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Phenytoin (PHT) is an efficacious anticonvulsant agent that is commonly used in the treatment of seizures due to epilepsy. However, the use of phenytoin during pregnancy is associated with a group of birth defects, including cleft palate and reduced size known as Fetal Hydantoin Syndrome (FHS). Phenytoin may cause adverse effects through the production of reactive oxygen species (ROS). Green tea extract (GTE) contains epigallocatechin-3-gallate (EGCG), which may be able to attenuate the effects of ROS by free radical scavenging activity. The purpose of this study was to investigate the potential of exposure to GTE to attenuate teratogenic effects induced by phenytoin. Mated CD-1 female mice were orally dosed with only 400 mg/kg GTE, 400 mg/kg GTE + 85 mg/kg PHT, 200 mg/kg GTE + 85 mg/kg PHT, or only 85 mg/kg PHT. The control group received distilled water and pH-adjusted water. Phenytoin sodium salt (in pH-adjusted distilled water) was administered on gestation day (GD) 12 and 13 and the control group was dosed with pH-adjusted water on GD 12 and 13.  GTE or distilled water was administered from GD 8-16. Fetuses were removed on day 17 of gestation, weighed, measured, and examined for malformations. The incidence of cleft palate was apparently 



[bookmark: _GoBack]reduced in fetuses exposed to 200 mg/kg/d GTE compared to fetuses exposed to PHT alone; however, the difference was not statistically significant. Fetal weight, maternal weight gain, and the incidence of fetal resorption did not differ significantly among treatment groups. Prior and concurrent exposure to GTE may reduce the incidence of cleft palate in fetuses exposed to PHT, but a higher GTE dose or a different dosing regimen may be required.
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INTRODUCTION
Phenytoin (5, 5-diphenyl-hydantoin) (PHT) is a commonly prescribed anticonvulsant used to treat a variety of seizure disorders (loss of consciousness, jerking movements of arms and legs, or lip smacking) due to epilepsy, neurosurgery, or eclampsia (Ogura et al. 2002; Epilepsy Foundation, 2012). It is estimated that epilepsy affects about one million women of childbearing age in the United States, and epileptic women generally continue anticonvulsant therapy throughout pregnancy to avoid the dangers of uncontrolled convulsions (Liu and Wells 1995; Gallagher and Sheehy 2001). Maternal treatment with PHT is highly associated with a risk of a group of specific structural and functional malformations in the fetus, known as Fetal Hydantoin Syndrome (FHS) (Liu and Wells 1995; Howe et al. 1995). Generally, children with FHS display symptoms such as craniofacial anomalies, including a broad depressed nasal bridge, cleft palate, mid-facial hypoplasia and heart malformations, digital reduction defects, growth retardation and embryonic death (Azarbayjani and Danielsson 2001). 
The mechanisms of phenytoin teratogenicity have been studied in vitro and in vivo in animal models (Finnell et al. 1992; Gallagher and Sheehy 2001; Wells et al. 2010). Phenytoin therapy during pregnancy induces embryonic bradycardia and arrhythmia by interfering with cardiac ion channels in action potential depolarization, resulting in hypoxia-reoxygenation (reperfusion) damage (Danielsson, Danielson and Reiland 1991; Danielsson et al. 1992; Danielsson et al. 1997; Azarbayjani and Danielsson 2001). It is believed that reactive oxygen species (ROS) are generated at reoxygenation and cause disruption of vascularization, hemorrhage, and tissue death in the embryo by damaging proteins, lipids, and DNA and/or altering signal transduction, resulting in gross morphologic malformations (Danielsson et al. 1997; Azarbayjani and Danielsson 2001; Wells et al. 2010). ROS form as a normal byproduct of oxygen metabolism and have important roles in cell signaling (Wells et al. 2009). However, use of anticonvulsant therapies, such as phenytoin, may lead to formation of excessive amounts of ROS, causing levels to increase dramatically. The developing embryo requires tight regulation of gene expression to develop properly, and dysfunction of the genes involved by ROS in embryonic development may thus result in FHS (Wells et al. 2010). 
The use of dietary antioxidant supplements has dramatically increased in the US over the past 10 years (Brown, Evans and Luo 2006). Among the more than 2000 supplements on the market, epigallocatechin-3gallate (EGCG) is of particular interest because of its ability to prevent ROS-induced damage (Brown, Evans and Luo 2006; Chu et al. 2006). EGCG has several biological and pharmacological functions, including free radical scavenging activity, antioxidant actions, and attenuation of the lipid peroxidation caused by a variety of radicals (Logsdon et al. 2012). Green tea is an inexpensive, readily available source of EGCG and other antioxidants, including (+)-catechin (C), (-)-epicatechin (EC), (-)-gallocatechin (GC), (-)-epigallocatechin (EGC), (-)-catechin gallate (CG), EGCG, (-)-epicatechin gallate (ECG), and gallocatechin gallate (GCG) (Chu et al. 2006).  The naturally occurring antioxidant defense system includes enzymes such as superoxide dismutase (SOD) and catalase (Chacko et al. 2010). Intake of green tea extract (GTE) increases the activity of SOD in serum, the expression of catalase in the aorta, and total plasma antioxidant activity in rats (Skrydlewska et al. 2002; Chu et al. 2006), and these enzymes are implicated in protection against ROS (Picard 1996).
GTE may reduce the incidence of specific cyclophosphamide-induced birth defect, presumably due to its radical scavenging ability (Logsdon et al. 2012). As ROS are believed to be at least partially responsible for the defects observed as a result of PHT administration during pregnancy, it is not unreasonable to believe that GTE exposure prior to, during, and after PHT administration might attenuate some of the defects associated with FHS. No studies to date have reported the effects of GTE exposure on the teratogenicity of PHT. Thus, the present study aimed to investigate the effects of gestational exposure to GTE on malformations induced by PHT.

