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Teratogenic xenobiotics such as thalidomide, phenytoin and benzolalpyrene (B[a]P) may be 

bioactivated by prostaglandin H synthases (PHSs) to fiee radicaI reactive intermediates that 

ulitiate the formation of  reactive oxygen species (ROS), which oxidativeIy damage cellular 

macromolecules. Using electron paramagnetic resonance spectrometry, the mechanism of fiee 

radical formation for phenytoin and related analogs was evaluated in an in vitro system with 

p-ed PHs-1 and the fiee radical spin trapping agent alpha-phenyl-N-t-butylnitrone (PBN). 

PHs-catalyzed, carbon-centred fiee radical formation was detected for phenytoin and al1 its 

analogs. For phenytoin, both a putative unstable nitrogen-centered and a stable carbon-centered 

free radicals were detected, which were capable of oxidizing DNA. This provides the first direct 

chemical evidence for PHs-catalyzed bioactivation of phenytoin and related teratogens to a free 

radical intermediate that initiates DNA oxidation, which may constitute a cornmon molecular 

mechanism of teratologic initiation. 

The developmental role of PHs-I and -2 is poorly understood. Using PHs-2 knockout 

rnice, we determined that embryonic PHs-2 is expressed constiîutively during organogenesis, 

and contributes substantially to B[a]P bioactivation and teratogenicity, evidenced by an 

increased incidence of malformations and postpartum lethality in both +/+ and +/- fetuses 

exposed in utero to B[a]P compared to their -/- littermates. Sirnilarly, PHs-1 knockout rnice 

were less susceptible to phenytoin- and B[a]P-initiated embryopathy, and to phenytoin-initiated 

DNA oxidation. Although deficiencies in PHs-1 and -2 protected against xenobiotic 

teratogenesis, materna1 administration of a chemical known to specifically inhibit PHs- 1 in vitro 

resulted in potentiation of phenytoin teratogenicity, suggesting that these inhibitors may not be 

suitable for in vivo use during pregnancy. 



The once-abandoned human teratogen thalidomide has found new therapeutic uses, even 

though its mechanism of teratogenesis remains unclear. In rabbits (a susceptible species), 

thaiidornide initiated embryonic DNA oxidation and teratogenicity, both of which were 

abolished by pretreatment with PBN. Conversely, in mice (a resistant species) thalidomide did 

not enhance DNA oxidation, providing the fmt insight into an embryonic detenninant of 

species-dependent susceptibility- These results constitute the fust direct evidence that the 

teratogenicity of thalidomide may involve free radical-mediated oxidative damage to embryonic 

cellular macromolecules. 

The results fkom this thesis suggest that the mechanism of teratogenesis for many 

xenobiotics may involve embryonic PHs-catalyzed bioactivation to a fiee radical intermediate, 

resuIting in ROS-dependent oxidative darnage to embryonic cellular macromolecules~ 
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1.1 RATIONALE AND ~ S E A R C H  OBJECTIVES 

The teratogenicity of many dnigs and environmental chemicals, collectively known as 

xenobiotics, are thought to involve embryonic bioactivation to a reactive intermediate, which if 

not immediately detoxified by normal detoximng and cytoprotective pathways, may lead to 

oxidative stress andor darnage embryonic rnacromolecular targets such as protein, lipids and 

DNA. These reactive intermediates can covalently bind to andlor oxidize embryonic molecular 

targets. When the threshotd for restorative function of repair pathways are exceeded, these 

molecular lesions may alter developmental processes, resulting in in utero death and 

teratogenesis (Fig. 1). Since the amount of reactive intermediate formed during the bioactivation 

of a xenobiotic rnay be estimated to be 1%-10% of the dose, the reactive intermediate-initiated 

toxicity can occur at therapeutic doses (Wells and Wim, 1996). In predisposed individuals, 

either the formation of the reactive intermediate is enhanced or the detoxification, cytoprotective 

andor repair pathways are compromised Ieading to an imbalance, which can have a major effect 

on tissue exposure and toxicity. The toxicity initiated by a reactive interrnediate is different 

fiom that caused by the reversible binding of a ligand such as a xenobiotic or its metabolite to a 

receptor in that exposure to concentrations above therapeutic leveis of xenobiotics are normally 

required for receptor-mediated toxicity. 

The teratogenicity of many xenobiotics is thought to depend in part upon their bioactivation 

by peroxidases such as prostaglandin H synthmes (PHSs) and lipoxygenases (LOXs) (Reviewed 

in: Wim and Wells, 1995a; Wells and Wim, 1996; Wells et al., 1997a; Wells et al., 1997b; 

Wells and Winn, 1997) to a fiee radical reactive intermediate, which c m  initiate the formation 

of reactive oxygen species (ROS) that cause oxidative stress and oxidative damage to DNA, 

protein and lipids. PHSs have a broad range of biological fimctions, including the well 
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embryotoxicitv of xenobio tics that are bioactivated to a reactive intermediate. 
Teratologic susceptibility is thought to be determined by the balance of xenobiotic elimination, xenobiotic reactive intermediate 
detoxification, cytoprotection against reactive oxygen species, and repair of macromolecular damage. PHs, prostaglandin H synihase; LPO, 
lipoxygenase; P450, cytochrornes P450; UDP, uridine dipliospliate; GSH, glutathione; SOD, superoxide dismutase; GC>PD, glucose-6- 
phosphate dehydrogenase. (From: Winn and Wells, 1995a with permission) 
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documented but perhaps generally uaappreciated ability to convert many dmgs and 

environmental chernicals to toxic fiee radical intermediates- Houwer, little is known about the 

expression and roles of PHSs during embryonic development, particularly with respect to the 

PHs-2 isoform, which is non-constitutive in most adult tissues. 

The focus of this thesis is to fiirther elucidate the toxicological relevance of PHSs in chemical 

teratogenesis and to determine the chemical nature of the reactive intermediates fomed during 

the bioactivation of xenobiotics by these enzymes, using the environmental carcinogen 

benzo[a]pyrene (B[a]P), the anticonvuisant dmg phenytoin and the sedative drug thalidomide as 

models. Our studies were further designed to determine the possible moIecular mechanism 

responsible for species-dependent differences in toxicoIogical consequences. Our objectives 

were as follows: 

1. To determine the chemical nature of the putative free radical of anticonvulsant drug 

phenytoin, its metabolite 5-@-hydroxypheny1)-5-phenylhydantoin 07-HPPH) and structural1 y 

related analogs. These studies provided the first direct chemical evidence for PHS-catalyzed 

bioactivation of phenytoin and related proteratogens to a potentially embryotoxic free radical 

intermediate. As detailed in the above reviews, there is evidence in vivo, in embryo culture, and 

in vitro for ernbryonic PHs-catalyzed bioactivation of phenytoin to a fkee radical intermediate 

that initiates embryotoxic ROS formation- However, little is known about the chemical nature 

of the putative free radical intermediate of phenytoin. Secondly, to determine whether this 

putative fkee radical c m  oxidize moIecular targets such as DNA (see section 2.1). 

2. To assess the distinctive role of PHs-1 and PHs-2 in the mechanisrn of  xenobiotic-initiated 

teratogenesis using knockout mice and a specific inhibitor of PHs- 1. Secondly, to determine 

whether PHs-2 is constitutively expressed in embryos during organogenesis, the critical penod 

of teratological susceptibility. PHSs are bifunctional proteins that have both cyclooxygenase 
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and peroxidase activity. PHs-I is constitutive in embryos and almost al1 adult tissues, PHs-2, 

while non-constitutive (but inducible) in most adult tissues has not been investigated in 

embryonic tissues during the period of organogenesis. These studies were the first to 

demonstrate that the lack of PHs-1 or -2 c m  protect against teratogenesis initiated by 

xenobiotics, and that PHs-2 is constitutive in embryos during this period (see section 2.2-2.4). 

3. To investigate the potential role of fiee radical-initiated oxidative DNA damage in the 

mechanism of thalidomide teratoge~city using the fkee radical spin trapping agent dpha-phenyl- 

N-t-butyfnitrone (PBN), and to assess the potential teratological relevance of thalidomide- 

initiated embryonic DNA oxidation in rabbits (sensitive to thalidomide teratogenicity) and mice 

(resistant). In addition to their therapeutic implications, these studies constitute direct evidence 

that the teratogenicity of thalidomide may involve fiee radical-mediated oxidative damage to 

embryonic cellular macromoIecules (see section 2.5). 



It has been reported that as many as 16% of human children who survive to birth will exhibit 

some teratological abnormalities, which in addition to malformations include growth retardation 

and fûnctional or behavioral deficits (Manson and Kang, 1994). About 510% of these effects 

occur as a result of matemal exposure to teratogens (Bechan  and Brent, 1984). There are 

several postulated mechanisms for the xenobiotic-initiated teratogenesis that can be generalized 

into two major theories. These two theories are discussed below. 

1-2.1 REACTTVE INTERMEDIATE-MEDIATED TERATOGENICITY 

Many xenobiotics are thought to evoke teratogenicity through their bioactivation by 

embryonic metabolizing enzymes such as peroxidases or cytochromes P450 (P450s, CYPs) to 

highly reactive and potentially toxic metabolites (Fig. 1). Subsequently, these reactive 

intermediates, depending upon their chernical nature, can irreversibly ("covalently") bind to 

andor oxidize embryonic molecular targets such as DNA, protein and lipid. Normally, a 

reactive intemediate may be either an electrophile or a fiee radical. Highly reactive 

electrophilic intermediates such as epoxides and arene oxides of many xenobiotics have been 

postulated to be involved in their mechanism of teratogenicity (Wells et al., 1997b). If these 

electrophiles are not detoxified by enzymes such as epoxide hydrolase and glutathione-S- 

transferase, the electrophile will react with electron nch groups that exists in protein, lipid and 

DNA, forming an irreversible covalent bond. Many xenobiotics are thought to initiate 

teratogenicity through the direct generation of a &e radical reactive intermediate, which may 

directly or indirectly react with molecular oxygen to produce ROS (Kappus, 1986). Other 

pathways via which ROS can be generated include reductive bioactivation of "redox cyclers" by 

reductases (Juchau et al., 1986; Kappus, 1986) and direct interaction of the xenobiotic with 

oxygen (Fantel et al., 1992; Desesso et al., 1994; Zirnmerman et al., 1994). Free radicals if not 



7 

detoxified by cytoprotective pathways such as glutathione (GSH), may oxidize macromolecular 

targets either directly or via formation of ROS, or in some cases may covalently bind to 

macromolecular targets- 

Little is h o w n  about the underlying role of covalent binding to, and oxidation of, embryonic 

DNA, protein and lipid in teratologic initiation. With respect to protein and lipid 

akylation/arylation andlor oxidation, there is evidence irnplicating their involvernent in 

chernicd teratogenesis. For instance, agents that increase or prevent teratogenicity of drugs such 

as phenytoin can respectively increase or prevent covalent binding to or oxidation of proteins 

and lipids (Liu and Wells, 1994b; Liu and Wells, 1995b). DNA seems to be an attractive mode1 

for a teratologically relevant target given its role in chernical carcinogenesis (Williams and 

Weisburger? 199 l), since it has been demonstrated that deficiency in the p53 turnor suppressor 

gene, which is necessary for DNA repair, results in higher susceptibiIity to the B[a]P (Nicol et 

al,, 1995) and phenytoin (Laposa and Wells, 1995; Laposa et al., 1996) teratogenicity. 

In addition to reacting with macromolecular targets, ROS such as superoxide radical anion 

(O2>, hydrogen peroxide (H20z) and hydroxyl radical ('OH), serve as subcellular messmgers 

and are important mediators of cellular signal transduction pathways and gene regulation 

(activating or silencing) (Allen and Tresini, 2000). ROS are known to activate mitogen 

activated protein kinase (MAPK) and nuciear factor-& (NF-KB) signahg pathways leading to 

the upregulation of several proto-oncogenes such as Fos and Jun, which are involved in gene 

transcription (Allen and Tresini, 2000). The cellular responses to ROS c m  be divided into five 

categories: 1) apoptosis, 2) modulation of growth factors and cytokines, 3) neuromodulation 4) 

gene transcription and 5) ion transport (Lander, 1997). Although the mechanism by which ROS 

regulate signal transduction is not weIl understood, it is thought that changes in the redox status 

of the cell results in oxidation ~r redwtion of protein sulfhydryls which may augment the ability 
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of a paaicular protein required for signal transduction or gene regulation to bind to DNA, 

release inhibitor or activator subunits, or  promote protein complex formation (Allen and Tresini, 

2000). 

ln addition ROS can control ce11 growth, ce11 differentiation and ce11 death by causing 

mutations in proto-oncogene products, which are components of the cornplex signaling 

pathways (Park, 1995). ROS generated fiom the bioactivation of dnigs such as phenytoin and 

thalidomide have been shown to oxidize embryonic DNA to produce 8-hydroxy-2'- 

deoxyguanosine (8-OH-2'-dG) (Liu and Wells, 1995a; Wim and Wells, 1995b; Parrnan et al., 

1999), which has been shown to be a mutagenic event @izdaroglu, 1993). Aithough ROS is 

thought to be important in the normal physiology and regulation of gene expression, there may 

be a threshold above which these species may excessively activate signal transduction pathways 

thereby initiating teratogenesis. 

The developing embryo is particularly sensitive to ROS because activities of most 

antioxidative enzymes (superoxide disrnutase, catalase, glutathione peroxidase, glutathione 

reductase), and concentrations of the antioxidant vitamin E, are less than 10% of the 

corresponding activities or concentrations in rnaternal tissues (Keiiy et al., 1990; Winn and 

Wells, 1995a; Schiff et al., 1996). 

1.2.2 RECEFTOR-MEDIATED TERATOGENICITY 

The teratogenicity of some xenobiotics is thought to occur, at l e s t  in part, via a reversible, 

receptor-mediated pathway (reviewed in: Juchau, 198 1 ; Hansen, 199 1 ; Juchau et al., 1 992). 

This mechanism is distinct from the reactive intermediate pathway in that xenobiotics or their 

stable metabolites reversibly bind to a specific protein receptor inducing an embryopathic 

response. While the biochemical process is reversible, the same cannot be said for the ultimate 

teratologic outcorne. For receptor-mediated toxicity, generally a concentration of xenobiotic 
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above the therapeutic range is required. In contrast, the toxicity of a reactive intermediate cm 

occur in a susceptible population at therapeutic doses. nius, a small imbalance in rnetabolic 

pathways resulting in increased bioactivation, decreased detoxification or repair rnay lead to a 

significant increase in the amount of reactive intermediate which can form adducts 

(electrophiles) with, or oxidize (free radicalsROS), macromolecdar targets such as lipid, 

protein and DNA. Moreover, receptor-mediated toxicity n o d l y  occurs shody after exposure 

to high doses of the xenobiotics, while reactive intemediate-mediated toxicity may occur hours, 

days or, in the case of tramplacental carcinogenesis, years after exposure, and typically long 

after tissue concentrations of the parent compound have subsided. 



