrome (FHS), compared with 
similarly exposed children who developed 

normally (Buehler et al., 1990). Further- 
more, epoxide hydrolase activity was mea- 
sured in heteropaternal dizygotic twins ex- 
posed in utero to phenytoin (Buehler, 1984). 
These twins were discordant for the clinical 
features of FHS, and epoxide hydrolase 
activity was very low in the twin with FHS, 
but high in the unaffected twin. Thus, ep- 
oxide hydrolase may constitute an impor- 
tant detoxifying pathway protecting the 
embryo from chemical teratogenesis. These 
human results are consistent with studies in 
mice showing that pretreatment of pregnant 
dams with the epoxide hydrolase inhibitor 
trichloropropylene oxide (TCPO) enhanced 
the covalent binding of phenytoin to embry- 
onic protein, and increased phenytoin ter- 
atogenicity (Martz et al., 1977; Harbison, 
1978). Similarly with thalidomide, using an 
in uitro assay incubating human lympho- 
cytes with homogenates from maternal rab- 
bit liver, or from rabbit, monkey, or human 
fetuses, thalidomide caused NADPH-depen- 
dent cytotoxicity that was inhibited by TCPO 
or the addition of purified epoxide hydro- 
lase (Gordon et al., 1981), implying 
bioactivation by P450s and detoxification 
of an arene oxide intermediate by epoxide 
hydrolase (Figure 3). Hepatic microsomes 
from rat, a species resistant to thalidomide 
teratogenicity, did not enhance thalidomide 
cytotoxicity in human lymphocytes. Simi- 
larly, the susceptibility of different strains 
of mice to phenytoin-initiated malforma- 
tions correlated with their activities of ep- 
oxide hydrolase (Finnell and Chernoff, 
1987). The apparent importance of epoxide 
hydrolases as determinants of teratologic 
susceptibility also implies a role for a P450- 
generated reactive intermediate, although 
epoxides can be generated by other mecha- 
nisms, as discussed below. It also is worth 
remembering at this point that, for TCPO 
and other chemical probes, as well as for 
nutritional modulations discussed in this 
review, unanticipated molecular and bio- 
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chemical effects may confound interpreta- 
tion of the results, and a diversity of ap- 
proaches may be required to achieve an 
acceptable level of confidence in a mecha- 
nism. In teratology, these interpretive prob- 
lems are compounded by often substantial 
differences with respect to gestational tim- 
ing, measurements in vivo compared with 
cultured intact embryos or embryonic cells, 
or homogenates, and maternal vs. embry- 
onic activities and responses. 

Another major pathway for the detoxi- 
fication of electrophilic reactive intermedi- 
ates is via conjugation with glutathione 
(GSH), catalyzed by GSTs. The teratologi- 
cal importance of thiols, and particularly 
GSH, in protecting the embryo from toxic 
reactive intermediates has been demon- 

strated for several teratogens in vivo and/or 
in embryo culture (Table 4). In these stud- 
ies, xenobiotic teratogenicity usually is de- 
creased by pretreatment with GSH or its 
precursors and enhanced by depletors of 
GSH or inhibitors of its synthesis. How- 
ever, thiol rescue may not always be effec- 
tive, despite a demonstrated embryo- 
protective role of GSH for a particular 
teratogen. For example, phenytoin teratoge- 
nicity was not reduced by in vivo pre- or 
posttreatment with the GSH precursor N- 
acetylcysteine (Wong and Wells, 1988), 
despite unequivocal evidence of enhance- 
ment of phenytoin embryopathy in vivo and 
in embryo culture by pretreatment with GSH 
depletors or inhibitors of GSH synthesis 
(Table 4). The failure of pretreatments with 

TABLE 4 
Embryoprotective Role of Glutathione (GSH) in Reactive Intermediate-Mediated 
Chemical Teratogenesisa 

Teratological 
Pretreatment consequence Representative teratogens 

GSH and/or Protection Cyclophosphamide 
precursorsb 

Acrolein 
Acetaminophen 
Cytochalasin D 
Methylmercury 

GSW depletorsC Enhancement Cyclophosphamide 
Phenytoin 

Acrolein 
Acetaminophen 
Cytochalasin D 
Acrylonitrile 

Ref. 

Ashby et al., 1976; 
Hales, 1981b 

Slott and Hales, 1987 
Stark et al., 1987 
Harris et al., 1988 
Kromidas et al., 

Hales, 1981 b 
Harbison, 1978; 

1990; Ornaghi et al., 1993 

Lum and Wells, 1986; 
Wong et al., 1989; 
Miranda et al., 1994 

Slott and Hales, 1987 
Stark et al., 1987 
Harris et al., 1988 
Saillenfait et al., 1993 

a 

b 

C 

Studies in vivo and/or in embryo culture. 
Precursors include cysteine, N-acetylcysteine, and methyl and ethyl esters of GSH. 
Includes GSH depletors (diethyl maleate, acetaminophen) and synthesis inhibitors (buthionine 
sulfoximine). 
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GSH in particular, and to a lesser extent 
with N-acetylcysteine, to inhibit reactive 
intermediate-mediated embryopathy may be 
due to inadequate uptake of these thiols into 
certain target tissues (Meister, 1983). In 
some cases, this artifact may be circum- 
vented by the administration of methyl or 
ethyl esters of GSH, which readily enter all 
cell types, wherein they are cleaved by in- 
tracellular esterases, releasing GSH in in- 
creased or even supraphysiological intrac- 
ellular concentrations (Anderson et al., 1985; 
Anderson and Meister, 1989). However, the 
respective methyl or ethyl alcohols concomi- 
tantly released may be embryotoxic and 
confound interpretation of the results (Winn 
and Wells, unpublished data). Alternatively, 
cellular penetration of GSH can be enhanced 
by administration in liposomes (Jurima- 
Romet and Shek, 1991; Suntres and Shek, 
1994). In vitro subcellular models also have 
been employed to determine the potential 
teratologic relevance of GSH-dependent 
detoxification of reactive intermediates. For 
example, using rodent liver microsomes 
supplemented with the P450 cofactor 
NADPH, GSH and other thiols have been 
shown to reduce the covalent binding of 
phenytoin to microsomal protein (Pantarotto 
et al., 1982; Kubow and Wells, 1989; Roy 
and Snodgrass, 1990). 