MATERIALS & METHODS
Animals. Male and female CD-1 mice were obtained from Charles River Breeding Laboratories International (Wilmington, MA) and were housed in a USDA-approved animal facility at Emporia State University, Emporia, KS. Animals acclimated to 25˚C ± 2° C at 50% to 70% humidity and a 12/12-hour light/dark cycle. Following a 2 week acclimation period, animals were bred naturally, two females with one male. Evidence of a copulatory plug designated gestation day (GD) 0. Female mice positive for copulatory plugs were weighed and were randomly assigned to one of five groups on GD 0. Mated females were individually housed in shoe-box type cages and were allowed free access to Harlan Teklad LM 485 rodent diet and tap water. All procedures that were performed on these animals were approved by Emporia State University’s Institutional Animal Care and Use Committee (permit #ESU-ACUC-09-018). 

Test Chemicals. GTE capsules were purchased from Health Genesis (Miami, FL). Each capsule was opened and the GTE powder from all capsules was mixed together to maintain homogeneity. 5, 5-Diphenylhydantoin sodium (phenytoin) (PHT) was purchased from Sigma-Aldrich (St. Louis, MO). The EGCG concentrations in the GTE were verified by high performance liquid chromatography.

Treatments. PHT exposure on GD 12 and 13 causes craniofacial defects in CD-1 mice (Eluma et al. 1984). The selection of PHT dosage level was based on reports indicating that indicated 85 mg/kg would induce malformations without causing embryo lethality or overt maternal toxicity (Azarbayjani and Danielsson 2001). Previous pharmacokinetic studies of catechins showed that 50 to 1000 mg/kg of GTE in rodents lead to the highest EGCG concentration in fetal tissues (Chen et al. 1997; Nakagawa and Miyazawa 1997; Kim et al. 2000; Chu et al. 2007). We choose 400 mg/kg GTE as a moderate starting dosage level. It was also halved to evaluate a possible dose dependency between PHT teratogenicity and GTE supplementation. GTE powder was analyzed by HPLC at Emporia State University and was found to contain 0.1454mg EGCG per milligram. A 400 mg/kg/d GTE dose therefore provided 58.16 mg/kg/d EGCG. 
Pregnant CD-1 mice were randomly assigned to one of five groups: 400 mg/kg/d GTE only, 400 mg/kg/d GTE + 85 mg/kg PHT, 200 mg/kg/d GTE + 85 mg/kg/d PHT, 85 mg/kg/d PHT, or the vehicle only (distilled water and pH-adjusted water). Deionized (DI) water and GTE were administered by gavage (oral intubation) from gestation day (GD) 8-16. PHT sodium salt (in water adjusted to pH 11) was administered via gavage on GD 12 and 13. Control animals were dosed with pH-adjusted water on GD 12 and 13 and DI water on days 8-16. GTE and PHT solutions were dissolved in DI water or pH-adjusted water and prepared prior to each dosing. This study was conducted in four sequential replicates.