13.1 PROSTANOIDS AND THEIR RECEPTORS 

Prostanoids play a pivotal role in inflammation in variety of human tissues and in animals 

(Mead et al., 1986). For instance, they are involved in the regulation of many critical 

physiological responses such as blood clotting, ovulation, parturition, bone metabolism, nerve 

growth and development, immune responses, kidney fünction and wound healing by acting as 

signaling molecules in autocrine or paracrine pathways. 

The rate lirniting step in the synthesis of eicosanoids (leukotrienes and prostanoids) is the 

release of fiee arachidonic acid (AA) from membrane phospholipid esters upon hydrolysis by 

phospholipase A2 (Fig. 2). Prostaglandin H synthases (PHSs), also known as cyclooxygenases 

(COXs), exist as two isoforms, PHs-1 and -2, which are bifunctional enzyrnes with both 

cyclooxygenase and peroxidase activity. PHSs are initial enzymes in the biosynthesis of 

prostaglandins (PGs) and thromboxanes (TXs). Ir! this two-step process, AA is first oxygenated 

by the cyclooxygenase component of PHs to hydroperoxy endoperoxide (PGG2), which is 

subsequently reduced by the hydroperoxidase component of PHs to the corresponding alcohol, 

hydroxy endoperoxide @GHz) (Nugteren and Hazelhof, 1973; Hamberg et al., 1974; Ohki et al., 

1979). In the second step, the endoperoxide moiety of PGH2 is metabolized by a variety of other 

enzymes to generate PGs and TXs such as PGE2, PGD2, PGF2,, PG12 and TX&, collectively 

known as prostanoids (Hûmmarstrom and Falardeau, 1977; Ogino et al., 1977; Yoshimoto et al., 

1977; Yamamoto et al-, 1980). The type of prostanoids produced is tissue-dependent, and there 

is a discordance among the prostanoids. For instance, endothelial cells mainly produce PG12, 

which is responsible for the inhibition of platelet aggregation, while platelets primady produce - to mediate pIatelet aggregation (Herschrnan, 1996). 
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One reason for the different effects of prostanoids is their varied chemical structures and 

diversity of the receptors tirough which they exert their effects. Prostanoids are categorized 

based on the substituent of their cyclopentane ring (Fig. 2). PGs with 9-keto, 11 hydroxy 

substitution are in the E series, while the PGs in the F and D classes are 9-hydroxy, 1 1-keto and 

9-1 1 dihydroxy substituted, respectively (Griswold and Adams, 1996). PGIz is a prostacyclin 

with an Il-hydyroxy substitution and a five-member cyclic ether ring. In contrast, TXs have a 

6-member cyclic ring (Fig. 2). The signal transduction by prostanoids is carried out mainiy by a 

ligand-dependent G-coupled cytoplasmic receptor family, which is divided into DP, EP 1-4, FP, 

IP and TP based on their interaction with their naturally occumng ligands, PGD2, PGE2, PGFZa, 

PGIz and TX&, respectively (Fig. 2). Some of the physiological roles of these receptors are 

sumrnarized in Table 1, In addition, the peroxisome proliferator-activated receptors (PPARa, 

PPARB, PPARy, PPARG), which upon ligand binding act as nuclear transcription factors 

(Forman et al., 1996), also utilize prostanoids as their activating ligands. These nuclear 

hormone receptors are involved in the ligand-inducible replation of lipid metabolism, adipose 

tissue differentiation, possibly hepatocarcinogenesis in rodents (Green and Wahli, 1994) and 

embryo implantation in rnice (Lim et al., 1999). PGi2 generated primarily by uterine PHs-2 is 

the most abundant PG at the implantation site, and has been shown to activate PPARG in this 

tissue (Lim et ai., 1999). 

13.2 STRUCTUFCE, EXPRESSION AND ENZYMOLOGY 

1.3.2.1 AMINO AClDS &VOL VED IN PROTE/~~STRUCTURE OF PHSS 

The structure, biology and enzyrnology of both PHs-1 and -2 are similar. They are both 

globular homodimeric heme-containing enzymes and, unlike other integral membrane proteins, 

they are firmly anchored to one leafiet of  the lipid bilayer through four hydrophobic surfaces of 



Table 1. Some physioiogical roles of prostanoids and their receptors (Griswold and Adams, 
1996; Lim et al., 1999). 

Receptor Ligand PhysiologicaI Role 
DP PGD2 Mosùy inhibitory response (e.g. Znhibition of platelet 

aggregation) 
Induction of hyperalgesia 

PGE2 Induce increased vasculature perrneability and edema 
Induce inflarnmatory process (e-g. pain) 
hduce anti-idammatory process hough :  

-Induction of CAMP 
-1nhibit secretion of TNF-a 

Contraction of srnooth muscles(EP- 1. EP-3) 
Relaxation of smooth muscles(EP-2) 
Inhibition of secretion from mast cells and basophil (EP-2) 
Inhibition of acid secretion f iom gastrk mucosai cells (EP-3) 

PGFt, Leuteolysis 
Contraction of kidney glumenilus 
Bronchoconstriction 

PGIz Dilation of vasculature 
Platelet disaggregation 
Induction of hyperalgesia 
Immunoregulatory role 

m 2  Constriction of vasculature 
Platelet aggregation 
Contraction of airway smooth muscles 
Closure of urnbilicd vessels 
T-ce11 apoptosis 
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amphipathic a-helices located near their amino terminal (Picot and Garavito, 1994; Picot et al,, 

1994; Otto and Smith, 1996; Li et al., 1998). P H s 4  is located on the lumen side of the 

endoplasmic reticuium (ER); its immunoreactivity bas been detected in both the ER and with 

lower intensity in the nuclear envelope (NE), but predominantly functions in ER. On the other 

hand, PHs-2 has been detected in both the NE and ER with almost similar intensity. but 

primarily functions in the NE. Within a species there is a 60% homology between PHs-1 and 

PHs-2 (Fig. 3), whereas greater than 80% hornology in these isofoms h& been observed among 

different species. AIthough PHs-1 and -2 oxygenate AA with almost identical kinetics (Km 

value of 5 pM), PHs-2 is much more efficient with alternative substrates such as a-linolenic 

acid, which is oxygenated by this enzyme 20 times faster then by PHs-1 (Bamett et al., 1994; 

Laneuville et al., 1994; Laneuviile et al,, 1995). There are several amino acids in PHSs that are 

essentid for catalytic activity, such as the amino acids of the active site and N-glycosylation 

sites, which are well conserved among species (Hla and Neilson, 1992). Figure 4 shows a 

mode1 in which an alkylhydroperoxide is bound to the heme moiety present at the peroxidase 

active site of ovine PHs-1 (Smith and DeWitt. 1995). The heme group, which is required for 

cycIooxygenase activity of PHSs, is held in place by the axial His 388 (in mouse: residue 390 of 

PHs-I ; 374 of PHs-2) and distal His 207 (in mouse: residue 209 of PHs-1; 193 of PHs-2). Tyr 

387 (in mouse: residue 389 of PHs-1; 374 of PHs-2), located at the cyclooxygenase active site, 

is involved in the transfer of the radical generated fiom oxidation of heme to the AA (See 

section 1.3.2.3), which is held in place by Arg 120 (in mouse: residue 122 of PHs-1; 106 of 

PHS-2) and Ser 530 (in mouse: residue 532 of PHs-1; 5 16 of PHs-2). Despite almost identical 

amino acid sequence for the substrate binding site and catalytic regions of PHs-1 and -2, there 

are important differences between these two isofoms in these regions; particularly, the 

exchange of Ile at positions 434 and 523 (in mouse, Ile 436 and 525) in PHs-1 for Val in PHs-2 



PHS-~.=------------------ AVZLCAALGLSQAANPCCSNPCQNRGEC 3 2  

PHS-l:MSRRSLSLWE'PLI&LLLLPPTPSVLL-ADPGVPSPVNPCCYYPCQNQGVC 4 9  

9 
PHs-2 : MSTGFDQYKCDCTRTGFYGENCTT PEFLTRIKLLLT T H  T H  82  
PHS-1:VRFGLDNYQCDCTRTGYSGPNCTIPEIWTWLRNSLRPSPSFTHFLLTHGY 99 

t 
PHS-2:GVWNIVNNIPFLRSLTMKYVL;"SRSYLIDSPPTYNVHYGYKSWEAFSNLS 132 
PHS-1:WLWEFVNAT-FIREVLMRLVLTVRSNLIPSPPTYNSAHDYISWESFSNVS 148 

PHs-2 : YYTRALPPVADDCPTPMGVKGNKELPDSKEVLEWLLRREFDPQGSNM 182 
PHS-1:YYTRILPSVPKDCPTPMGTKGKKQLPDVQLPDVQLLAQQLLLRREFIPAPQGTNI 198 

PHs-2:DIDVMELYPALLVEKPRPDAIFGET LGAPFSLKGLMGNPICSPQYWK 532 
PHs-1:DIDALEFYPGLLLEKCQPNSIFGES I MGAPFSLKGLLGNPICSPEYWK 548 8 + 
PHS-2:PSTFGGEVGEKIINTASIQSLICNNVKGCPFTSFNVQDPQPTKTATLNAS 582 - 
PHS-1:PSTFGGDVGFNLVNTASLKKLVCLNTKTCPYVSFRVPDYPGDDGSVLV- 596 

Figure 3. The alignment of PHs-1 and -2 isoforrns. Nmbering for both PHs-I and PHs-2 is 
given and the numbering begins with the methionine at the translation start site. n i e  signal 
peptides at the beginning of the proteins are shown in bold and underlined. The characteristic 
18 arnino acids at the C-terminus of PHs-2 are also shown in boid and underlined. The arrows 
mark the Asn residues invoived in N-glycosylation of the proteins. The open triangle marks the 
Tyr residue, which is required for cyclooxygenase activity of these enzymes. Shown in bold are 
catdyticdly essential histidine and serine residues. The box shows the change of Ile in PHs- 1 
to Val in PHS-2, which results in larger active site for PHs-2. 



Figure 4. Mode1 of the cyclooxygenase and peroxidase active sites of ovine PHs-1. AA is 
shown to be held in the cyclooxygenase active site by Arg 120 and Ser 530 in the proximity of 
Tyr 385, which is required for cyclooxygenase activity of this enzyme. A hydroperoxide is 
shown bound to the heme group at the peroxidase active site. (From: Smith and DeWin, 1995 
with permission) 



at the corresponding positions (Fig. 3). These differences remit in a larger and more flexible 

active site for PHs-2 as detemined by inhibitor studies (Kurumbail et al., 1996)- In addition, 

there are differences in the N- and C-terminus of these enzymes (Picot et ai,, 1994; Kunimbail et 

al., 1996). PHs-2 has a shorter signal peptide than PHs-1 at the N-terminus by 17-amino acid, 

but has an extra 18-amino acid sequence at the C-terminus, which is not present in PHs-1. 

AIthough the fÛnctionaiiQ of these sequences is currently unknown, the extra 18-amino acid 

sequence at the C-terminus of PHs-2 has been used to develop specific antibodies against this 

enzyme (O'SuIIivan et al., 1992; Habib et al., 1993; Reiger er al., 1993). 

Although the predicted molecular weight of PHs-1 fiom its cDNA sequence is 65.5 kDa, it 

appears as a single band at of 72 kDa as determined fiom the analysis of this enzyme using SDS- 

polyacryiarnide gel electrophoresis (SDS-PAGE). This apparent shift in the molecular weight is 

due to the post-transcriptionally N-linked glycosylation at the three putative Asn positions 70, 

146 and 412 (Otto et al,, 1993) (Fig. 3) with oligosaccharides that contain mannose (Man) and 

N-acetylglucosarnine (NAcGln). In the case of PHs-1, two of these oligosaccharides have been 

shown to be M ~ I I ~ ( N A C G ~ ~ ) ~  and Man9(NAcGln)2 (Mutsaers et al., 1985)- Using site-directed 

mutagenesis, cycIooxygenase and peroxidase activity of  the enzyme has been shown to depend 

upon glycosylation at positions Asn 412 and either Asn 70 or Asn 146. However, once the 

enzyme is in its active conformation it does not require these carbohydrates for the activity of its 

cyclooxygenase and peroxidase components (Otto et al., 1993). 

PHs-2 is aiso N-glycosylated at 3 Asn positions corresponding to those of PHs-1 (Fig. 3). 

However, there is an additional N-glycosylation site on ovine PHs-2 at Asn 580, which is 

located in the i 8-amino acid sequence near the C-terminus of the enzyme. About 50% of PHs-2 

molecules are N-glycosylated at this position, which does not affect activity but results in the 

observation of a doublet with molecular weight of 72 and 74 kDa with SDS-PAGE (Mutsaers et 
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al., 1985). Similarly, murine PHs-2 is glycosylated at the Asn 53, 130, 396 and 580 (Mutsaers 

et a[., 1985). Unpurified PHs-2 from tissues or ce11 lysate sometimes appears as doublet or 

triplet bands between 65-74 kDa. This could be due to degradation or deglycosylation during 

the sample preparation, but more likely due to naturally occumhg deglycosylation (OfBanion er 

al., 199 1; Feng et al., 1993; Habib et al., 1993; Percival et al., 1994; Kaumiann et al., 1996). in 

addition, with SDS-PAGE, the murine PHs-2 protein migrates at a lower molecular weight than 

that observed for the ovine form (Oshima et al., 1996), possibly due to naturally occurrïng 

deglycosylation. 

PHs-1 is expressed constitutively in most adult tissues and is available for on-demand 

synthesis of prostaglandins that participate in "house-keeping" activities, such as regulating 

vascular homeostasis, stomach h c t i o n  rend water and sodium resorption (Dinchuk et ai., 

1995; Morharn et al., 1995; Smith and DeWitt, 1995). In the central nervous system, PHs-1 is 

highiy localized in the forebrain (Mitchell and Warner, 1999). On the other hand, PHs-2 ; which 

is thought to be involved in idammatory responses, is non-constitutive (but inducible) in adult 

tissues except for macula densa of the kidney (Harris et al., 1994), vas deferens (McKanna et al., 

1998)and brain (Feng et al., 1993; Maslinska et al., 1999), where PHs-2 has been found to be 

constitutively expressed. In brain, PHs-2 is mainly expressed in the cortex, hypothalamus and 

hippocarnpus (Breder et al., 1 995; Breder and Saper, 1996). 