With respect to the catalytic enzyme for 
the conjugation of GSH to electrophilic re- 
active intermediates, hereditary deficiencies 
in some GSTs are common, and have been 
associated with enhanced susceptibility to 
chemical carcinogenesis (Sato, 1988; 
Gonzalez, 1995), which may be predictive 
of teratologic Susceptibility. Despite the 
demonstrated importance of GSTs, there are 
no studies evaluating the teratologic rel- 
evance of this family of enzymes in detoxi- 
fying electrophiles, although there is pre- 
sumptive evidence, discussed below, of a 
cytoprotective role for the GST isozyme 

that provides selenium-independent GSH 
peroxidase activity. The absence of infor- 
mation for GSTs in electrophile detoxifica- 
tion in teratogenesis may result from the 
normal embryonic activity of GST being 
too low to contribute to detoxification 
(Juchau, 198l), and/or the possibility that 
GST deficiencies are embryolethal and dif- 
ficult to detect. 

B. Free Radicals and Oxidative 
Stress 

A number of xenobiotics are thought to 
initiate teratogenicity via bioactivation and 
the direct formation of a reactive free radi- 
cal intermediate, and/or the subsequent in- 
direct formation of reactive oxygen species 
(ROS) (Table 5). Several bioactivating en- 
zymes, particularly peroxidases, have been 
postulated to catalyze the one-electron oxi- 
dase of xenobiotics (loss of one electron) to 
teratogenic free radical intermediates (Fig- 
ure 4, Table 5). Peroxidases such as PHS 
(Marnett, 1990), and related enzymes such 
as LPOs, are particularly attractive as puta- 
tive embryonic bioactivating enzymes be- 
cause, unlike most P450s, they are present 
with high content (Hume, 1993; Wells et 
al., 1995; Winn and Wells, 1996) and activity 
(Table 5) in both rodent and human em- 
bryos during organogenesis. The xenobiotic 
free radicals and/or ROS can oxidize, as 
distinct from covalently binding to, molecu- 
lar targets such as DNA, protein, and lipid 
in a process referred to as oxidative stress, 
which is thought to alter cellular function 
potentially resulting in in utero death or 
teratogenicity. In the case of phenytoin and 
related xenobiotics (Winn and Wells, 1995a), 
peroxidase-catalyzed bioactivation has been 
implicated by several lines of evidence. (1) 
in in vitro studies, purified PHS, LPOs, and/ 
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TABLE 5 
Enzymes That May Catalyze the Bioactivation of Xenobiotics to Teratogenic 
Free Radical intermediates and/or the Subsequent Formation of Reactive 
Oxygen Species (ROS) 

Enzyme Substrate 

Prostaglandin H synthase Phenytoin 
(PHS) 

Mephenytoin 
Nirvanol 
Trimethadione 

Dimethadione 

Thalidomide 

Benzo[a]pyrene 

13-cis-Retinoic acid 
(isotretinoin) 

Diethylstilbestrol 
Cyclophosphamide 
Acetaminophen 

2-Naphthylamine 
2-Acetylaminofluorene 

Lipoxygenases (LPOs) Phenytoin 

Cyclophosphamide 
Thyroid peroxidase Phenytoin 
M yeloperoxidase Phenytoin 
Horseradish peroxidase Phenytoin 

2-Naphthylamine 
2-Acetylaminofluorene 

or horseradish peroxidase produce cofac- 
tor-dependent bioactivation and free radical 
formation (Kubow and Wells, 1989; Parman 
et al., 1996), resulting in the covalent bind- 
ing of phenytoin to protein (Kubow a6d 
Wells, 1989; Yu and Wells, 1995) and DNA 
(Liu and Wells, 1994a), as well as the oxi- 
dation of DNA, protein, and lipid by 
phenytoin and the structurally related 
xenobiotics trimethadione, dimethadione, 

Ref. 

Kubow and Wells, 1986, 1989; 
Wells et al., 1989a; 
Liu and Wells, 1995b 

Liu and Wells, 1995b 
Liu and Wells, 1995b 
Wells et al., 1989b; 
Liu and Wells, 1995b 
Wells et al., 1989b; 
Liu and Wells, 1995b 

Arlen and Wells, 1989, 1996; 
Liu and Wells, 39955 

Marnett et al., 1977, 1978; 
Winn and Wells, 1994 

Samokyszyn et al., 1984; 
Kubow, 1992 

Degen et al., 1982 
Kanekal and Kehrer, 1993 
Potter and Hinson, 1987; 
Keller and Hinson, 1991 

Boyd and Eling, 1987 
Boyd and Eling, 1984 
Kubow and Wells, 1988; 
Yu and Wells, 1995 

Kanekal and Kehrer, 1993 
Kubow and Wells, 1989 
Uetrecht and Zahid, 1988 
Kubow and Wells, 1989; 
Liu and Wells, 1995b 

Boyd and Eling, 1987 
Boyd and Eling, 1984 

mephenytoin, nirvanol, and thalidomide (Liu 
and Wells, 1995a, b). Furthermore, these 
effects are blocked by a number of inhibi- 
tors of PHS and/or LPOs, including 
indomethacin, acetylsalicylic acid (ASA, 
aspirin), and eicosatetraynoic acid (ETYA). 
Conversely, phenytoin teratogenicity is en- 
hanced by diets that increase the membrane 
content of arachidonic acid (High and 
Kubow, 1994), which is the source of PGG, 
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-DERIVED 
ElCOSANOlD L PATHWAY 1 