Data Collection. On GD 17, mated females were euthanized by CO2 overdose (an AVMA-approved method), their uteri were exposed, and the numbers of resorptions and dead or live fetuses were recorded. Live fetuses were removed from the uterus, weighed individually, and examined for gross malformations. Fetuses were fixed in 70% ethanol, subsequently examined for the presence of cleft palate, and measured for crown-rump length. Fetuses were cleared and stained by a double-staining technique described by 
Webb and Byrd (1994) in preparation for skeletal examination. Maternal body weight, minus the gravid uterine weight, was recorded.
Data Analysis. The litter was used as the experimental unit for statistical analysis. The data from each study replicate were calculated independently, tested for homogeneity of variance by the Levene statistic, using SPSS (SPSS, Inc., Chicago, IL), and then pooled and analyzed to give the results reported. Data from each replicate were analyzed by one-way analysis of variance (ANOVA), followed by an LSD post-hoc test to determine specific significant differences among the groups (p≤ 0.05). 
RESULTS
Maternal body weight did not differ among treatment groups (Table 1). There were no clinical signs of maternal toxicity such as rough coat, vaginal, anal, nasal discharge, ataxia, or lethargy in any of the dams exposed to PHT, GTE, or any combination of the two. Treatment with 200 or 400 mg/kg/d GTE before, during, and after exposure to PHT reduced the incidence of cleft palate by 30% compared to the cleft palate incidence of fetuses exposed to PHT only; however, due to intralitter variation, this reduction was not statistically significant (Figure 1). GTE and PHT, alone or in combination, did not significantly affect crown rump length or fetal weight (p ≥ 0.05) (Table 1). Neither GTE nor PHT alone or in combination had any effect on resorption incidence. There was no significant difference in skeletal variation among treatment groups (Table 2).  
DISCUSSION
Previous studies have reported an association between oxidative stress induced by antiepileptic therapy during pregnancy and incidence of fetal malformations in rodents (Danielsson, Danielson and Reiland 1991; Danielsson et al. 1992; Danielsson et al. 1997; Azarbayjani and Danielsson 2001; Wells et al. 2010). Phenytoin is a teratogen in both human and animal models, and PHT administration during pregnancy produces related malformations in 6-10% of exposed infants (Finnell et al. 1992). PHT stabilizes membranes of neuron and cardiac excitable cells through the inhibition of voltage-dependent ion channels. This causes embryonic cardiovascular defects resulting in hypoxic insults to fetal tissues known as ischemic damage. ROS such as superoxide anion and hydrogen peroxide, arise during the reoxyenation process. ROS can alter signal transduction and form the highly reactive hydroxyl radical that can lead to the oxidation of embryonic lipids, proteins and DNA, ultimately causing morphological defects (Winn and Well 1995; Well and Winn 1996; Hansen 2006; Well et al. 2010).
Some of ROS are necessary for normal fetal development and serve as cell signaling molecules. Generally, exposure to ROS is timed, and endogenous antioxidants such as glutathione (GSH) and superoxide dismutase (SOD) are present in the fetus to prevent excess cell damage; however, overwhelming ROS production caused by xenobiotic substances, such as PHT, can result in adverse effects on fetal development (Hansen 2006; Well et al. 2010). It has ben shown that PHT teratogenicity can be reduced by antioxidants that are protective against oxidative damage. Vitamin A, C, and E, GSH peroxidase, SOD, and allopurinol are commonly used as antioxidants. Maternal administration of antioxidant enzymes such as SOD, which detoxifies either superoxide or hydrogen peroxide, inhibits the teratogenicity of phenytoin (Winn and Wells 1999). Mahabady and Varzi (2009) indicated that vitamin E consumption during pregnancy reduced the incidence of PHT-induced cleft palate. However, these antioxidants have limited capabilities and inconsistent clinical benefits because of their potential for toxic effects, limited tissue distribution, and inconvenient administration regimens (Chu et al. 2006). 
In the present study, we focused on assessing the potential for GTE to influence on PHT-induced malformations during pregnancy. GTE is a powerful antioxidant, containing high amounts of catechins. Catechins have high reducing power, and they effectively inhibit free radical formation and scavenge free radicals. In addition, they have large volumes of distribution and long half-lives (Chu et al. 2006). Epigallocatechin-3-gallate (EGCG) is the most active catechins, and it is efficiently absorbed into fetal tissues through the placenta after oral administration of GTE. That is the case even though the placenta acts an interface between maternal and fetal circulation and EGCG is selectively absorbed and retained by the fetus (Chu et al. 2006).
 Despite the high reducing power of GTE, the result of current study showed that administration of GTE during pregnancy did not significantly affect PHT teratogenicity. The incidence of cleft palate appeared to have been reduced in fetuses exposed to GTE compared to fetuses exposed to PHT only; however, this reduction was not statistically significant, although it may have been biologically meaningful. 
In general, it is difficult to induce cleft palate with dosage levels of PHT that are not maternally toxic. Many previous studies have reported teratogenicity of PHT; however, the timing of administration and dosages were often differed considerably among studies with widely varying results. Eluma et al. (1984) employed treatment with 50, 70, or 125 mg/kg by gastric intubation, observed only a 0.7% of incidence cleft lip at the highest dose of PHT, with administration during GD 8 -16 in CD-1 mice. Moreover, receiving 50 mg/kg PHT on days 9-15 of gestation did not induce cleft lip in A/J mice (Massey 1966). In contrast, Azarbayjani and Danielsson (2001) found that 39% of the fetuses had cleft palate after maternal exposure to 85 mg/kg PHT on GD 10-11 in CD-1 mice, although they administered PHT for a shorter period and at a dosage level no higher than those of other studies. 
Much of the difficulty in inducing cleft palate in our mice may be attributable to the strain. CD-1 mice are not especially susceptible to cleft palate, although they are used commonly in PHT studies, so a reduction in teratogenic effects of a drug in which the main observable effect is cleft palate may be difficult to accurately evaluate. In general, it is difficult to induce cleft palate with dosage levels of PHT that are not maternally toxic. The apparent reduction in the incidence of cleft palate in groups treated with GTE was not statistically significant, but may well be biologically meaningful. In other words, GTE may in fact attenuate some of the defects associated with FHS, but because the strain employed in this study was cleft palate resistant, any protective potential may not have been directly observable. Further study using a mouse strain that is more susceptible to the development of cleft palate may shed more light on whether GTE truly affects PHT teratogenicity and on any underlying mechanisms for such effects. 