The PHs mechanism of action is summarïzed in Fig. 5. Initially, a hydroperoxide such as 

PGGz will bind to the peroxidase active site of the enzyme to generate a radical cation, termed 

compound 1, by two-electron oxidation of the heme group at the peroxidase active site 



CYCLOOXYGENASE 
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Figure 5. The postulated pathway of prostaglandin H synthase (PHs) catalysis. Cyclooxygenase and iiydroperoxidase, the two components 
of PHs, catalyze the first and second steps in prostaglandin biosynthesis. (1 )  Hydroperoxide oxidizes the heme to generate compound 1. (2) 
Abstraction of a hydrogen from the phenyl ring of the Tyr residue results in formation of compound II. (3) Subsequently, compound II 
removes a hydrogen from 13-pro4 position of AA radical. (4) Molecular oxygen is added to AA radical. (5) Abstraction of hydrogen for 
the tyrosine by AA peroxyl radical results in generation of PGG2 and regeneration of the tyrosyl radical. PPIX-~e)', heme; AA, arachidonic 
acid. (From: Smith and DeWitt, 1995 with permission). 
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(Smith and Marnett, 1991; Smith and Marnett, 1994). Subsequently, compound II is fomed through 

an intramolecular electron transfer during which a phenolic hydrogen is extracted fiom tyrosine 389 or 

374 for PHs-1 or -2, respectively. This hydrogen abstraction resdts in generation of a tyrosyl radical 

that has recently been detected by electron paramagnetic resonance spectrometry (EPR) and has been 

shown to parallel the formation of cornpound II (Tsai et al., 1995; Tsai et al., '1998; Tsai et al., 1999). 

A tyrosyl radical was originalIy proposed to be the species responsible for the initiation of 

cyclooxygenase activity (Karthein et al., 1988), by extracting the 13-pro-S hydrogen fiom AA to 

generate a fatty acid acyl radical. This acyl radical cm subsequentiy interact with two molecules of 

oxygen to generate PGG.  It has been shown, using site-directed rnutagenesis, that replacement of Tyr 

389 in PHs-1 with phenyldanine elirninates the cyclooxygenase activity but has no effect on 

peroxidase activity of PHSs (Shimokawa et al., 1990). There are several ty-rosyl radical species that 

have been detected during cyclooxygenase catdysis but only one of them, which generates a broad 

doublet EPR signal, has been shown to be present during the cyclooxygenase activity for both PHs-I 

and PHs-2 (Tsai et al., 1998; Shi et al., 2000). It is postulated that the narrow singlet EPR signal 

observed as a result of enzyme self-inactivation occius possibly through radical repositioning via 

transfer of the radical to another tyrosine residue (Tsai et al., 1998; Shi et al., 2000). 



1 3 3  GENETICS OF PHs-1 AND PHs-2 

PHs-1 and -2 are encoded by separate genes that are located on different chromosomes, 

PHs-1 is located on human chromosome 9 and murine chromosome 2, while PHs-2 is located 

on human and murine chromosome 1. PHs-2, which is considered to be the largest among the 

early response genes (Herschman et al., 1994), is 8 kb in length with ten exons and nine introns. 

In contrat, PHs-1 is a 22 kb housekeeping gene with 1 1  exons and 10 introns. The exon 

encoding the 17-amino acid sequence at the N-terminus of PHs-1 is rnissing in the PHs-2 gene. 

The exon-intron structures of rnurine PHs-2 (Fletcher et al-, 1992) are similar to chicken (Xie el 

al., 1993) and human (Appleby et al., 1994; Kosaka et al., 1994; Tazawa et al., 1994), which are 

dso 8 kb in length, An additional feature that distinguishes PHs-1 from PHs-2 is the existence 

of regulatory cis-elements (consensus sequences located upstream of promoters which allow 

binding of regulatory proteins and consequently activating the transcription process) such as a 

NF-KB binding site, a binding site for activating protein-2 (AP-2) and an overlapping cyclic 

adenosine monophosphate response eiement (CRE), and an E-box transcription factor 

recognition sequence in the 5' flanking region of PHs-2 gene, that are absent in the PHs-1 gene 

(Herschman, 1994; Kosaka et al., 1994; Yamamoto et al., 1995) (Fig. 6). The PHs-1 promoter 

lacks a TATA box (Wang et al., 1993; Inoue et al., 1995) and does not have significant 

inducible transcription fiom its promoter (Smith and DeWitt, 1995). Conversely, PHs-2 has a 

TATA box about 30 base-pairs upstream of its translational start site (Fig. 6) (Kosaka et al., 

1994). The 5'-flanking region of PHs- 1 has been analyzed in detail for the human gene and 

features several cis-elements including NF-interleukin 6 (NF-IL6) , AP-2, GATA, and Myb 

(binding site for myeloblastosis oncoprotein farnily) (Inoue et al., 1995) (Fig. 6). There are no 

significant similarities between the 5'-flanking region of human PHs-1 and those fiom other 

species as determined by a cornputer search in ~ e n ~ a n k ~ ~ ,  except for the 230 bp 5'-flanking 
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Figure 6. Schematic representation of the 5' flanking region of the human PHs-I (A) and 
mouse PHs-2 (B). The differences between human and rnouse PH§-1 are explauied in the text. 
Additionai transcription factors have been identified upstream in the promoter region (Appleby 
et al., 1994). The 5'-flanking region of hurnan PH§-2 is very sirnila. to mouse PHs-2 with the 
following differences: 1) hurnan PHs-2 has no NF-KB site at -223 bp ; 2) presence of XRE has 
not been investigated in hurnan PHs-2; and 3) hurnan PHs-2 has no SP-1 and AP-2 sites at 
-270 bp (houe et al., 1995). 



region of the murine PHS-1 gene (Kraemer et al., 1992; Wu, 1997). Murine PHS-1 has an AP-1 

site at -2097 adjacent to a sequence with similarity to a negative glucocorticoid regulatory 

element (nGRE) (Kraemer et al., 1992). It has been suggested that the AP-1 site in conjugation 

with nGRE sequence may be involved in JunEos- and glucocorticoid-dependent positive and 

negative regulation of PHS-1 (Kraemer et al., 1992). A striking ciifference between the 5'- 

flanking region of human and mouse PHS-1 is the presence of a xenobiotic response element 

(XRE) at position 4 0 3  to -385 in the mouse 5'-flanking region (Kraemer et al., 1992). This 

element is linked to the induction of CYPl Al  (Whitlock et al., 1989; Denison and Yao, 199 1) 

and some other genes involved in the bioactivation~detoxification of polycyclic aromatic 

hydrocarbons (PAHs) such as glutathione S-transferase (Friling et al., 1990; Rushmore et OZ., 

1990) and nicotinamide adenine dinucleotide phosphate (NAD(P)H):quinone reductase (Favreau 

and Pickett, 199 1) by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). To date, there is no 

evidence for XRE-mediated activation or upregulation of the PHS-1 gene. 

The regulation of PHS-2 has been the subject of many studies mainly because of its high 

inducibility, which makes the measurernents easy. However, under certain circumstances PHS- I 

is also induced and regdated. The regulation of PHS-2 is either transcriptional, post- 

transcriptional or catalytic- 

PHS-2 is induced by cytokines, mitogens, growth factors and bacteriai endotoxins in a 

variety of ce11 Iines (Table 2) (Werschman, 1996). An increase in PHS-2 protein and activity a s  

measured by an increase in the level of PGE2, has been shown to parallel the induction of its 

mRNA (Seibert et al., 1994; Minghetti and Levi, 1995; Minghetti et al., 1996). Although many 

cis-elenlents have been identified in the 5'-flanking region of PHS-2, the understanding of their 

role in the regulation of this enzyme is still incomplete. 



Tab te 2. Induction of PHs-2 by cytokines, growth factors, rnitogens and endotoxinç in varying 
ce11 types. This table is not comprehensive. 

CELL TYPE INDUCER REFERENCES 
Murine fibroblast 3T3 TPA, EGF, forskolin, (Kujubu et al., 1991; Ryseck 

se-, PDGF 
S e m ,  u-src, PDGF 

et al., 1992) 
(OfBanion et al., 199 1 ; 
OBanion e t  al,, 1992) 
(Gilbert et al., 1994) 
(Xie et al., 199 1 ) 
(Endo et al,, 1995) 

Murine fibroblast C 1 27 

Murine embryo fibroblasts 
Chick embryo fibro blasts 
Human embryonic lung 
fibroblast 

TPA, PDGF 
v-src, PDGF, serum, TPA 
IL-1 p 

Murine RAW 264-7 
Murine peritoneal macrophages 

(Phillips et al., 1993) 
(Reddy and Herschman, 
1994) 
(Hempel et al,, 1 994) 
(O'Sullivan et al., 1992) 

LPS, INF-y 
LPS 

Hurnan dveolar macrophages 
Rabbit alveolar macrophages 

E-lp,  TPA 
LPS 

Rat branchial epithelid cells TPA, EGF (Hamasaki et al., 1993) 

Rat vascular smooth muscle 
celis 
Rat aortic smooth muscle cells 

(Pritchard et  al., 1 994) 

S e m ,  PDGF, EGF, 
thrombin, TPA 

(Rimarachin et al., 1 994) 

Human vascular endothelid 
cells 

IL-1 p, TPA, LPS, TNF (Jones et al., 1993) 

Human pentoned mesothelial 
cells 

(Topley et al., 1994) 

Murine uterine stroma1 cells 
Murine decidual cells 

(Jacobs et al., 1994) 
(Sitver et al,, 1995) 

S e m ,  IL-la 
Endotoxin 

Central nervous systern depolarization (Yamagata et al., 1993) 

Murine bone marrow denved (Murakami et al., 1 994) 
mast ceIIs 

(From: Herschman, 1996 with permission) 
Abbreviations: EGF, epidemd .growth factor; IL, interleukin; N, interferon; LPS, 
lipopolysaccharide; PDGF, platelet-derived growth factor; TNF-a, turnor necrosis factor-a; 
TPA, 12-O-tetradecanoylphorbol- 13-acetate, v-src; rous sarcoma virus oncogene. 
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The involvement of some of these regdatory elements wilI be discussed here. 

1.3.4.1 REGULA TION BY LUET~IZING AND GONADOTROPHIN HORMONES 

One regdatory element identified at -52 bp upstream of the translation start site of the 

mouse PHs-2 promoter is the overlapping CRE and E-box. In rat granulosa cells, luetinizîng 

hormones (LH) and gonadotrophin-releasing homones (GnRH) have been shown to induce 

PHs-2 mRNA and protein through activation of protein kinases A and C (PKA and PKC), 

respectively (Morris and Richards, 1993; Morris and Richards, 1995). It has been s h o w  that 

the E-box, but not the CRE, is a critical cis-acting factor for basal expression of PHs-2 mRNA 

in the rat ovarian granulosa cells (Morris and Richards, 1996). In addition the transcription 

factor that binds to this region is an upstream stimulatov factor (USF). It has been shown that 

E-box of mouse but not hunan is also capable of binding the USF protein in the granulosa ce11 

nuclear extract (Morris and Richards, 1996). 

1.3.4.2 REGULA TION B Y ONCOGENES 

Induction of PHs-2 dso occurs in response to oncogene expression- For instance, one 

characteristic of Rous sarcoma virus (v-src)-transformed fibroblasts is the production of !arge 

arnounts of prostaglandins (Barker et al., 1989). In an in vitro study using chimenc cells, the 

CRE sequence in murine PHs-2 has been shown to be responsible for the ability of v-src 

oncogene to induce this gene (Xie et al., 1994). The mechanism of induction of PHs-2 by v-src 

involves activation of the Ras pathway (Xie et al., 1994) (Fig. 7). In this process, the pp60v-S", 

the product of v-src oncogene, strongly activates the Ras/MEKK- 1 IJNK- 1 and Ras/Raf- 1 /ERK 

pathways which mediate induction of PHs-2 gene through the CRE site in PHs-2 (Xie and 

Herschman, 1 995). The activation of the RadMEKK- 1 IJNK- 1 pathway results in 

phosphorylation of c-Jun, which has been shown to bind to the CRE motif of the PHs-2 

promoter region (Xie and Herschman, 1995)- 
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On the other hand, it has been suggested that the activation of the Ras/Ra£/ERK pathway 

may phosphorfiate transcription factor EWSRF (serum response factor), which is responsible 

for increased AP-1 (c-Fos/c-Jun heterodimer) activity Bindùig of this heterodimer to the CRE 

region of PHs-2 can resdt in upregulation of this e-e (Fig. 7) (Xie and Herschman, 1995). 

Recently, Ras has been s h o w  to rapidly induce expression of PHs-2 in rat fibrobIasts 

confirming the involvement of Ras in regdation of this enzyme (Sheng et al., 1998). 

1.3.4.3 REGULATION BY TUMOR SUPPRESSOR GENES 

Unlike oncogenes, tumor suppressor genes have been shown to inhibit PHs-2 expression. 

In a recent study, rnouse embryo fibroblasts over-expressing the tumor suppresser gene p53 were 

engineered and used to determine the effect of this protein on regulation of PHs-2 

(Subbaramaiah et al., 1999). Levels of PHs-2 mRNA and protein as well as the 1eveI of PGE2 

were decreased in cells over-expressing p53 as compared to the cells Iacking p53. Furthemore, 

p53 has been shown to compete with TATA-binding protein (TBP) for binding to the TATA 

box in the promoter region of mouse or human PHs-2, thereby preventing the transcription of 

this gene. TBP is a component of basai transcription machinery and is essential for the 

transcription of TATA-containing promoters such as PHs-2 (Subbararnaiah et al., 1999). 