HYDRO?EROXlOASC I 

FIGURE 4. Postulated bioactivation of phenytoin to a teratogenic free radical intermediate by 
embryonic enzymes with peroxidase activity. Cyclooxygenase and hydroperoxidase are the com- 
ponents of prostaglandin H synthase (PHS). (From Yu, W. K. and Wells, P. G. 1995. Toxicol. Appl. 
Pharmacol. 131 : 1-1 2. With permission.) 

cosubstrate for reactions catalyzed by PHS 
and LPOs (Figure 4). (2) In embryo culture, 
substantial embryonic PHS content is de- 
tectable on gestational day 9 (Wells et al., 
1995; Winn and Wells, 1996), and phenytoin 
embryopathy is blocked by the PHSLPO 
inhibitor ETYA (Miranda et al., 1994). (3) 
In in vivo studies, the teratogenicity of 
phenytoin, trimethadione, and dimethadione 
in mice (Wells et al., 1989b, c; Yu and 
Wells, 1995), and thalidomide in rabbits 
(Arlen and Wells, 1989, 1996), is reduced 
by the respective PHS and PHSLPO in- 
hibitors ASA and ETYA, as are in vivo 
embryonic covalent binding of phenytoin to 
protein (Wells et al., 1989c) and phenytoin- 
initiated oxidation of embryonic protein (Liu 
and Wells, 1995b). As exemplified for 

benzo[a]pyrene (Figure 2), bioactivation 
may involve the direct production of a toxic 
reactive free radical intermediate, or the 
indirect, subsequent production of toxic 
ROS. In either case, xenobiotic free radicals 
can be directly reduced, and thereby detoxi- 
fied, by reactions with GSH, in which case 
GSH is oxidized to its disulfide product, 
GSSG. Both phenytoin and thalidomide ini- 
tiate thiol oxidation in rats, and thalidomide 
produces substantially more thiol oxidation 
in rabbits (Arlen and Wells, 1990, submit- 
ted), which, unlike rats, are highly suscep- 
tible to thalidomide teratogenicity. Similarly, 
embryonic GSH oxidation is enhanced in 
embryo culture by a therapeutic concentra- 
tion of phenytoin (Wells and Williams, 1994; 
Winn and Wells, 1996). In addition to oxi- 
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dative stress, in some cases, xenobiotic free 
radical intermediates can form tissue ad- 
ducts directly by abstracting an electron from 
a double bond, while in other cases, peroxyl 
radicals produced by PHS may epoxidize 
substrates, creating an electrophilic reactive 
intermediate that covalently binds to mo- 
lecular targets, as has been shown for 
benzo[a]pyrene (Figure 5). In vitro cova- 
lent binding of phenytoin to protein has 
been shown to be catalyzed by purified PHS 
(Kubow and Wells, 1989) and LPO (Yu and 
Wells, 1995). 

The detection of free radical intermedi- 
ates of proteratogens has both mechanistic 
and clinical implications, as elaborated else- 
where (Wells et al., 1996). Most commonly, 
unstable free radicals can be “spin trapped” 
in vitro by reaction with chemicals such as 
a-phenyl-N-t-butylnitrone (PBN), forming 
a stable, xenobiotic-spin trap radical adduct 
that can be detected and characterized by 
electron spin resonance spectrometry (ESR). 
In vitro bioactivation of phenytoin by PHS 
produces a free radical intermediate, al- 
though the type of radical was not charac- 
terized (Kubow and Wells, 1989). For 
phenytoin and related xenobiotics, subse- 
quent ESR studies using PBN suggest the 
formation of an initial C-centered xenobiotic 
free radical reactive intermediate that rap- 
idly reacts to produce reactive oxygen spe- 
cies (Parman et al., 1996). Xenobiotic free 
radical intermediates often react directly or 
indirectly with molecular oxygen to pro- 
duce ROS such as hydroxyl radicals (Figure 
6) (Kappus, 1986; Halliwell and Gutteridge, 
1989), the presence and teratological rel- 
evance of which often can be inferred by 
thiol oxidation (see above) and characteris- 
tic oxidative macromolecular lesions (see 
Section V below), as well as by the oxida- 
tion of probe substrates such as salicylate. 
In vivo, salicylate is hydroxylated by hy- 
droxyl radicals at both the 3-C and 5-C 

positions, whereas enzymatic hydroxylation 
occurs only at the 5-carbon (Halliwell et al., 
1991). Thus, administration of’ salicylate 
followed by plasma sampling over time 
permits an in vivo assessment of the 
xenobiotic-ini tiated endogenous production 
of potentially teratogenic ROS (Figure 7). 
In mice, phenytoin initiated substantial hy- 
droxyl radical formation that varied remark- 
ably among individual animals in both the 
amount and time of maximal formation (Kim 
and Wells, 1993, 1996). In addition to con- 
firmation of chemical mechanisms, the de- 
termination of salicylate hydroxylation and 
similar approaches ultimately may prove 
useful in estimating individual teratologic 
susceptibility in humans. 

Some xenobiotics can undergo reduc- 
tive bioactivation (gain of one electron), 
catalyzed by enzymes such as P450 reduc- 
tase (Table 6), followed by reoxidation by 
molecular oxygen, which also produces 
potentially teratogenic ROS (Figure 6). Such 
xenobiotics are known as “redox cyclers’’ 
and, in accordance with their redox poten- 
tial, can accept electrons from a number of 
biological reducing agents, including reduced 
flavoproteins, reduced ferredoxin, NADPH, 
NADH, GSH and other thiols, and ascor- 
bate (Figure 6) (Juchau et al., 1986). Some 
examples of redox cyclers are listed in Table 
7 and are reviewed elsewhere (Juchau et al., 
1986; Kappus, 1986). 