Table 1. Maternal weight gain and litter parameters of CD-1 mice exposed to GTE & PHT 


	



	Treatment and Dose (mg/kg)

	
	Vehicle Control
	GTE  400
	GTE 200 + PHT 85
	GTE 400 + PHT 85
	PHT 85

	Litters examined (Fetuses/Litters)
	274/20
	240/18
	290/22
	229/18
	279/21

	Maternal weight gain (g ± SEM)
	10.04 ± 0.58
	9.92 ± 0.68
	9.76 ± 0.59
	9.76 ± 1.05
	11.09 ± 0.32

	Resorbed or dead fetuses 
(%. ± SEM)
	0
	0.70 ± 0.49
	0
	0.84 ± 0.84
	0.68 ± 0.46

	Litters with resorbed or dead fetuses (No./No.)
	0
	2/11
	0
	1/6
	2/10

	Fetal Weight 
(g ± SEM) 
	1.00 ±0.02
	1.04 ± 0.03
	0.97 ±0.02
	0.98 ±0.02
	0.97 ± 0.01

	Crown-rump length 
(mm ± SEM)
	20.90 ± 0.25
	21.19 ± 0.29
	20.80 ± 0.21
	20.83 ± 0.32
	20.61 ± 0.22






Table 2. Skeletal variations in fetuses exposed to GTE & PHT
aSupernumerary and rudimentary ribs
bSplits in the first or second cervical arches


	
	Treatment and Dose (mg/kg)

	
	Vehicle Control
	GTE  400
	GTE 200 + PHT 85
	GTE 400 + PHT 85
	PHT 85

	Ribs variationsa 
(% ± SEM)
	30.55 ± 5.00
	30.87 ± 6.58
	26.03 ± 4.64
	38.73 ± 7.23
	19.58 ± 4.14

	Cervical archb
( % ± SEM)
	2.00 ± 1.02
	2.81 ± 1.35
	1.30 ± 1.01
	0
	1.19 ± 0.87





 

Figure 1. Incidence of Cleft Palate of Fetuses Exposed to GTE & PHT
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