1-3-44 REGULATION BY ENDOTOXLYS 

PHs-2 mRNA and protein are upregulated by bacterial endotoxin lipopolysaccharide (LPS) 

(Lee et al., 1992b; Reddy and Herschman, 1994). A Ras-independent MEKK/JNK/cJun- 

dependent pathwzy has been shown to be involved in the mechanism of  LPS-dependent 

induction of PHs-2 (Wadleigh et al., 2000). In this pathway, activation of ECSIT 

(evolutionarily ccnsewed signding intermediate in toll pathways) LPS resuits in subsequent 
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activation of MEKK/JNK , which will phosphorylate c-Jm that is bound to the C E  element 

present in the PHs-2 promoter, resulting in upregulatiom of this protein. In addition, nuclear 

factor interleukin-6 (NF-IL6) but not NF-KB bas been s h o w  to be important in the induction of 

PHs-2 by LPS in mouse macrophages (Wadleigh et al., 2:000)- This is thought to occur through 

binding of l iver-e~ched transcriptional activator proteim (LAP), a CCAAWenhancer binding 

protein (CEBP) transcription factor, to this element, Interestingly another CEBP transcription 

factor called liver inhibitory protein (LIP), has been shîown to suppress LPS-induced PHs-2 

expression. NF-iL6/C/EBP is also responsible for increasing PHs-2 gene transcription in rat 

follicular cells after exposure to CAMP (Sirois et al., 1993). Although Wadleigh and coworkers 

have shotvn in mouse macrophages that the MAPKEFSK pathway is not involved in LPS- 

dependent induction of PHs-2 (Wadleigh et al., 2000), Caivano and Cohen have demonstrated 

that LPS can activate MAPK kinase (MKKI) (Caivano and Cohen, 2000)- This triggers the 

MAPWERK pathway to activate mitogen- and stress-acttivated protein kinase (MSK-l), which 

phosphorylate the CRE binding protein (CREB) transcïription factor that binds to the CRE 

element of PHs-2 promoter- 

1.3.4.5 R EGL~U T i û N  B Y CYTOKINES 

Cytokines and growth factors are potent inducers of PHs-2, but have no or very little effect 

on PHS-1. For instance IL,-I P and TNT-a have both beem shown to induce PHs-2 message and 

protein as well as increase the production of PGEz but neither of them affects expression of 

PHs-1 (Warnock and Hunninghake, 1995; Diaz er al., 19%). In normal human skin fibroblast 

cells, IL-1 p induces PHs-2 through activation of the PKC pathway (Warnock and Hunninghâke, 

1995)- However, activation of PKA and tyrosine kinase (TK) by L I  f3 have also been shown to 

have a lirnited effect in this process. Furthemore, it has been dernonstrated that IL-1P causes an 

over-expression of MEKKl, which activates both NKL and p38 MAPK resulting in over- 
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expression of PHs-2 and production of PGE2 (Guan et al., 1999). In contrast, in human 

osteoblast-like cells, the induction of PHs-2 by IL-1B was not mediated by the PKC pathway 

(Min et al., 1998). 

TNF-a induces PHs-2 by activating protein tyrosine phosphatases (PTPs) and protein 

tyrosine kinases (PTKs) (Mahboubi et al., 1998a), which are in part responsible for activation of 

the NF-& pathway. In a mouse osteoplastic ce11 Iine binding of NF-& its corresponding 

elernent on the PHs-2 prornoter have been shown to result in upregulation of the expression of 

this enzyme (Yamamoto et al., 1995; Mahboubi et al., 1998b). 

1-3 -46  REGULATION BY PAHs 

PAHs such as TCDD have diverse biological effects such as demal-, hepato- and 

immuno toxicity as well as adverse effects on developmental and reproductive processes (Safe 

and Krishnan, 1995). TCDD is thought to exert its effect, at Ieast in part, through activation of 

gene transcription mediated by the XRE (Denison and Whitlock, 1995) present in genes such as 

CYP l Al and glutathione S-transferase, which are responsible for metabolism and elimination of 

xenobiotics. Once TCDD binds to the arornatic hydrocarbon receptor (AhR), the ligand- 

receptor compIex translocates into the nucleus and dimerizes with AhR nuclear translocator 

(ARNT). Subsequent binding of this cornplex to the XRE results in activation of gene 

transcription. Kraerner and CO-workers have dernonstrated that TCDD c m  cause a 25-fold 

induction in expression of PHs-2 protein in Madin Darby Canine Kidney cells by stimdating 

gcne transcription through the XRE (Kraemer et al., 1996). Studies using AhR-deficient mice 

revealed that in the absence of AhR, TCDD does not induce PHs-2 in vivo, impiicating a role 

for the involvement of this receptor in the induction of PHs-2. On the other hand, TCDD has 

been shown to cause a delayed and more transient increase in PHs-2 as cornpared to a strong 



30 

and more stable induction of CYPiAl indicating that the mechanism of modulation of PHs-2 

and CYP 1 Al by TCDD may be different (Vogel et al., 1998)- 

Environmental carcinogen B[a]P is another PAH which can induce PHs-2 by a mechanism 

independent of the XRE (Kelley et al., 1997)- It is thought that upon increase in oxidative stress 

by B[a]P, the MAPWERK and consequently the NF-& pathways are activated leading to 

induction of PHs-2. Ris  hypothesis was supported by studies showing that an NF-KB site in 

the PHs-2 promoter is necessary for reporter activity stimulated by B[a]P, and that inhibitors of 

NF-& biock the induction of PHs-2 by B[a]P in human and rat vascular smooth muscle cells 

(Yan et al.? 2000)- 

1-3-47 REGL;LAT/ON BY PGs 

PGEz has been shown to upregulate PHs-2 in prostate cancer ceIIs through a pathway that 

may be PKC-dependent. In this proposed pathway, PGE2 can bind to the EPl receptor present 

on these cells and activate a signal transduction pathway involving calcium and possibly, PKC 

(Tjandrawinata and Hughes-Fulford, 1997). In addition, binding of PGE2 to its receptors 

induces c-Fos and cJun expression in Swiss MH3T3 cells via a pathway that involves CAMP 

(Mehmet et al., 1990). In glumerular rnesangial cells, PGEz c m  induce c-Fos expression by a 

mechanism which is independent of CAMP pathway (Simonson et al., 1997). Therefore, PGE2- 

mediated upregulation of PHs-2 may involve the c-Fos/c-Jun pathway. 

The transcriptional upregulation PHs-1 seems to be ceII-dependent, and the increase in 

PHs-1 message expression in response to cytokine stimulation parallels the increase in PGD2 

(Murakami et al., 1994). Available data on the regulation of PHs-1 is limited. Table 3 

sumarizes some of the agents that have been shown to upregulate PHs-1. However, the 

molecular mechanism responsible for induction of PHs-1 has not been investigated. With 

respect to regulation of its basal transcription, it has been demonstrated that SP-1 protein binds 



Table 3. Agents that have been shown to regulate PHs-1. 

SUBSTRATE EFFECT CELL TWE REFERENCES 
Phorbol 12-myristate 13- UpreguIation HUVEC (Xu et al., 1996; 
acetate (PMA) - mRNA Wu, 1997) 

- protein 
Activation of PKC pathway 

TNF-a 
IL- 1 p 

Dexarnethasone 

Do wnregulation 
- protem 

rnRNA stays the same 

Upregulation 
- rnRNA 

Downregulation 
- mRNA 
- protein 

No change in mRNA stability 
Activation of glucocorticoid 
receptor 

AV3 (Wu, 1997; 
Eykholt et al., 
1999) 

HUVEC (Wu, 1997) 

PAEC (Jun ef al., 1 999) 

Dexarnethasone and Upregulation ST2 (Adams et al., 
1,25 Dihydroxyvitarnin - mRNA 1999) 
D3 

Abbreviations: W E C ,  hurnan urnbilical vein endothelial ce11.s; AV3, hurnan amnion-derived 
cells; PAEC, Fetal pulmonary artery endothelial cells; ST2, Osteoclast-supporting stroma1 cells. 
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to the two SP-1 elements present in its 5'-flanking region, which are essentiai for activation of 

basal gene transcription, as shown by a striking Ioss of promoter activity as a result of SP-1 site 

mutations O(u et al., I997b)- 

13.5 POST-TRANSCRIPTIONAL REGULATION 

Adenine (A) and uridine OJ)  rich sequences containing multiple pentanucleated element 

AUUUA are termed ARES. These elements are present at the 3'-untranslated region (3WTR) 

of many early response genes and are thought to be responsible for the destabilization and rapid 

degradation of their mRNA (Caput et al., 1986; Shaw and Karnen, 1986). The machinery 

involved in ARE-mediated rnRNA decay is not well understood and is currently under 

investigation. Several proteins have been identified that recognize and bind to AREs to stabilize 

(Bohjanen et al., 199 1 ; Brewer, 1 99 1)  or destabilize (Gillis and Malter? 199 1 ; Rajagopalan and 

Malter, 1994) mRNA containing these elements. For instance, the cytoplasmic binding protein 

AUFZ (A+U rich RNA-binding proteiddegradation factor) accelerates the degradation of 

several highly regulated mRNAs including c-rnyc and c-Fos by binding to the AREs in their 3'- 

UTR region (Brewer? 1991; Zhang et a[., 1993; Sirenko et al-, 1997). A complex containing 

AUF1, heat shock proteins (hsp), hsc70-hsp70, translation initiation factor elF4G, and poly(A) 

binding protein has been implicated in AUF1-mediated degradation of mRNA (Laroia et al., 

1999). In addition, upregulation of heat shock protein hsp70, down regulation of the ubiquitin- 

proteasome network or inactivation of ubiquitinating enzyme El block the decay of ARE- 

containing mRNAs and AUFl protein (Laroia et al., 1999). In contrast, the over-expression of 

the nuclear-cytopIasmic shuttling protein HuR increases the stability of ARE-containing rnRNA 

(Fan and Steitz, 1998). There is evidence supporting the hypothesis for the existence of cross- 

talk between AREs and the 3'-end poly(A) tail of rnRNA, which dictates the rate of 

deadenylation and degradation. Xu and CO-workers (Xu et al., 2997a), have postulated that a 



complex containhg an ARE-binding protein may interact with both an ARE in the 3'-UTR and 

a poly(A) tail. The rate of deadenylaîion and the subsequent degradation of mRNA, possibly by 

decapping followed by 5' to 3' exonuclease digestion, may be controlled by the number of ARE 

sequences and their organization at the 3'-UTR. Alternatively, through the concurrent binding of 

an ARE-binding protein complex to ARE and the poLy(A) tail, the mRNA may be stabilized (Xu 

et al., 1997a)- The existence of such interaction has been recently substantiated with the finding 

of the rnouse HUC ARE-binding protein, which can bind to both the ARE and the poIy(A) tail of 

ARE-containing mRNA (Abe et al., 1996). There are also severd Iines of evidence that link 

activation of J N K  and MEKK1 pathways with stabilization of ARE-containing mRNA (Chen et 

al., 1998; Ming et al.: 1998; Klein et al., 1999: Winzen et al.: 1999). 

PHs-2, as distinct fiom PHs-1, like many other earIy response genes contains an AU-rich 

area in the 3'-U1-R region of its mRNA. This region of the hurnan PHs-2 contains 22 copies of 

the AUUUA mRNA instability motif (Appleby et al., 1994) and three canonical (AAUAAA) 

polyadenylation sequences. Some inducers of PHs-2, in addition to their ability to upregulate 

PHs-2 through activation of signaling pathways (as discussed above), are capable of stabiIizing 

the mRNA of this protein through a process which requires ARE elements. For instance post- 

transcriptional rnRNA stabilization by IL4 is an important event in the regulation of PHs-2 

expression (Ristimaki et al., 1994). In contrast, the glucocorticoid dexamethasone suppress the 

induction of PHs-2 by cytokines, s e m  and groutî factors (reviewed in: Herschman, 1994) by 

post-transcriptionally destabiliùng its mRNA (Ristimaki et al,, 1996). Other inducers of PHs-2 

such as TNF-cc (hiahboubi et al., 1 998a), Turnor growth factor+ (TGF-P) (S heng et ai., 1 997) 

and Ha-Ras (Sheng et al., 1998) have aIso been implicated in the post-transcriptional regulation 

of PHs-2 by increasing the half-life of its mRNA from 1 hr to 4-5 hr (Mahboubi et al., 1998a; 

Sheng et al., 2000). 



13.6 CATALYTIC REGULATION OF PHSS 

The purpose of PHs-2 induction is not to overcome insuffiicient constitutive PHs-1 catalytic 

capacity, since the increase in PHs-2 does not substantially increase the level of synthesized 

prostaglandins (Lin et al., 1989; Reddy and Herschman, 1994; Wilborn et al., 1995). Localized 

PHs-2 induction is important in supplementing "latent" PHs-1 in specific cells and tissues. 

There are several explanations for what makes PHs-I latent while PHs-2 is active, and what 

benefit this process has for cells. 

1.3.6.1 UTIU~~IONOFSEPAR~TEPOOLSOFAA BYPHSS 

The observation that PHs-1 and PHs-2, mediate physiologic and inflammatory processes, 

respectively, entails separate pathways of arachidonic acid metabolism. Several studies have 

demonstrated that PHs isoforms have access to distinct pools of AA through 

compartmentalization of phospholipases. in these studies, inhibition of PHs-2 in mitogen, 

cytokine or endotoxin stimulated cells by PHs-2 antisense RNA (Reddy and Herschman, 1994) 

or a PHs-2 specific inhibitor (Herschman et al., 1995) resulted in considerable decrease in the 

level of PGEz despite the presence of active PHs-1 and the production of large amounts of AA. 

However, addition of exogenous AA to the cells with no PHs-2 activity or protein, resulted in 

conversion of the substrate to PGE2. Similady, PHs-2 induction in cytokine stimulated mast 

cells was accompanied by substantial release of PG&. In contrast, a rapid burst in production 

of PGDz in response to stimulation by IgE and antigen was not mediated by induction of PHs-2 

in these cells (Murakarni et al., 1994; Kawata et al., 1995). This was evidenced by the 

observation that inhibition of PHs-2 but not PHs-1 suppressed cytokine-induced PGD2 

generation but had no effect on IgE-dependent PGD2 generation (Murakarni et al., 1994). 

These result suggests that the endogenous pool of AA released from membranes after 
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stimulation of phospholipases with mitogens or endotoxins is available only to PHs-2 and n o r  to 

PHs-1. Stimulation of ceus by IgE causes the release of a secretory f o m  of phospholipase A2 

(sPLA2) which has been shown to mobilize membrane bound AA used to synthesize PGDz  

(Reddy and Herschman, 1996; Reddy and Herschman, 1997). Upon stimulation of cells w+th 

ligands such as calcium ionophore A23 187 cytoplasrnic PLAz (cPLA2) translocates f?om Pthe 

cytoplasm to the nuclear envelope (Glover et al., 1995; Schievella et al., 1995) and sPLA2: is 

thought to be localized in secretory granules and organelles (Mounier ei al., 1993: Chock et al., 

1994). Thus, suggested compartrnentalization of the pool of AA is consistent with the repomed 

distinct, albeit overlapping, subcellular localization of PHs isofoms within the cell. PHs-2 is 

mainly localized in the inner and outer membrane of the nuclear envelope, whiie PHs-1 is fournd 

in the endoplasmic reticulurn and the nuclear envelope (Monta ei al., 1995). Taken together, it 

has been suggested that in antigen stimulated cells, the A4 released from the membrane by t 3 e  

action of sPLAz is only available to PHs-1 whereas in cytokine-stimulated cells only PHs-2 will  

utilize the AA released by the action of cPLA2. (Herschman, 1996; Reddy and Herschmain, 

1996; Reddy and Herschman, 1997). 