Some teratogens may react directly with 
oxygen in biological systems to produce 
ROS. For example, the teratogenicity of 
hydroxyurea has been postulated to be me- 
diated through the direct (nonenzymatic) 
formation of ROS (DeSesso, 1979; DeSesso 
et al., 1994), and antioxidants decrease 
hydroxyurea teratogenicity (DeSesso and 
Goeringer, 1990; DeSesso et al., 1994). 
Similarly, cocaine teratogenesis has been 
postulated to be mediated via ROS produc- 
tion caused by cocaine-initiated hypoxid 
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(- )- BP-7,8-dioI (+)-anti 

- 
OH 

HO 

(+)-BP-7,8-diol 6H 

(-)-anti 

FIGURE 5. Role of prostaglandin H synthase in peroxyl radical-mediated epoxidation of 
benzo[a]pyrene to form B[a]P-7’,8-diol epoxides. (Modified from Marnett, L. J. 1990. Environ. Health 
Perspect. 88: 5-12. With permission.) 

reperfusion (Fantel et al., 1992). In support 
of this hypothesis, in vivo pretreatment with 
the free radical spin-trapping agent PBN or 

the antioxidant 2-oxothiazoiodine-4-car- 
boxylate inhibited cocaine embryopathy 
(Zimmerman et al., 1994). 
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LPtD 

REDOX 
CYCLE 

FIGURE 6. Redox cycling of teratogens and cytoprotective pathways potentially relevant to free 
radical-initiated lipid peroxidation and chemical teratogenesis. (From Kappus, H. 1986. Biochern. 
fharrnacol. 35: 1-6. With permission.) 

IV. CYTOPROTECTION 

A number of pathways are cytoprotective 
in that they protect the cell without directly 
detoxifying a xenobiotic reactive interme- 
diate. Some so-called “phase 11” pathways 
of elimination could be included here, and 
particularly the UGT-catalyzed conjugation 
of xenobiotics with glucuronic acid, as dis- 
cussed above in Section II. 

The potential teratological relevance of 
more commonly appreciated cytoprotective 
pathways (Table 8) (Halliwell and Gutteridge, 
1989) is exemplified in the accompanying 
scheme depicting free radical-mediated ini- 
tiation of lipid peroxidation and oxidation 
of DNA and protein (Figure 6). Selenium- 
dependent GSH peroxidase, using GSH as a 
cofactor, detoxifies hydrogen peroxide 
(H202) and lipid hydroperoxides (LOOH) 
(Figures 6 to 8). Pregnant CD-1 mice fed a 
selenium-deficient diet were more suscep- 

tible to phenytoin teratogenicity during the 
period of maximal depletion of selenium- 
dependent GSH peroxidase, and this tera- 
tological susceptibility was inhibited by 
selenite rescue, which restored GSH per- 
oxidase activity (Ozolins et al., 1996). More 
prolonged selenium deprivation resulted in 
the induction of selenium-independent GSH 
peroxidase, which is a GST isoenzyme; 
pregnant mice treated at this time with 
phenytoin exhibited less teratogenicity, 
suggesting a potential embryoprotective role 
for GST. 

The enzyme glutathione reductase is 
necessary to reduce GSSG formed during 
oxidative stress (Figure 6), hence maintain- 
ing the cellular concentration of GSH, which 
is necessary for the activity of GSH peroxi- 
dase, as well as many other enzymes and 
processes (Ziegler et al., 1983). The fre- 
quency and variability of glutathione reduc- 
tase deficiencies in humans is quite high 
(Frischer et al., 1973) and may have signifi- 

19 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



N
 

0
 

/ 
I
 P

H
E

N
Y

TO
IN

 

R
A

D
IC

A
L 

A
N

TI
O

X
ID

A
N

T 
A

N
TI

O
X

ID
A

N
T 

R
AD

IC
AL

 
I 

P
R

O
TE

IN
 

W
 

GS
SG
 

R
E

D
U

C
TA

S
E

 

D
IS

M
U

TA
SE

 

C
A

TA
IA

S
E

 
H2

0 

G
S

S
G

 
G

SH
 

G
SS

G
 

R
E

D
U

C
TA

S
E

 
(y

H
 

’
 OH 

2,
3-

D
H

B
A

 

OH
 @

 
2,

5-
D

H
B

A
 

M
O

LE
C

U
LA

R
 D

A
M

A
G

E
 

O
xi

da
tiv

e 
st

re
ss

 
C

ov
al

en
t b

in
di

ng
 

TO
X

IC
IT

Y
 

In
 u

te
ro

 d
ea

th
 

Te
ra

to
ge

ne
si

s 
C

ar
ci

no
ge

ne
si

s?
 

FI
G

U
R

E
 7.

 
R

at
io

na
le

 fo
r t

he
 u

se
 o

f 3
-h

yd
ro

xy
la

tio
n o

f s
al

ic
yl

at
e 

to
 d

et
er

m
in

e 
in

 w
ivu

 p
he

ny
to

in
-in

iti
at

ed
 fo

rm
at

io
n 

of
 p

ot
en

tia
lly

 te
ra

to
ge

ni
c 

re
ac

tiv
e 

ox
yg

en
 s

pe
ci

es
 (R

O
S

) s
uc

h 
as

 h
yd

ro
xy

l r
ad

ic
al

s 
(H

O
*)

. S
ee

 te
xt

 fo
r 

di
sc

us
si

on
. T

he
 r

ol
e 

of
 o

xi
da

tiv
e 

da
m

ag
e 

in
 p

he
ny

to
in

-in
iti

at
ed

 id
io

sy
nc

ra
tic

 
dr

ug
 re

ac
tio

ns
 a

nd
 re

ve
rs

ib
le

 ly
m

ph
om

a 
is

 s
pe

cu
la

tiv
e.