1-3.6.2 ALLOSTEHC REGUUT.ONOF CATLY~K Acrrvm- 

Recently, differential allosterïc regulation of PHSs by AA has been suggested (Swinney et 

al., 1997). According to these studies, using purified PHs-1 or PHs-2, at AA concentratiorns 

above 2.5 PM, both PHs-I and PHs-2 have the same affinity for AA (Km = 10 PM). However, 

their catalytic activity changes with concentrations of AA below 0.5 p M  (Swinney et al., 1997). 

At a low substrate concentration (0.5 PM), PHs-2 has a 2-4 fold higher catalytic activirty 

compared to PHS-1 (Swimey et al., 1997). At high substrate concentrations (above 2.5 pMH), 

PHs-1 has been shown to be slightly more active than PHs-2 (Swinney et al., 1997). Althou& 

the biological significance of this observation has not been determined, it is speculated that I n  
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tissues where both isofoms are CO-expressed and substrate concentration is limiting, PHs-2 may 

be the primary source of prostaglandin generation. 

As mentioned above, the cyclooxygenase activity of both PHs-1 and PHs-2 depends on the 

initial activation of the peroxidase active site by a hydroperoxide (See section 1.3.2.3). 

Therefore, the differences in hydroperoxide activator requirement of these two isoforms may 

play a role in their catalytic regdation. It has been demonstrated that the activation of a single 

PHs rnolecule cm produce nearly 103 molecules of the hydroperoxide PGGz (Marshall et al., 

1987), which can diffuse to other nearby PHSs and activate them in a chain reaction manner. 

The hydroperoxide requirement of PHs-2 is about 2 nM while that of PHs-I is nearly an order 

of magnitude higher (Capdevila et al., 1 995; Kulmacz and 1 995). As a result, when both 

PHs-1 and PHs-2 are present and the hydroperoxide concentrations are low, the AA released 

fiom membranes will be utilized by active PHs-2 to generate prostaglandins, while the majority 

of PHs-1 is inactive. The cellular concentration of hydroperoxide in cells can be modulated by 

the presence of other peraxidases such as glutathione peroxidase. The ratio of glutathione 

peroxidase activity to cyclooxygenase capacity in tissue has been used to measure the effect of 

scavenging hydroperoxides by peroxidases. In tissues with high prostaglandin synthesis, this 

ratio is around 10 whereas in tissues with low prostaglandin synthesis this ratio is 2000 

(Kulmacz and Wang, 1995). In addition, a ratio of about 70 is observed for complete 

suppression of purified PHs-1, while for complete suppression of PHs-2 the ratio is 700, 

indicating that a high level of glutathione peroxidase is required for scavenging enough 

hydroperoxides to render PHs-2 inactive (Kulmacz and Wang, 1995). This is in agreement with 

the low hydroperoxide requirement of PHs-2 compared to PHs-1. 



13.7 INHIBITION OF PHSs BY NSAI[Ds 

Non-steroidal antiinflamrnatory drugs (NSAIDs), the inhibitors of PHSs, are the most 

widely self-prescribed drugs used to date offering protection against inflammation, pain, fever 

and most importantly, protection against stroke, thrornbosis, Alzheimer's disease and cancer 

(Mitchell and Warner, 1999). NSAIDS compete directly with AA for binding to the 

cyclooxygenase active site and inhibit cyclooxygenase activity without affecting the peroxidase 

activity (Rome and Lands, 1975; Mizuno et al., 1 997). There are now four classes of NS AIDs, 

Class 1 inhibitors are the reversible, competitive inhibitors of PHs-1 and -2, which include 

ibuprofen, mefenamic acid, naproxen and sulindac suifides. Indomethacin, meclofenarnic acid, 

and flurbiprofen are Class LI NSAIDs which are competitive tirne-dependent reversible 

inhibitors of cyclooxygenase activity. The mechanism by which these NSAIDS inhibit PHSs are 

more complex than that of Class 1. Ctass II inhibitors binding to the active site is fast and 

reversible in the first phase forming an enzyme-inhibitor complex. However, if the inhibitor 

spends sufficient time in the active site, it can bind tightly, but not covalently, to the active site 

causing a conformational change in the protein, which results in the slow dissociation of 

inhibitor fiom the cyclooxygenase active site (Rome and Lands, 1975; Kulmacz and Lands, 

1985; Walenga et al., 1986; Copeland et al., 1994; Laneuville et al., 1994). It has been shown 

that this conformational change caused by Class II NSAIDs involves the formation of a sait 

bridge, a non-covalent interaction, between the carboxylate of the drug and Arg 122 of PHs-1 or 

Arg 106 of PHs-2, which dismpts the salt bridge that is normally present between Arg 122 and 

Glu 526. This mediates breakage of four hydrogen bonds in the protein and allows helix D to 

shift by about 1.0 A to close the mouth of the channel to the active site (Kunimbail et al., 1996). 

Most Class II NSAIDs inhibit both PHs-1 and -2 by the mechanism explained above. However, 
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recently, DuP 697 has been shown to be a time-dependent inhibitor of only PHs-2 and a simple 

competitive urhibitor of PHs-l (Copeland et al., 1994). 

Aspirin and valerylsalicylate are examples of Class III NSAIDs, which are competitive 

time-dependent, irreversible inhibitors of PHSs. Aspirin binds to PHSs with very Iow affinity 

and acetylates specific serine residues and blocks the active site of the enzyme, thereby 

preventing the entrance of the AA. Aspirin has been shown to acetylate Ser 530 of ovine PHs-1 

(DeWitt et al., 1990) and the analogous Ser 560 of human PHs-2 (Lecomte et al-, 1994). Due to 

the larger active site of PHs-2, as compared to PHs-1, acetylation of PHs-2 by aspirin does not 

render it inactive but rather modifies the isoform such that it cannot add a molecule of oxygen to 

the bound AA, resulting in the production of 15-hydroxyeicosatetraenoic acid (1 5 R-HETE) 

instead of PGGz (Lecomte et al., 1994)- Recently it has been dernonstrated that 1 5 R-HETE acts 

as a precursor to the synthesis of ligands known as aspirin-triggered 15-epi-lipoxins that activate 

lipoxin receptors and evoke antiinflammatory processes (Serhan, 1997; Gronert et al., 1998). 

Salicylic acid, the hydrolyzed metabolite of aspirin, is not an effective inhibitor of either PHs 

isoforms. However, it has been used for treatrnent of infiammation. The mechanism of 

salicylate- as well as aspirin-mediated inhibition of inflammation is thought to be, in part, due to 

their ability to inhibit activation of NF-KB which is responsible for inducible expression of 

genes that are involved in an idammatory response (Yin et al., 1998). 

The fourth Class of NSAIDs such as SC-558 are specific inhibitors of PHs-2. These are 

slow time-dependent, competitive inhibitors of PHs-2, but are weak competitive inhibitors of 

PHs-1. They are thought to exert their action by accessing a second pocket of the inducible 

enzyme that is stnicturdly mavailable in PHs-1. This pocket is a branch of the main channel 

that leads to the cyclooxygenase active site and is more accessible in PHs-2 than in PHs-1 due 

to the substitution of Ile to Val at position 525 (Kirnimbail e t  al., 1996). 



13.8 ROLE OF PHSS ïN INFLAMMATION AND DISEASE 

1.3.8.1 G~srruc AND ~NTESTINAL ULCERA TION 

It is thought that stomach and intestinal mucosa exposed to toxins, such as bacterial ce11 

wall products, become intlamed and cause darnage to vascular barriers leading to recruitment of 

phagocytes such as monocytes, macrohages and neutrophiles (Murthy et al., 1997). Initiation of 

phagocytosis by inflammatory mediators such as eicosanoids, cytokines and platelet activating 

factor is thought to stimulate dormant NADPH oxidase leading to respiratory burst and 

increased ROS production. This cascade of events ulthately initiates tissue darnage and ulcer 

(Murùiy et al., 1997)- 

Recognition that PHs isoforms participate in the process of ulcer formation cornes from 

inhibition studies using NSAIDs. Gastric ulceration caused by NSAIDs is commonly thought to 

occur as a result of  inhibition of PHs-1 (Langenbach et al., 1999). PHs-1 is thought to produce 

prostaglandins that stimulate bicarbonate secretion for the neutralization of stomach acid when 

necessary (Price and Fletcher, 1990; Lee et al., 1992a) and io protect the mucosal banier by 

regulating mucosal ce11 turnover and repair. This impiies that the absence of PHs-1 should result 

in spontaneous ulcers. Surprisingly, PHs-1 knockout mice did not spontaneously develop 

gastric ulcers (Langenbach et al., 1995). The ulcerative effect of NSALDs has been suggested to 

be a consequence of low pH due to decreased secretion of bicarbonate and a subsequent 

decrease in the stomach pH fiom inhibition of PHs-1. At low pH NSAIDs are lipophilic and 

cross enter mucosal cells where they become trapped as a result of lower lipid soiubility due to 

higher intracellular pH. High concentration of NSAiDs in mucosal cells interupts the normal 

protective function of these cells against stomach acid. However, this has been show11 not to be 

the case since the PHs-1 deficient mice with low stomach pH (pH 1.5) did not develop ulcers 

when treated with ulcerative doses of aspirin and indomethacin (Langenbach et al., 1995). In 
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contrast, wild type mice with stomach pH of 3.5 had a high incidence of NSAIDs-initiated 

ulcers- The resistance to ulcerative effects of NSAIDs in PHs-1 knockouts mice cannot be due 

to upregdation of PHs-2 since western blot andysis of the protein from the gastrointestind 

track of the PHs-1 knockout mice showed no upregulation of PHs-2 in these tissues 

(Langenbach et al-, 1995). 

The possibility that in addition to PHs-1, PHs-2 may be involved in ulcerative effects of 

NSAIDs has also been investigated. Inhibition of PHs-2 has been shown to prevent the healing 

of ulcers (Mizuno et al., 1997), and administration of an ulcer causing dose of indomethach to 

PHs-2 knockout mice has been shown to result in death due to intestinal perforation followed by 

peritonitis (Wallace et al-, 1998). Overall, the individual role of PHs-1 and PHs-2 in 

spontaneous and induced gastric and intestinal ulceration is not well understood. 

1.3.8.2 ARTHRITE 

Arthritis is an inflamrnatory disease that is associated with the induction of PHS-2. in 

animal models of arthritis, the pro-inflamrnatory role of PHs-2 has been associated with the 

production of PGs of the E senes (e-g. PGE2) by this isoform (Anderson ei al-: 1996)- Lncrease 

in pro-inflamrnatory PGEz as a result of upregulation of PHs-2 has been observed in affected 

cartilage of human osteoarthritis (Amin et al., 1997) and synovial tissue taken fiorn patients with 

rheumatoid arthritis (Kang et al., 1996). Prostaglandins in generd are thought to facilitate the 

transmission of pain responses by acting in the spinal cord (Beiche et al., 1996; Yamamoto and 

Nozaki-Taguchi, 1996), and prostaglandin of the E series are also known to sensitize peripheral 

sensory nerve endings present at the site of inflammation @ley el al., 1998). However, the 

exact contribution of PHs-1 and PHs-2 in chronic pain and tissue degeneration associated with 

diseases such as arthritis is not well understood (Mitchell and Wamer, 1999). 
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There is a large body of evidence supporting ROS-initiated joint destruction in arthntis 

(Firestein et al., 2000; Lo er al., 2000). Chondrocytes and synoviocytes, iike phagocytes, when 

exposed to inflammatory mediators under go respiratory burst and release ROS which can act as 

second messenger to activate proteolytic enzymes and inhibit cartilage repair. PHSs like many 

other peroxidases c m  generate ROS during the process of arachidonic acid metabolism 

(discussed in section 1.6). Given that PHs-2 has been shown to be upregulated in affected 

cartilage, it remains to be determined whether production of ROS by PHSs, particularly PHs-2, 

plays an important role in arthntis. 

1.3.8-3 CANCER 

NSAIDs such as aspïrin have been shown to protect against colon cancers if taken one 

tablet a day for long periods of times (Giovannucci et al., 1995). The protection a o r d e d  by 

NSAIDs is thought to be, in part, the result of inhibition of PHs-2 by these compounds (Dubois 

et al., 1998). There is a marked increase in the expression of PHs-2 in a number of cancers 

including adenocarcinornas (Smailey and DuBois. 1997), oesophageal (Zimmermann et al., 

1999), gastric (Murata et al., 1999), and pancreatic (Tucker et al., 1999) cancer. I t  is thought 

that an increase in expression of PHs-2 results in the production of prostaglandins that slow 

down the rate of apoptosis in cancerous cells, a response which is reduced by exposure to 

NSAIDs (Dubois et al., 1998). The resistance to apoptosis may be partly due to delayed G1 

phase as observed in cells over-expressing PHs-2 (DuBois et al., 1996). PHs-2 upregulation 

has d s o  been implicated in induction of angiogenesis. Thus, protection provided by NSAIDs 

may partly be due to inhibition of angiogenesis afforded by the inhibition of PHs-2 (Tsujii et al., 

1998; Masferrer et al., 2000)- In addition to PHs-2, PHs-1 may also be important in hunor 

development. Recent studies using PHs-1 and -2 knockout mice revealed that the absence of 

either isoform decreases tumorigenesis in carcinogen-treated or cancer-predisposed mice 
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(Lmgenbach et al., 1999). The protection against cancer by NSGlDs mayv not solely be due to 

their ability to inhibit PHSs, Sulindac is an NSAID capable of inhibiting chernicd 

carcinogenesis in rodent models by inhibiting PHSs (Piazza et al., 1995)- Recently a d f o n e  

analogue of this inhibitor, which does not inhibit PHSs, has also been s h o w  to protect against 

chemically-induced carcinogenesis indicating that inhibition of PHSs and rreduction in the level 

of PGs is not essential for the antineoplastic effects of this class of drugs ((Piazza et al., 1995). 

Furthemore, NSAlDs have been shown to protect against cancer by inducimg apoptosis through 

pathways independent of inhibition of PHSs (Piazza et al., 1995; Shiff et al--, 1996). 

1.3.8.4 ALZHEIMER 

Epidemiological studies show that in addition to colon cancer, N S D s  may protect the 

against onset of Alzheimer's disease and that patients who have been taking NSAlDs rnay be at 

reduced risk of developing this disease (Pasinetti, 1998). There are : several mechanisms 

suggested for this action of NSAIDs, al1 of which involve inhibition of ei ther  PHs-1 or PHs-2. 

For instance, recently, increased expression of PHs-2 in the fiontal coutex of the brain of 

patients with Alzheimer's disease has been reported (Pasinetti and Aisern, 1998). The link 

between inflammatory prostaglandins and Alzheimer's disease remains to b ~ e  established. It has 

been hypothesized that Alzheimer's disease may occur due to ischaemic darnage caused by 

blockade of the capillaries, which may develop and invade the brain. NSPUDs such as aspinn 

have anti-platelet properties and may inhibit this ischaemic injury by inhiboiting platelet PHs-1 

(de la Torre, 1997). 

13.9 ROLE OF PHSS IN C PRODUCTION AND DEVELOPMENT 

Phenotypic analysis of PHs-I and -2 knockout mice has provided vaiuable information 

about the role of these isoforms in development. PHs-1 knockouts were genierated by disruption 

of the gene at exon 11 using homologous recombination. In this process tlhe Ser 530 which is 
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required for acetylation by aspirin was altered by insertion of  neomycin resistant gene (Neo 

cassette) to replace the 1 kb of intron 10 together with the splice junction and first 44 bp of exon 

1 1 (Langenbach et al., 1995). PHs-1 knockûut mice were healthy and did not display any 

visible pathology but showed decreased platelet aggregation due to lack of PHs-1, which was 

not compensated for by upregulation of PHs-2. Prostaglandins are important in the process of 

ovulation, implantation and parturition (Chakraborty et al., 1996; Lim et al., 1997). One 

phenotypic anomaly, which was proposed to be associated with the insufficient production of 

prostaglandins by PHs-1 nul1 rnice, was the late onset of labor in the null fernales that were 

mated with null males. It has been shown that the amount of prostaglandins forrned in the PHS- 

1-deficient mice was 1% of that in the congenic wild-type mice. Moreover, in tissues that were 

examined (stomach, colon, kidney and testes) the message and protein expressed by mice 

heterozygous for PHs-1 was 50% of that observed in the wild type mice (Langenbach er al., 

1995). In these tissues, PHs-1 was not compensated for by upreguiation of PHs-2 (Langenbach 

et al., 1995; Langenbach et al., 1999). 

Prostaglandins generated by PHs-1 have been shown to be important and required for the 

preparation of the uterus for implantation during eady pregnancy mainly to increase utenne 

permeability and the attachent reaction (Chakraborty et al., 1996). Normally, PHs-1 is 

expressed in the uterine epitheliurn pnor to implantation. After the attachment of embryo to the 

uterus, PHs-1 is down-regulated while PHs-2 is expressed in the luminal epithelium and 

subepithelial stroma1 celIs at the time of attachment of the blastocyst (Chakraborty er al., 1996). 

Recently, it has been shown that in the uteri of PHs-1 knockout rnice, PHs-2 is upregulated to 

compensate for the lack of PHs-1 during the period of uterine preparation (Reese et al., 1999). 

The role of PHs-2 in development has also been investigated in PHs-2 knockout mice 

generated in parallel by two different groups (Dinchuk et al., 1995; Morham et al., 1995). 
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Dinchuk et ai. (1995) generated PHs-2 knockout mice by replacing exon 1 of the PHs-2 gene, 

which contains the transIation and transcription start site, with a phosphoglycerolkinase- 

promoted neomycin gene (PGK-neo cassette). PHs-2 message and protein expressed by 

heterozygous PHs-2 mice were 50% of that in the congenic wild-type mice, while PHs-2 

knockout mice did not express either protein or message (Dinchuk et al., 1995; Langenbach et 

al., 1999). Like PHs-1 nul1 mice, PHs-2 knockout mice did not compensate for the Iack of 

PHs-2 by up-regdating PHs-1 (Dinchuk et al-, 1995; Langenbach et al., 1999). Unlike, PHs-1 

knockouts, PHs-2 nuIl mice displayed a varïety of phenotypic anomalies. In heterozygous 

matings, only 60% of the pups survived to weaning, and of those that survived, 25% died pnor 

to one year of age. The reason for death pnor to weaning is not known, but the deaths after 

weaning and p&r to one year were associated with peritonitis or kidney malfunction (Morham 

et al., 1995). Rend abnormalities in PHs-2 knockout mice include dilated and atrophied rend 

tubules as well as reduced number and poor development of glomeruli (Morharn er al., 1995). 

Female PHs-2 knockout mice are reported to be infertile (Dinchuk et al., 1995). This infertility 

is due to multiple faiIures in the process of ovulation, fertilization, implantation and 

decidualizahon whkh occur as a result of PHs-2 deficiency (Lirn et al., 1997). 

PHs-1 and PHs-2 double knockouts pups have been generated. Although these animais 

looked normal, they died shortly after birth and the cause of their death is still under 

investigation (Langenbach et al., 1999). The PHs-1 heterozygous (+/-)-PHs-2 homozygous (-/-) 

and PHs-2 (-/-)-PHs-2(H-) have also been generated and are currently being studied 

(Langenbach er al., 1999). Such studies will provide more information on the individuai role of 

PHs-1 and -2 in development and physiology. Table 4 s u m f i z e s  the phenotypes of PHs 

knockout mice. 



Table 4. Phenotypes of the PHs deficient mice. 

- 

Phenotype Cox-1 deficient mice Cox-2 deficieut mice 
Health 

Survival 

Gastrointestinal 

Kidney 

FertiIity 
Mde 

Female 

PG Levels 

lnflammatory response 
Ear edema 

Air pouch 

Mection 
Tumorigenic response 

Skin papillomas 

Intestinal 

-0nly 60% survive to weaning, 
75% of survivors live to 1 year 

-No spontaneous ulcers -No spontaneous ulcers 
-Possible reduced resolution -Reduced resolution of induced 

of induced ulcers ulcers 
-Gastric pH 1 -5 -Gastric pH 3.5 

-Normal -Progressive rend disease 

-Delayed parturition, -Reduced ovulation, fertilization, 
othenvise noma1 implantation, and 

decidualizatior 
- 1 % of normal uninduced -Normal uninduced leveis 

levels 
-1nduci ble -Not inducible 

-Reduced edema with AA -Normal edema with AA 
-TPA induces edema -TPA induces edema 

-Slightly reduced macrophage -Macrophage recruitment -50% 
recruitment of normal 

-Slightly reduced resoIution -Reduced resolution 

-Normal? -Increased pentonitis 

adenornas 
(From: Langenbach et al., 1999 with permission) 



Lipoxygenases (LOXs) are a famil y of non-herne, iron-cont aining, lipid peroxidizïng 

enzymes, which are present in both plants and animals. In general, LOX are named numencally 

based on the position of the carbon in AA backbone which is dioxygenated. In marnmais, there 

are four different major isoforms: 1) arachidonate 5-LOX which oxygenates the C-5 position of 

AA and is f o n d  in neutrophils, 2) platelet-type 12-LOX which produce (1 2S,SZ,8Z, 10E, 142)- 

12-hydroperoxyeicosa-5,8,10,14-tetraenoic acid (1 2s-HPETE) fiom AA, 3) reticulocyte 15- 

LOX which adds a molecule of oxygen to the C-15 position of AA and 4) the epidermal type 

LOX which oxygenates AA at various positions (Kuhn and Thiele, 1999). Despite the existence 

and ongoing discovery of LOXs, our knowledge of their biological significance is relatively 

lirnited. Metabolism of AA by LOXs results in formation of different bioactive lipid mediators 

such as leukotrienes and Iipoxins (Sun et al., 1998). 5-LOXs biosynthesize leukotrienes which 

are mediators of anaphylactic and inflarnmatory disorders (Engels and Nijkamp, 1998). 

Lnhibitors of 5-LOXs and antagonists of leukotriene receptors are currently used as medication 

for asthrna (Drazen et al., 1999). Moreover, like PHs-2, 5-LOX is present in the nuclear 

envelope of human alveolar cells, suggesting a role for this isoform in the regulation of gene 

expression (Woods et al., 1995). 15-LOXs are implicated in cell developrnent and 

differentiation, and there is some evidence for the involvement of 12115-LOXs in atherogenesis, 

but the reports are controversial (Kuhn and Thiele, 1999). Little is known about the biological 

significance of 12-LOXs and epidermal-type LOXs. 

With the exception of 5-LOXs which are localized to chromosome 10, dl other human 

LOXs are localized to chromosome 17 (Sun et al., 1998). Recently, a novel lZ(R)-LOX has 

been detected in human and mouse skin. In mouse embryos this enzyme was detected f?om 

ernbryonic day 15.5 particularly in epidemis, nasal epithelium and surface of the tongue (Sun et 
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al., 1998). Aithough activity of LOXs is especially high in fetal Iiver, human amnion, decidua 

and placenta (Saeed and Mitchell, 1982), knockout mice lacking LOXs did not present any 

obvious problems in development or ce11 dserentiation (Funk, 1996). Therefore, it has been 

proposed that the role of LOXs may become apparent only under physiological or pathological 

stress (Funk, 1996)- 

Like PHSs, LOXs have dioxygenase activity. In the catalytic cycle of LOXs, AA is 

dioxygenated to hydroperoxyeicosatetraenoic acid (HPETE), which is subsequently reduced by 

the catalytic action of an associated hydroperoxidase to HETE. In this process, xenobiotics such 

as the anticonvulsant phenytoin c m  be bioactivated to a f2ee radical reactive intermediate which 

c m  damage cellular rnacromolecules by covalently binding to or oxidizïng these molecular 

targets (Yu and Wells, 1995)- PHs-dependent bioactivation of phenytoin to a fiee radical 

reactive intermediate has d s o  been reported, but the inhibition of PHs by acetyIsalicylic acid 

(ASA; an inhibitor of both PHs-1 and -2 resulted in only a 50% reduction in phenytoin 

teratogenicity, indicating the involvernent of another embryonic bioactivating systern (Wells et 

al., 1989~). Unlike ASA, pre-administration of 5,8,11,14-eicosatetraynoic acid (ETYA), a dual 

inhibitor of PHSs / LOXs, has been shown to almost completely abolish phenytoin-induced cleft 

palates (Yu and Wells, 1995), suggesting a substantial role for LOXs in the bioactivation of 

xenobiotics to embryotoxic reactive intermediates. The list of drugs that can be bioactivated or 

metabolized by LOXs is growing and includes xenobiotics such as all-pans-retinol (Datta and 

Ku1 kami, 1 W6), benzidine, tetramethylbenzidine (Kulkamï et al., 1 992; Naidu and Kulkarni, 

1992; Roy et al., 1993), 2-aminofluorene (Roy and Kuikarni, 199 l), styrene (Belvedere et al., 

1 9 83), benzo [alpyrene-7,8-dihydrodiol (Byczkowski and Kulkarni, 1 989), ddrine and 

Kulkarni, 1991) and phenothiazines (Rajadhyaksha et al., 1999). 



Myeloperoxidase (MPO) is the major iron-containhg heme protein present in neutrophils, 

with levels as high as 5% of the dry weight of the ce11 (Klebanoff, 1999). The primary role of 

thïs enzyme in neutrophils is to kiïl foreign cells, including malignant and nonmalignant 

nucleated cells as well as destroying several micro-organisms (Lanza, 1998). Despite the 

primary rnicrobicidal role of MPO, the incidence of infection in individuals with a partid or 

total hereditary deficiency in MPO is not increased compared to normal individuals, indicating 

that MPO-independent antirnicrobial systems rnay compensate for the jack of tMPO (EUebanoff, 

1999). Severd clinical investigations have shown that individuals with total deficiency in MPO 

demonstrate a higher incidence of malignant tumors (Klebanoff, 1991). However, mechanistic 

studies are necessary to confinn the role of MPO in protecting against turnor formation. 

MPO Iike other peroxidases is capable of bioactivating xenobiotics to free radicals and 

electrophilic reactive intermediates that can covalently bind to protein, and has been implicated 

in the mechanism of dmg-induced lupus, agranulocytosis and idiosyncratic reactions (Uetrecht 

and Zahid, 1988; Uetrecht et al., 1988a; Uetrecht et al., 1988b; Sayo and Saito? 1990; van Zyl et 

al,, 1990; Fischer et al., 199 1 ; Uetrecht and Zahid, 199 1 ; Lai et al,, 1999)- The catalytic cycle of 

MPO is activated by either hydrogen peroxide (HzOz) or a combination of H20z and chloride 

(Fig. 8). HzOz oxidizes the femc heme group of MPO via a two-electron oxidation to electron 

deficient compound 1, which is presurned to be the oxidizing component of MPO in the absence 

of chloride ion. Agents such as ascorbic acid (AH) can enter this cycle as a reducing substrate 

themselves become oxidized to a free radical intermediate and generate compound II, which in 

turn can be reduced back to MPO via the action of another AH molecule (Fig. 8) (Hofstra and 

Uetrecht, 1993). In the presence of chloride ion, compound I is reduced back to MPO and in the 

process, hypochlorous acid (HOCI), a strong oxidizing agent, is produced (Hofstra and Uetrecht, 



Figure 8. Catalytic cycle and oxidation pathway of MPO. AH is a reducing xenobiotic such 3s 
ascorbate. 
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1993). Generdly, the oxidation of xenobiotics by activated neutrophils is associated with either 

M P O / w 2  or HOC1 (Ichiihara et al., 1989; Waldhauser and Uetrecht, 1991; Gamberini and 

Leite, 1993). ROS such as H202 as well as o2-are geiierated in neutrophils as a result of the 

"respiratory burst" mediated by NADPH oxidase, which is normdy dormant in resting cells, but 

becomes active during phagocytosis (Klebanoff, 1999). 

Despite of the available information on the ability of MPO to bioactivate many xenobiotics 

including teratogens such as phenytoin (Uetrecht and Zahid, 1988), nothing is known about its 

developmental expression or its role in embryonic development and teratogenesis. 
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1.6 PHs As A DIRECT GENERATOR OF ROS AND ROLE OF ROS IN SIGNAL 

TRANSDUCTION 

There are numerous cellular pathways that can lead to the formation of ROS, including the 

rnitochondrial electron transport chab (Boveris and Chance, 1973; Janssen et al., 1993), 

cytochromes P450 (Guengench and Liebler, 1985; Poulos and Raag, 1 Wî), peroxidases such as 

PHSs, and LOXs (Kukreja et al,, 1986; Halliwell and Guttendge, 1989)- Although these 

pathways al1 are important in the generation of ROS, this thesis focuses upon endogenous ROS 

formation by PHSs. PHSs, like other peroxidase systerns, generate superoxide anion ( 0 ~ ~ 7  in a 

burst like-fashion during the oxygenation of arachidonic acid in the presence of reduced 

nicotinamide-adenine dinucleotide (NADH) (Fig. 9) (Kukreja et al., 1986; Halliwell and 

Gutteridge, 1989). in this process, hydroperoxides such as PGGz in combination with NADH 

interact with PHSs to generate NAD', which reacts with molecdar oxygen to produce 

superoxide and NAD+ (Fig. 9). 