 (F
ro

m
 K

im
, 

P.
 M

. a
nd

 W
el

ls
, 

P.
 G

. 1
99

6.
 M

ol
. P

ha
m

ac
ol

. 4
9:

 1
72

-1
81

. 
W

ith
 p

er
m

is
si

on
.) 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 6 
Reducing Enzyme Systems 

NADPH-cytochrome P450 reductase 

Mitochondrial (NADH) dehydrogenase 
Xanthine oxidase 
Ferredoxin reductase 
GSH reductase 
Mitochondrial NAD(P)H nitro reductase 

From Juchau, M. R., Lee, 0. P., and Fantel, 
A. G. 1992. Drug Metab. Rev. 24: 195-238. 
With permission. 

(microsomal and nuclear) 

TABLE 7 
Representative Teratogens or Potential Teratogens That Undergo Redox 
Cycling 

Chemical 

Quinones 
AZQ 
Benzo[a]pyrene-3,6-quinone 
Doxorubicin 
Mitomycin C 
1,4-Naphiloquinone 
Streptonigrin 
Paraquat 

N i trof u razone 
Nitrofurantoin 
Metronidazole 
Misonidazole 
Nitrazepam 
Nit rof en 
Nitrobenzene 

Azo compounds 
Trypan blue 
Evans Blue 
Congo Red 

Aromatic nitro compounds 

Aminoazobenzenes 
Miscellaneous 

Bleomycin-Fe complex 

Teratogenic effects 

? 
? 
Multiple 
Skeletal 
? 
Eye, CNS, trunk, tail, limbs, etc. 
Costal cartilage defects 

Limbs, digits, tail 
Not defined 
? 
Limbs, eye, brain, palate 
? 
Eye, kidney, diaphragm 
Multiple 

Hydrocephaly, spina bifida 
Brain, others 
Hydronephrosis, microophthalmia, 

Skeletal, cleft palate 
hydrocephalus 

Multiple 

Species 

? 
? 
Rats (specific) 
Rats, mice 
? 
Rats 
Rats, hens 

Mice 
Mice 
? 
Mice 
? 
Rats, mice 
Rats 

Several 
Rats 
Rats 

Mice 

Rats, mice 

From Juchau, M. R. et al. 1986. Environ. Health Perspect. 70: 131-136; Kappus, H. 1986. 
Biochern. Pharrnacol. 35: 1-6. With permission. 

cant toxicological relevance. Engineered 
Chinese hamster cells having only 50% glu- 
tathione reductase activity were more sus- 

ceptible to diamide cytotoxicity compared 
with control cells (Tonoki, 1994). Pregnant 
CD- 1 mice pretreated with nonteratogenic 
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TABLE 8 
Cytoprotectlve Pathways for Oxidative Stress with Potential Teratological . -  

Relevance 

Enzyme 

Glutathione peroxidase 

Glutathione S-transferase 

Superoxide dismutase 

Catalase 

Glutathione reductase 
Iron sequestration 
G lucose-&phosphate 
dehydrogenase 

Thioredoxin 

Teratogen 

Phenytoin 
H yperglycemia 
Phenytoin 
Cyclophosphamidee 
Methylmercury 
Phenytoin 
Benzo[a]pyrene 
High oxygen tension 

Cyclophosphamide 
Hyperglycemia 
Phenytoin 
Benzo[a]py rene 
Hyperglycemia 
Phenytoin 
Phenytoin 
Phen ytoin 

High oxygen tension 
y-Glutamyl-cysteine synthase Speculative 

a Study evaluated only metabolism. 

doses of the GSH reductase inhibitor 1,3- 
bis(2-chloroethy1)- 1 -ni trosourea (BCNU) 
were more susceptible to phenytoin terato- 
genicity (Wong and Wells, 1989). In em- 
bryo culture the embryopathy of tolbutamide 
was attributed to its ability to inhibit glu- 
tathione reductase and subsequently decrease 
GSH (Ziegler et al., 1993), although other 
effects of tolbutamide may be contributory, 
given that GSH depletion alone is not nec- 
essarily embryopathic (Lum and Wells, 
1986; Wong et al., 1989; Miranda et al., 
1994). The potentiation of phenytoin terato- 
genicity in mice by low-level exposure to 
nonteratogenic concentrations of methyl- 
mercury (Wells and Srivastava, 1992) may 
be due to the potent inhibition by methyl- 
mercury of cytoprotective enzymes such as 
GSH reductase and GST (Dierickx, 1982; 

Ref. 

Ozolins et al., 1991 , 1996 
Eriksson and Borg, 1991 
Ozolins et al., 1991, 1995c 
Dirven et al., 1994 
Nishikido et al., 1987 
Winn and Wells, 1995b 
Winn and Wells, 1994, 1996 
Noda et at., 1991 
Nonogaki et al., 1992 
Kanekal and Kehrer, 1993 
Eriksson and Borg, 1991 , 1993 
Winn and Wells, 1995b 
Winn and Wells, 1994 
Eriksson and Borg, 1991 
Wong and Wells, 1989 
Wells et al., 1991 
Nicol and Wells, 1996 

Noda et al., 1989, 1991 

Chung et al., 1982). This teratologic syner- 
gism illustrates the dual practical problems 
of assessing risk populations under condi- 
tions of multiple xenobiotic exposure and in 
establishing safe levels of exposure for en- 
vironmental chemicals. 