ROS are considered to be intracellular messenger rnolecules due to the ease of their 

production, degradation, ubiquitous presence in ail cells and because some such as HzOz or 

are easily diffüsible frorn the cytosol to the nucleus (Gabbita et al., 2000). ROS are known to 

affect signal transduction pathways and ultirnately gene expression, ce11 growth and ce11 death 

(Lander, 1997; Palmer and Paulson, 1997). At the molecular level, the mechanism by which 

ROS regdate transcription factors and signal transduction is not fully understood; however, it is 

postulated that the oxidation of protein suifhydryls by ROS may be one mechanism by which 

ROS exert their effects- For instance, oxidation of sulfhydryls of a DNA binding protein may 

result in a conformational change that c m  either enhance or reduce the DNA binding activity of 

the protein (Abate et al., 1990; Huang and Adamson, 1993), leading to release of inhibitory 



Hydroperoxide /' 

Figure 9. Postulated role of peroxidases and NADH in the formation of reactive oxygen species 
(ROS). 



subunits (Schreck er al., 199 1; Pantopoulos and Hentze, 1998). This reIease normally prevents 

transcription when attached to DNA, or attenuates formation of protein complexes which are 

requked for the progression of signal transduction or gene transcription (Amone et al., 1995; 

Rao, 1996). For instance? redox cycIing of cysteinyl residues is one of the mechanisms that 

controls the activity of transcription factors such as AP-1 (Xanthoudakis et al., 1994), proto- 

oncogene muscuIoaponewotic fibrosarcoma (MAI?), neuronal retina specific gene NRL 

(Kerppola and Curran, 1994) and NF-TL6 (Hsu et al,, 1994). In addition, the activity of severd 

important components of signal transduction pathways such as PKC (Ward et al., 1995), cazf- 

ATPase (Nicotera et al., 1985; Nicotera et al., 1986) and SRC tyrosine kinase (Schulze-Osthoff 

et al., 1995) are in part reguiated by redox cycling of their cysteinyl residues. There are many 

known redox sensitive signal transduction pathways, but none has been studied as thoroughly as 

the MAPK and NF-& pathways, 

1.6.1 MAP KINASE PATHWAYS 

Several extracellular signaling molecules, such as growth factors and cytokines, interact 

with their cognate receptors cvhich either have protein kinase activity themselves or are capable 

of activating cytoplasmic protein kinases to transmit signals from plasma membranes to the 

nucleus where gene expression is controiled (Karin and Hunter, 1995). There are four 

subfarnilies of MAPKs (Fig. 10) that have been identified to date: 1) ERK, 2) W S A P  kinase 

(semm activated protein kinase), 3) p38 kinases and 4) big bIAP kinase (BMKERKS) d l  of 

which have ROS-sensitive components (Allen and Tresini, 2000). In the first two pathways, 

initially, the guanine nucleotide exchange factor such as son of sevenless (SOS) forms a complex 

with the effector protein Grb-2. Subsequently, activation of the growth factor receptor resuits in 

phosphorylation of tyrosine residues on Grb-2/Sos ailowing it to interact with adapter proteins 

known as sarcoma virus homology (SH)-containing (SHC) proteins. An example of SHC 



Figure 10. MAP kinase pathways. SH = Rous sarcoma virus (src) homology domain, SHC = src 
homology-containing protein; Grb2 = growth factor receptor-bound protein 2; ERK= 
extracellular signal-regulated kinase; JNK = Jun-NH2-teminal kinase; MAPK = mitogen- 
regulated kinase; MEKK = MAPK kinase kinase; MKK = MAPK kinase; P;W( = p21- 
activated kinase kinase; SRF = serum response factor; SOS = Son of Sevenless; SRE = serum 
response element; CRE = CAMP-responsive element; TRE = thyroid hormone response element; 
E = Glutamate; G = Glycine; P = Proline; S = Serine; T = Threonine; Y = Tyrosine; P = 
phosphate. (Frorn: Allen and Tresini, 2000 with permission). 
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proteins is the Ras-GTPase activating protein (GAP) (Schenk and Snaar-Jagaiska, 1999). The 

Grb-2/Sos/SHC complex activates Ras by converthg Ras-GDP to Ras-GTP. Formation of 

Grb-2ISoslSHC is sensitive to the oxidative state of the cells, and it has been shown that this 

complex can be fomed when cells are treated with oxidants such as HzOz (Rao, 1996)- Upon 

activation of Ras, Raf-1 is translocated to the plasma membrane where it can be phosphorylated 

by tyrosine kinases, serinekhreonine kinases, PKC farnily and cerarnide-activated protein kinase 

(Allen and Tresini, 2000). Conditions such as hypoxidreoxygenation (Seko et al., 1996) and 

stirnuIation with H202 (Abe et al., 1998) have been shown to activate Rd-I .  Activated Raf-1 

c m  phosphorylate MAPK kinase (MKK)/MAPWERK kinase (MEK), which in tuni activates 

ERK-112 by phosphorylating their serinehhreonine and tyrosine residues in the sequences of 

threonine-glutamate-tyrosine (TEY) present in the protein (Fig. 10). MKKllMEKl and 

MKK2/MEK2 activate ERKl/2, but only MEK-1 is redox-sensitive (Abe et al., 1998)- Once 

translocated into the nucleus, ERKI/Z phosphorylates transcription factors Elk-1 and SAP-1, 

preparing them for complex formation with other nuclear proteins to initiate transcription. Elk 

and SAP cannot bind to the promoter region without binding to other transcription factors such 

as SRF (Allen and Tresini, 2000). Activated Ras also activates MEKKI, which will 

phosphorylate the MKK4 subfarnily of MAP kinases. MKK4 activates JNKlR by 

phosphorylating the senne/threonine and tyrosine residues in the sequences threonine-proline- 

tyrosine (TPY) of the protein. The Ras/RafMKK/ERK pathways are involved in control of ce11 

proliferation and differentiation, while the Ras/MEKKl/MKK4lJM( pathway and the p38 

subfamily kinases mediate response to cellular stress (Schenk and Snaar-Jagalska, 1999). For 

instance, the JNK pathway is activated by oxidative stress caused by UV radiation (Schenk and 

Snaar-Jagalska, 1999). In addition, ERK and TNK are involved in control of apoptosis but have 

opposite effects. While in cells such as PC12, ERK and JNK are respectively thought to 
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conversely protect against and stimulate apoptosis, in sorne other ceils. such as B-celIs, their 

effect is thought to be reversed (Schenk and Snaar-JagaIska, 1999). 

1.6.2 NF-& PATHWAY 

NF-KB is a heterodimer composed of two of the foilowing proteins: pSO, p52, p65, Re1 B 

and c-Rel proteins (Miyamoto and Verma, 1995). In the cytosol of unstirmulated cells, NF-& is 

kept inactive as a complex bound to the inhïbitory subunit I d .  Activation of NF-KB begins 

with the phosphorylation of the I d  subunit which provides a signal fox ubiquitination of the 

lysines 21 and 22 of this subunit, facilitating its degradation by the 2 6 s  proteasorne complex 

(Alkalay et al., 1995). Once dissociated from I d ,  N F 4 3  migrates into t h e  nucleus and initiates 

transcription and regulation of many proteins such as superoxide dismutasce-2 (SOD-2) (Meyrick 

and Magnuson, 1994) and y-glutamylcysteine synthase (Iwanaga et al., 1998). 

The involvement of ROS in activation of NF-KB is thought to be due to their ability to 

degrade the Id3  subunit (Schreck ei al., 1991). While ROS generated £rom UV and ionizing 

radiation activate the NF-& complex (Allen and Tresini: 2000), antioxidants and reductants 

such as nordihydroguaratic acid, a-tocopherol and N-acetylcysteine decreaise NF-& activity and 

translocation (Israel et al., 1992; Meyer et al., 1992). However, the exact: mechanism by which 

antioxidants and reductants affect NF-& activation is not known. 



Cytochromes P450 (P450s, CYPs) constitute a superfamily of heme-containhg membrane- 

bound enzymes which are mediators of oxidative metabolism/bioactivation of many xenobiotics, 

environmentai chernicals and endogenous compounds (Hakkola et al., 1998). Metabolites of 

lipophilic xenobiotics generated by P450s are conjugated by phase II metabolizing enzymes such 

as UDP-glucuronosy ltrans ferases, making thern more poIar and hydrophilic than the parent 

cornpounds, and thereby facilitating their rapid excretion fiom the body (Wrighton and Stevens, 

1992)- From 74 P450 genes that have been identified to date, only 14 exist in d l  mammals 

(Nelson et al., 1996). P450s are highïy expressed in the liver; however, several have dso been 

detected in many extrahepatic tissues. (Hakkola et al., 1998). 

P450s are usually referred to as either constitutive or non-constitutive. However, in cases 

such as CYP 1 Al these definitions fail to accurately classi@ these enzymes- While CYP 1 Al  is 

non-constitutive in aduIt human liver (Wrighton and Stevens, 1992), high levels of this enzyme 

are constitutively present in extrahepatic tissues such as the lung (Shimada et al., 1992). 

Contrary to CYP1A1, CYP lA2 is constitutively expressed in human Iiver with minimal 

expression in extrahepatic tissues (Karninsky and Fasco, 1991). Therefore, when considering the 

expression of individual P450s, one has to consider not onty the tissue in which it is expressed 

but also the species and its developmentd stage. 

1.7.1 BIOCHEMISTRY 

There are three rnechanisms by which P450s bioactivate xenobiotics: 1) mixed function 

monooxygenase activity; 2) peroxygenase activity and 3) fiee radical-mediated activity (Ortiz de 

Montellano, 1986). 



1.7-1. I MIXED FWCTION MONOOXYGEIVASE PATHW.-~ Y 

One of the most important enzyme systems involved in phase 1 reactions and oxidation of  

proteratogens/procarcinogens to electrophitic reactive intermediates is the mixed h c t i o n  

monooxygenase (MFO) system (F'ig. Il) ,  which fünctions in the presence of oxygen and uses 

NADPH as an electron-donating cofactor- The monooxygenase system is composed of a heme- 

containhg CYP and a NADPH cytochrome P450 reductase. The rate Iimiting step in the 

oxidative process mediated by MF0 is the reduction of oxygen-bound CYP by NADP(H)- 

dependent cytochrome P450 reductase (White and Coon, 1980): which is a flavoprotein capable 

of tramferring one or two electrons to P450. 

1 - 7.1.2 P EROXYGENASE PA THWA Y 

P450s can bioactivate xenobiotics via a peroxygenase pathway that fünctions without 

molecular oxygen, NADPH and P450 reductase (Fig. 11). With the peroxygenase pathway, 

P450s, like PHSs, can utilize endogenous lipid hydroperoxides and HIOz as sources of required 

oxidants (Hrycay and O'Brien, 197 1 a; Hrycay and O'Brien, 1971 b) to bioactivate xenobiotics to 

etectrophilic reactive intermediates- The P450 peroxygenase activity can catalyze the 

hydroxylation of aromatic and aliphatic compounds (Rahimtula and O'Brien, 1974; Hrycay et 

al., 1976), N- and O-deallqlation (Kadiubar et al., 1973; Rahirntula and O'Brien, 1975; 

Keddens et al., 1983), N-hydroxyIation (Hlavica et al., 1983), alcohol oxidation (Rahirntuia 

and O'Brien, 1977) and arene oxide/epoxide formation (Rahimtula et al., 1978). In ce11 culture, 

the peroxygenase pathway has been shown to be a more efficient oxidizing system than the 

MF0 pathway for some substrates (Anari et al., 1995). In addition, physiological concentrations 

of Iipid hydroperoxide augment the oxidation of retinoic acid by hepatic microsomal P450s and 

CYPlAl (Muindi and Young, 1993). Although the Iist of xenobiotics that can be oxidized by 

peroxygenase pathway include teratogens such as diethylstilbestrol (Roy et al., 1992), 



Figure 11. Xenobiotic oxidation by cytochromes P450 rnixed-fùnction monooxygenase and 
peroxygenase activity. ROOH is a hydroperoxide; ROH is the alcohol generated fiom reduction 
o f  ROOH; P, product; S, Substrate. (Frorn: Wells et al., 1997b with permission) 
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benzo[a]pyrene (Rahimtda and O'Brien, 1977), ethanol (Rahimtuia and O'Brien, 1977), and 

retinoic acid (Haurand and Ullrich, 1985), there is nothing known about the role of this pathway 

in xenobiotic-induced teratogenesis. 

L7.1.3 FREE RADICAL PATHWAY 

P450s have also have been shown to bioactivate xenobiotics such as 3-methylindole and 

tamoxifen to fiee radical reactive intermediates that initiate the formation of ROS (Kubow et al., 

1983; Turner et al., 1991 ; Bondy and Naderi, 1994; Sugiyarna et al., 1994). However, the 

biological significance and chemical rnechanism of this pathway have not yet been determined. 

In contrast to peroxidases, the expression of most P450s in developing embryos is generally 

low, and species-dependent. During the sensitive period of organogenesis (weeks 3 to 9), the 

activity of some P450s in human embryonic liver may reach as high as 40 % of that in the adult, 

depending on the P450 isoform (Raucy and Carpenter, 1993; Kitada and Kamataki, 1994). In 

rodents, however, the activity of most CYP isoforms in uninduced embryos during 

organogenesis (gestational days 8 to 15) is negligibIe (Juchau et al., 1992). Although severai 

cornpounds, including phenytoin, benzo[a]pyrene and carbarnazepine have been shown to be 

metaboIized by human fetal Iiver (Hakkola et al., 1998), the teratoIogically relevant threshold 

for the bioactivating activity of P45Os, which may be both isoform- and proteratogen-dependent, 

remains to be determined. However, there are several P450s which are potentially relevant in 

teratogen bioactivation. One such P450 is the retinoic acid (RA, Vitarnin A)-inducible 

CYP26A, which has recently been detected in rnouse, zebrafish and hurnan (Fujii et al., 1997; 

Ray et al., 1997; White et al., 1997; Abu-Abed et al., 1998; Trofimova-Grifin and Juchau, 

1998). The mRNA for this enzyme is expressed in a stage- and region-specific manner during 

mouse ernbryogenesis (Fujii et al., 1997; de Roos et al., 1999). For instance, at embryonic day 
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(ED) 11.5-12-5, CYP26A is expressed broadly in oral epithelium of maxilliary arch and 

mandible, while at ED 13.5 it becomes restncted to tooth buds. Similarly, during the 

development of limbs, fiom ED 9.5 to 11.5, CYP26A is expressed in the epithelium of fore- and 

hind limb buds, but on ED 12.5 expression becomes restncted to lirnb cartilage condensations 

(de Roos et al., 1999). In 7 human fetuses, the mRNA for CYP26A was detected in brain, liver, 

lung, kidney, heart and spleen, with the highest expression in the brain, which was equivaient to 

that in adult tissues (Trofimova-Griffin and Juchau, 1998). Apart fiom being induced by RA, 

CYP26A is responsible for the hydroxylation of RA to an inactive metabohte, and is thought to 

control the level of this vitamin through a metabolic pathway that involves a feedback loop 

where both endogenous and exogenous RA levels may be controlled in an autoregulatory 

fashion (White et al., 1997). It is evident that CYP26A may be an important enzyme during 

ernbryonic development; however, it remains to be determined whether the level of expressed 

message for CYP26A correlates with its protein levels, and whether this protein can rnetabolize 

xenobiotics other than EU. Another CYP potentialIy relevant in teratogenesis is CYPlBl. 