The potential teratological relevance 
of superoxide dismutase (SOD) and cata- 
lase, which, respectively, detoxify super- 
oxide and H,O,, was observed in embryo 
culture, where the addition of either of 
these antioxidative enzymes increased em- 
bryonic activity (Eriksson and Borg, 1991, 
1993; Winn and Wells, 1996) and blocked 
DNA and protein oxidation initiated by 
phenytoin (Winn and Wells, 1995), as well 
as protecting against the embryopathic ef- 
fects of phenytoin (Winn and Wells, 
1995b), benzo[a]pyrene (Winn and Wells, 
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I Xenobiotics I 
Cytochromes P450 

0 Peroxidases 

GSH PEROXIDASE Reactive 
Oxygen 
Species 

LOOH 
H202 

GSSG 

GSH REDUCTASE 

3 
Oxidative 

Stress 

NADP vl 

FIGURE 8. Postulated role of glucose-6-phosphate dehydrogenase (G6PD) in 
embryonic cytoprotection against oxidative teratogens. (From Nicol, C. G. and 
Wells, P. G. 1996. Toxicologist. 16: No. 1008. With permission.) 

1996), and hyperglycemia (Eriksson and 
Borg, 1991, 1993). Conversely, the 
embryoprotective effects of these antioxi- 
dative enzymes provides strong evidence 
for the involvement of ROS in the mo- 
lecular mechanism of teratogenesis for 
these teratogens and hyperglycemia. 

Similarly, as discussed previously in 
part, cellular antioxidants such as GSH (cy- 
tosolic) and the vitamins C (cytosolic) and 

E (in membranes) are critical in the direct 
and/or indirect detoxification of xenobiotic 
free radicals and/or such potentially toxic 
free radical-initiated ROS as H202, hydroxyl 
radicals, and lipid peroxyl radicals (Figures 
6 and 8). Phenytoin teratogenicity in mice is 
enhanced by depletors of GSH and inhibi- 
tors of GSH synthesis (Table 3) and is in- 
hibited by pretreatment with the antioxi- 
dants caffeic acid (Wells et al., 1989c) and 
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vitamin E (Sanyal and Wells, 1993). In 
complementary in vitro studies, PHS-cata- 
lyzed phenytoin covalent binding to protein 
was inhibited by GSH and the antioxidant 
butylated hydroxyanisole (Kubow and 
Wells, 1989). 

Free iron has been implicated in the 
generation of ROS (Figure 6) (Halliwell 
and Gutteridge, 1989), and pretreatment of 
pregnant mice with the iron chelator 
desferoxamine protected against phenytoin 
teratogenicity, suggesting that processes of 
embryonic iron sequestration may have a 
cytoprotective function (Wells et al., 1991). 

Glucose-6-phosphate dehydrogenase 
(G-6-PD) is required for the maintenance of 
NADPH, and human hereditary deficien- 
cies are common (Panich, 1986; Mehta, 
1994). From a toxicological viewpoint, 
NADPH is particularly important as the 
cofactor for GSH reductase in maintaining 
GSH concentrations (Figure 8). While G-6- 
PD deficiencies generally are considered to 
be toxicologically relevant only in non- 
nucleated red blood cells that cannot syn- 
thesize new enzyme, it is possible that low 
embryonic activities for G-6-PD synthesis 
may render such cells similar in response to 
nonnucleated cells. Pregnant C3H mice with 
either a heterozygous or homozygous defi- 
ciency in G-6-PD were substantially more 
susceptible than G-6-PD-normal controls to 
phenytoin-initiated fetal resorptions (in utero 
death) and postpartum lethality (Nicol and 
Wells, 1996). 

Thioredoxin is an enzyme that directly 
reduces disulfide bonds of proteins initiated 
by ROS (Goto et al., 1993). Addition of 
thioredoxin to embryo culture media was 
found to protect embryos against “in vitro 
mouse two-cell block”, which occurs when 
cleavage in embryos is arrested at the first 
or second cell cycle in embryo culture (Noda 
et al., 1991; Nonogaki et al., 1992). Some 
baseline oxidative stress occurs in embryo 
culture, at least in part due to gassing con- 

ditions (18% 0,); however, this stress ap- 
pears to be within physiologically tolerable 
limits, because the embryos develop nor- 
mally (New, 1978; Fantel, 1982; Shanks et 
al., 1989; Miranda et al., 1994; Winn and 
Wells, 1995b). 

More speculatively, hereditary deficien- 
cies of the rate-limiting enzyme in GSH 
synthesis, y-glutamyl-cysteine synthase, are 
rare, but render such individuals more sus- 
ceptible to the toxicity of drugs bioactivated 
to a reactive intermediate (Jellum et al., 
1983; Larsson and Hagenfeldt, 1983; 
Spielberg, 1985). While there is no infor- 
mation concerning the relevance of this 
enzyme to teratogenesis, it ought to be criti- 
cally important, and it is quite possible that 
such a deficiency is often embryolethal and 
therefore difficult to detect. 

V. MOLECULAR DAMAGE 

With DNA, protein, and lipid as poten- 
tial targets, in general, the types of 
xenobiotic-initiated molecular damage in- 
clude (1) covalent binding of primarily elec- 
trophilic, but in some cases free radical, 
reactive intermediates, and (2) free radical- 
initiated oxidative stress resulting in target 
oxidation (Table 9). While inferences can 
be drawn from analogies to chemical 
carcinogenesis, little is known about the 
specific molecular damage underlying tera- 
tologic initiation. This is particularly note- 
worthy given that the teratogenicity of drugs 
such as thalidomide has been known since 
the late 1950s. The complexity of this prob- 
lem can be illustrated with phenytoin, which 
has been shown to (1) covalently bind to 
both protein (Martz et al., 1977) and DNA 
(Liu and Wells, 1994a), as well as (2) oxi- 
dize protein (Liu and Wells, 1994b, 1995a; 
Wells et al., 1995) and GSH (Arlen and 
Wells, 1990; Wells and Williams, 1994), 
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TABLE 9 
Molecular Damage of Potential Relevance to Chemical Teratogenesis 

Molecular damage Target 

Covalent binding Protein 

Oxidation 

DNA 

Protein/ 
glutathione 

DNA 

Lipid 

Substrate 

Phenytoin 
Benzo[u]py rene 
Thiabendazole 

2-Acetylaminofluorene 
Benzo[u]pyrene-7,8-diol 
Phenytoin 

Benzo[u]pyrene 

2-Acetylaminofluorene 
2-Naphthylamine 
Benzo[u]pyrene-7,8-diol 
Aflatoxin B, 
Cyclophosphamide 
N-Methyl-N-nitrosourea 

N-Acetoxy-2- 
acetylaminofluorene 

Ethylmethanesulfonate 
Acetoxymethyl- 
methylnitrosamine 

6-Mercaptopurine 
ri boside 

Phenytoin 

Thalidomide 
Diamide 

Phenytoin 
Mephenytoin 
Nirvanol 
Trimethadione 
Thalidomide 
Benzo[u]pyrene 
Cyclophosphamide 
(strand breaks) 

Phosphoramide 
mustard 
(strand breaks) 

Phenytoin 
Cocaine 
Cyclophosphamide 

Ref. 

Martz et al., 1977 
Shum et al., 1979 
Yoneyama et al., 1985, 

Roy and Kulkarni, 1991 
Marnett et al., 1975 
Liu and Wells, 1995b; 
Winn and Wells, 1995b 

Shum et al., 1979; 
Wang and Lu, 1990; 
Lu et al., 1993 

Roy and Kulkarni, 1991 
Boyd and Eling, 1987 
Marnett et al., 1975 
Hsieh and Hsieh, 1993 
Benson et al., 1988 
Platzek et al., 1988; 
Frank et al., 1993 

Mirkes et al., 1991 

1986 

Platzek et al., 1994a 
Platzek et al., 1983 

Platzek et al., 1994b 

Liu and Wells, 1994b, 1995a; 
Wells and Williams, 1994; 
Wells et al., 1995 

Arlen and Wells, 1990 
Hiranruengchok and Harris, 

Liu and Wells, 1995b 
Liu and Wells, 1995b 
Liu and Wells, 1995b 
Liu and Wells, 1995b 
Liu and Wells, 1995b 
Winn and Wells, 1994 
Pillans et al., 1989 

1993 

Little and Mirkes, 1987 

Liu and Wells, 1994b, 1995a 
Zimmerman et al., 1994 
Lear et at., 1992 
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DNA (Liu and Wells, 1995b; Winn and 
Wells, 1995b), and lipid (Liu and Wells, 
1994b, 1995a). The relative teratologic con- 
tributions of xenobiotic covalent binding to, 
and xenobiotic-initiated oxidation of, em- 
bryonic cellular macromolecules have yet 
to be determined, and likely vary with the 
chemistry of the teratogen, as well as with 
such factors as the target tissue, type of 
macromolecular target, and stage of 
conceptal development. In embryo culture, 
the complete embryopathic spectrum of 
phenytoin is abolished by addition of either 
of the antioxidative enzymes superoxide 
dismutase (SOD) or catalase (Winn and 
Wells, 1995b) (see Section IV above), indi- 
cating a critical role for ROS, and suggest- 
ing that oxidation rather than arylation is 
providing the critical teratological insult in 
the case of phenytoin. However, it remains 
to be determined whether similar results are 
observed in vivo and whether other 
embryopathic efforts of phenytoin that can- 
not be assessed in embryo culture, such as 
cleft palate and central nervous system dys- 
function, follow a similar pattern. Such 
knowledge would be of considerable clini- 
cal importance, because it would provide a 
basis for developing therapeutic measures 
to avoid or reduce unwarranted in utero 
death and teratogenicity. The specific mo- 
lecular targets also remain to be character- 
ized, let alone individually analyzed in rela- 
tion to teratologic outcome. The potential 
interrelationship among these pathways and 
their relevance to chemical teratogenesis is 
shown in Figure 9. 

Given its role in chemical carcinogenesis 
(Williams and Weisburger, 1991), DNA is 
an attractive candidate for a teratologically 
relevant target. The fundamental importance 
of DNA lesions in mediating chemical ter- 
atogenesis is suggested by the observation 
that pregnant transgenic mice with a heredi- 
tary deficiency in the p53 tumor suppressor 
gene, which is necessary for DNA repair, 

are more susceptible to the teratogenicity of 
both benzo[a]pyrene (Nicol et al., 1995) 
and phenytoin (Laposa and Wells, 1995; 
1996). The role of particular DNA adducts 
and target genes in chemical teratogenesis 
have not been determined, and constitutes 
an important outstanding question. Simi- 
larly, oxidation of embryonic DNA in vivo 
and/or in embryo culture has been identi- 
fied only recently for phenytoin (Winn and 
Wells, 1995b; Liu and Wells, 1995b) and 
benzo[a]pyrene (Winn and Wells, 1994, 
1996), and the teratologically relevant tar- 
get genes remain to be characterized. Among 
phenytoin and structurally related terato- 
gens, their potency for DNA oxidation in an 
in vitro peroxidase bioactivating system with 
calf thymus DNA correlated well with their 
in vivo teratologic potency in mice (Liu and 
Wells, 1995b). Furthermore, in vivo embry- 
onic DNA oxidation initiated by phenytoin 
was blocked by doses of the PHS inhibitor 
ASA and the free radical spin-trapping agent 
PBN that inhibit phenytoin teratogenicity 
(Wells et al., 1989c; Liu and Wells, 1995b). 

Alkylatiodarylation and/or oxidation of 
proteins and lipids also likely contribute to 
mechanisms of chemical teratogenesis. Pre- 
treatment of pregnant mice with chemical 
modulators that enhance or inhibit the ter- 
atogenicity of drugs like phenytoin also, 
respectively, enhance or inhibit both its 
covalent binding to, and oxidation of, pro- 
tein and lipid (Liu and Wells, 1994a, b, 
1995a). Only a few preliminary studies have 
reported a rudimentary characterization of 
oxidized protein targets (Wells et al., 1995), 
and this will constitute a fertile area of fu- 
ture teratological research. 

VI. MOLECULAR REPAIR 

Virtually nothing is known about em- 
bryonic protein repair. On the other hand, 
there is a considerable and rapidly expand- 
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ing understanding of DNA repair, particu- 
larly in relation to the field of cancer (Sancar, 
1994; Ponz de Leon, 1994; Modrich, 1995; 
Radman et al., 1995). Embryos may have a 
substantial capacity for DNA repair, because 
mouse embryos appeared to remove oxi- 
dized guanosine bases at a rate similar to 
that for maternal liver following in vivo 
exposure to phenytoin (Liu and Wells, 
1995b). Similarly, fetal monkey tissues were 
able to remove benzo[a]pyrene-DNA ad- 
ducts (Lu et al., 1993), and mouse embryos 
exposed in vivo to methyl methane sulfonate 
and N-methyl-N-nitrosourea (MNU) dem- 
onstrated the removal of specific base sub- 
stitutions from embryonic DNA (Bochert et 
al., 1978). It appears that DNA damage, via 
covalent binding and/or oxidation, may con- 
stitute an important mechanism of teratoge- 
nesis at least for benzo[a]pyrene (Nicol et 
al., 1995) and phenytoin (Laposa and Wells, 
1995; Laposa et al., 1996) (Figure 10). Reg- 
nant transgenic mice with a heterozygous 
deficiency in the p53 tumor suppressor gene, 
which directly and indirectly facilitates DNA 
repair, were more susceptible to in utero 
fetal death and teratogenicity initiated by 
both benzo[a]pyrene and phenytoin. Per- 
haps more importantly, PCR-based amplifi- 
cation and characterization of the embry- 
onic genotype of fetal resorptions, the 
remnants of in utero death, showed for both 
benzo[a]pyrene and phenytoin that in utero 
deaths occurred predominantly in p53-defi- 
cient fetuses from p53-deficient dams (Nicol 
et al., 1995; Laposa et al., 1996). Interest- 
ingly, with benzo[a]pyrene, in contrast to 
most teratological anomalies, two defects 
occurred only in p53-normal dams (Figure 
lo), suggesting that a minority of fetal 
anomalies with this teratogen may be initi- 
ated via apoptotic mechanisms, some of 
which are p53 dependent. Such differential 
expression could be both target tissue- 
dependent and teratogen (mechanism) de- 
pendent, because phenytoin-initiated 

embryopathies all occuned more frequently 
in p53-deficient dams (Laposa and Wells, 
1995), while in contrast, fetal anomalies 
initiated by 2-chloro-2’-deoxyadenosine 
occurred only in p53-normal dams (Wubah 
et al., 1996). Thus, for some DNA-damag- 
ing teratogens in developmental biology, at 
least some so-called tumor suppressor genes 
appear to serve as teratological suppressor 
genes. This might be expected, given that 
optimal reproduction has exerted a major 
evolutionary pressure over the millenia, 
while few during most of this period sur- 
vived long enough to develop cancer. 

VII. CONCLUSIONS 

There is considerable evidence, prima- 
rily in rodent models, for the involvement 
of reactive intermediates in teratologic ini- 
tiation by numerous xenobiotics. This hy- 
pothesis is consistent with the demonstrated 
roles of relevant pathways of elimination, 
bioactivation, detoxification, cytoprotection, 
and repair in modulating teratologic suscep- 
tibility. Nevertheless, the contribution of 
alternative mechanisms, and particularly 
receptor-mediated teratologic initiation, can- 
not be excluded for many such teratogens, 
and there is evidence for teratogens such as 
phenytoin that several concomitant mecha- 
nisms may contribute variably to particular 
fetal anomalies (Winn and Wells, 1995a). 
Given the relative absence of such molecu- 
lar and biochemical studies in pregnant 
women, the human relevance of reactive 
intermediate-mediated teratogenicity and its 
associated determinants of predisposition 
remain speculative, as do potential thera- 
peutic approaches for reducing xenobiotic- 
initiated embryonic and fetal damage. In 
light of the substantial nature of such dam- 
age in humans, and a long-standing aware- 
ness dating back to the discovery of human 
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Xe n o biot ics 
0 drugs 
0 environmental 

chemicals 

Bioactivation 
0 P450s 
0 peroxidases 

Reactive Intermediates - Detoxification 
0 electrophiles 
0 free radicals 

Targets 

protein 

p53 protein 

Molecular Damage ------'-..--------------'-I 
0 covalent binding DNA Repair Apoptosis 
0 oxidation l.---- - - - - - . - - - . - - - - - - - - - -~ 

I 1 

FIGURE 10. Potential embryoprotective role of DNA repair in chemical terato- 
genesis, exemplified by the p53 tumor suppressor gene. p53-facilitated DNA 
repair is generally embryoprotective for the DNA-damaging teratogens 
benzo[a]pyrene and phenytoin, with teratogenicity enhanced in p53-deficient 
dams. However, in some cases, particular fetal anomalies, and/or anomalies 
initiated by different teratogens or mechanisms, can be increased in p53-normal 
dams (dashed line), possibly due to the initiation of p53-dependent apoptosis 
(see text). (Modified from Nicol, C. J., Harrison, M. L., Laposa, R. R., Gimelshtein, 
I. L., and Wells, P. G. 1995. Nature Genet. 10: 181-187. With permission.) 

29 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



thalidomide teratogenicity in the late 1950s, 
it is surprising that so little is known about 
the human determinants of chemical terato- 
genesis. 

Ashby, R., Davis, L., Dewhurst, B. B., Espinal, R., 
Penn, R. N., and Upshall, D. G. 1976. Aspects 
of the teratology of cyclophosphamide (NSC- 
26271). Cancer Treat. Rep. 60: 477482. 
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