Using an immunoblotting technique, this isoform has been shown to be constitutively expressed 

in the adrenal glands of late gestation and postnatal day 1 rat fetuses (Brake et al., 1999). The 

protein expression is somewhat erratic postnatally, particularly during the pre- and post-weaning 

penod @rake et al., 1999). In adult rodents, CYPlB 1 is non-constitutive but inducible by 

TCDD (Brake et al., 1999). CYPl Bl mRNA has also been detected in adult human liver, 

lymphocytes, celIs of bronchoalveolar lavage and uterine endometriun, as well as in 

extrahepatic hurnan fetal tissues including adrenal gland, lung, brain and kidneys. However, 

fiom 6 fetal livers studied only 3 expressed CYP 1 B 1 mRNA (HakkoIa et al., 1997). CYP 1 B 1 

has been shown to bioactivate procarcinogens such as polycyclic aromatic hydrocarbons and aryl 

amines to reactive electrophilic intermediates (Shimada et al., 1996; Buters et al., 1999). The 
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major P450 in human fetd liver is CYP3A7 (Raucy and Carpenter, 1993; Miller et al., 1996), 

which accounts for more than 50% of the total fetal hepatic P450 content and is highly 

expressed from 4 weeks of gestation (Schuetz et al., 1994) to the third trimester (24 weeks) 

(Kitada et al., 1987; Yang et al., 1994). Low levels of CYP3A7 mRNA have recently been 

detected in the adult hurnan liver (Hakkola et al., 1997). Another important human fetal P450, 

for which both protein and rnRNA has been detected during second trimester (1 6 to 24 weeks of 

gestation), is CYP2EI. This enzyme has been shown to convert ethanol to acetaldehyde and is 

thought to be important in some teratogenic effects of ethanol such as central nervous system 

disorder, which can occur during the second and third trimesters (Carpenter et al., 1996). 

Severai other P450s have been detected in the hurnan conceptus, prirnarily by mRNA 

expression, during the penod of organogenesis (gestational weeks 3 to 8/9) and throughout the 

fetal period (from 8/9 weeks to birth) (Table 5). Nevertlieless, in addition to mRNA expression, 

which often does not reflect the amount of protein or activity of an individual P450, more 

supporting evidence such as immunoblotting and embryonic reactive intermediate formation are 

necessary for determination of the biological/toxicological significance of individual fetal 

P450s. 



Table S. Expression of some human fetal P450s during and after organogenesis. 

Period CYP Mode of Detection References 
Organogenesis 3A7 Western, Northern, RT- (Schuetz et al., 1 994) 

PCR, Enzyme Assay 
1Al RT-PCR, Enzyme Assay (Miller et al., 1996) 
2E 1 RT-PCR 
3A5 RT-PCR 

Post-organogenesis IAI Western (Shimada et al,, 1 996; 
up to birth Hakkola et al., 1998) 

2E 1 Western 
3A4 RT-PCR 
3A5 RT-PCR , Western (1 out 

of 1 O fetal livers) 



This section is reproduced with permission and is part of the following review chapter: 

Wells, P.G.; Kim, P.M.; Nicol, C.J.; Parman, T- and Winn, L.M. (1997) In: Nandbook of 

Experimental PhammoZogy, Vol. 124, Part 1. Dmg toxicity in embryonic development, R.J. 

Kavlock and G.P. Datson (eds.) pp. 453-518. The first draft of al1 materials and figures 

presented in this section were prepared by Toufan Parman for the above review. Some figures 

in this section did not appear in the original publication. 

1.8.1 ELECTROPH~LIC REACTWE INTERMEDIATES 

During the bioactivation of several xenobiotics by cytochrome P450 and/or prostaglandin H 

synthase, an electrophilic reactive intemediate is formed (see Table 6 for definitions). T'inese 

intermediates can include positively charged carbon atoms (carbocations), as in the bioactivation 

of 4-(methy1nitrosarnino)- 1 -(3 -pyndyl)- 1 -butanone (NNK), or epoxides, as in the bioactivation 

of B[a]P. The stability of a carbocation determines the type of reactions involved. If the 

carbocation that may be formed is a tertiary (3") cation, an SNI reaction will occur; the order of 

stability for carbocations is given in Fig. 12 (Fessenden and Fessenden, 1986b): 

stability decreases 

Figure 12. Order of stability of carbocations. 

The order of reactivity for SN2 reactions is opposite to that for SN1 reactions. Stenc hindrance 

of a molecule or nucleophile, the solvent in which the reaction is taking place, and the type of 

leavùig group on the molecule are dl detemiinants of the type of reaction that will occur 



Table 6. Chernical definitions pertaining to eIectrophiIic reactive intermediates and their 
reactions with moIecuIar targets- 

Type of the Reaction 
Nucleophil e 

- 

Definition 
A reagent that donates an electron pair is 

called a nucIeophile, and the reaction is 
cdled nucleo~hilic, 

A reagent that accepts an electron pair is 
cdled an electrophile, and the reaction is 
e lec t ro~hik .  

This reaction consists of two steps: 
1. Formation of an electrophile 

R-X - [R+]+ X 

2. Addition of the electrophile to 2 

nucleophile 

This is a reaction involving a back side attack. 
The nucleophile approaches the substrate 
fkom a position 180" away from the leaving 
group. The reaction is a one-step process 
with no intermediate, wherein the C-Y bond 
is fonned as the C-X bond is broken. 

There are reactions that are neither SN 1 nor 
SN2 but are in between. This borderline 
behaviour is found where the rates of 
formation and destruction of the ion pair are 
of the same order of magnitude. 

k 1 k2 
R-X d R+ X Product 

(From: Wells et al., 199% with permission) 
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(March, 1992b). 

One of the major reactions of a carbon-carbon double bond with oxidizing agents is to form 

an epoxide. These intermediates normalty are highly reactive because of the polarity of the C-O 

bonds and the ring strain present (Fessenden and Fessenden, 1986a). An epoxide formed at the 

double bond of a benzene ring is cdled an arene oxide. 

Epoxide Arene Oxide 

Generally, epoxides undergo SN2 reactions, with nucieophiles attacking the less substituted 

carbon of the epoxide or arene oxide in basic solutions. In acidic solutions, the nucleophile 

attacks the rnost substituted carbon of the epoxide or arene oxide (Fessenden and Fessenden, 

1986a). The reaction of an epoxide with hydroxide ion gives tram diols (Fig. 13). 

Figure 13. Reaction of an epoxide with a hydroxide ion to give tram dihydrodiols. 

Epoxides also can be formed via the reaction of peroxyl radicals with the double bond of 

alkene or arene molecules, wherein the peroxyl radical adds an oxygen atom across the double 

bond (March, 1992b). This is the mechanism by which B[a]P-7,8-di01 is bioactivated by 

prostaglandin H synthase (PHs) (Fig. 14A) (Marnett and Eling, 1983). Cytochrome P450 



A PHs 1 Peroxyl Radical-Dependent Epoxidation - R' HEMArn W" - 
OOH J O' 

*R' 

Peroxyl Rad icaf 

Figure 14. Bioactivation of benzo[aJpyrene-7.8-diol. A. Bioactivation of B[a]P-7,8-di01 by 
prostaglandin H synthase (From (Mameît and Eling, 1983) with permission) and, B. 
Cornparison of the stereochemistry of epoxidation of B[a]P-7.8-di01 by cytochromes P450 and 
peroxyl radicals. (From: Marnett, 1990 with permission) 
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isoenzymes dso bioactivate the 7,8-di01 of B[aJP to a diol-epoxide. However, when this 

chernical is bioactivated by PHs, a peroxyl radical of an unsaturated fatty acid adds an oxygen 

atom to f o m  an anti-diol-epoxide, while bioactivation by P450s forms a syn-diol-epoxide (Fig. 

14B) (Marnett, 1 990). 

The positively charged atom of an electrophilic reactive intermediate readily accepts 

electron pairs fiom electron-rich nucleophilic sites on small molecules such as GSH, and on 

celIular macromolecu~es sucb as proteins and DNA- This reaction results in a covalent bond 

that generally is irreversible, except by enzyrnatic cleavage, and the xenobiotic covalently bound 

to such molecuies is referred to as an adduct, The formation of a covalent bond often is referred 

to as arylation for aryl xenobiotics that bind via an aromatic ring, and allq4ation for alkyl 

xenobiotics. Other electrophilic reactive intermediates not discussed herein include 

hydroxylamines, nitronium ions and nitroso compounds (Gregus and Klaassen, 1996). 

1.8.1. I EL ECTROPHILES AND T'R INTERACTION WITH DNA 

DNA damage has been the focus of severd recent studies due to its central role in 

information transfer between generations of somatic cells (Adelman et a[.' 1988; Richter el al., 

1988). 

Many carcinogens, mutagens and teratogens are bioactivated to electrophilic inteimediates 

that covalently bind to nucleotides (Table 7), and DNA-adducts of several xenobiotics have 

been characterized (e-g. NM(, PAHs, anthracene, aqdhalides, and ethylene oxide) (Hemminki, 

1994). The teratogenic anticonvulsant drug phenytoin also has been shown to covalently bind to 

embryonic DNA (Liu and Wells, 1994a). The Wla t ion  and arylation of nucleotides is site 

selective in aqueous solutions; arylating carcinogens react selectively with exocyclic amino 

groups on DNA bases, in contrast with simple SN2 akylating agents, which react primarily with 

the pyridine type ring nitrogen sites within DNA bases. The aqueous reactivity of the arylating 



Table 7. Molecular damage of potentid relevance to chernical teratogenesis. 

Molecular Damage Target Substrate References 
Covalent bindlng Protein P henyto in (Martz et al., 1 977) 

Benzo [alpyrene (Shum et  al.. 1979) 
Thiabendazole (Yoneyama and Ichikawa, 

1986) 
2-Acetylaminofluorene (Roy and Kulkarni, 1991) 
Benzo [alpyrene-7,8-diol (Marnett et al-, 1 975) 

Oxidation 

DNA Phenytoin 
Benzo [alpyrene 

2-Acetylaminofluorene 
2-Naphthflamine 
Benzo [al pyrene-7,8-di01 
Aflatoxin B 1 
Cyclophospharnide 
N-Mehty-N-nitrosourea 
N-Acetoxy-2- 
acetylamino fluorene 
Ethylrnethanesulfonate 
Acetoxyrnethylnitrosamine 
6-Mercaptopurine nboside 

Protein / Phenytoin 
glutathione 

Thalidomide 
Diamide 

(Liu and Wells, 1994a) 
(Shurn et  al., 1979; Lu et al-, 
1993 ; Wang et al-, 1993) 
(Roy and Kulkarni, 1 99 1 ) 
(Boyd and Eling, 1987) 
(Marnett et al., 1975) 
(Hsieh and Hsieh, 1993) 
(Benson et al., 1988) 
(Platzek and Bochert, 2000) 
(Mirkes et  al., 1 99 1) 

(Platzek and Bochert, 2000) 
(Platzek et al., 1993) 
(PIatzek et al., 1994) 

(Liu and Wells, 1994b; Wells 
et al,, 1994) 
(Aden and Wells, 1990) 
(Hiramengchok and Harris, 
1993) 

DNA Phenytoin (Liu and Wells, 1995a) 
Mephenyto in (Liu and Wells, 1995a) 
Nirvanol (Liu and Wells, 1995a) 
Trimethadione (Liu and Wells, 1995a) 
Thalidomide (Liu and Wells, 1995a; 

Parman et  al., 1999) 
Benzo [a] pyrene (Winn and Wells, 1994) 

Lipid Phenytoin (Liu and Wells, 1994b) 
Cocaine (Zirnrnerman et al., 1994) 

(From: Wells et al., 1997b with permission) 
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agent. also contrasts with that cf allcylating agents, which react in water by a mechanism closer 

to an SN 1 reaction (e.g. N-nitroso compounds such as N-ethyl-N-nitrosoma) (Moschel, 1994). 

The interaction of alkylating and arylating agents with DNA bases depends on two chernicd 

factors: the ionic character of the reagent (Le. SNI or S N 2  character), and whether the charge on 

the ionic intemediate is locaiized (hard electrophile) or delocalized (soft electrophile) (Dipple 

and Moschel, 1990) (Fig. 15). In these studies, guanosine was the base of choice, although 

reactions with the other bases will follow the sarne d e s .  Simple alblating agents such as N- 

nitrosodimethylamine (NDMA) react with guanosine largely through a SN2 mechanism, and 

principally alkylate the N7 position of guanosine. In general, it has been shown that 

nitrosamines predominantly alkylate the N7 position of guanosine. In the case of NDMA, the 

relative yield of N7 methylated guanosine in rats treated with radiolabelied NDMA was 1.000, 

while the relative yield of O6 methylation was 0.0 10 (Shuker and Bartsch, 1994). Xenobiotics 

such as polycyclic aromatic hydrocarbons (PAHs) (e-g. B[a]P), when bioactivated, c m  form an 

ionic intermediate that can delocdize the charge on the reaction center quite readily around the 

aromatic ring, react a h o s t  exclusively at the N2 position (an exocyclic arnino group) of 

guanosine. Xeno biotics suc h as alkylnitrosoureas when bioactivated form a hard (locaiized) ion 

and therefore, react via an SN 1 mechanism; however, allqlnitrosoureas also can react via an SN2 

mechanism, alkylating both the N7 and 06  positions of guanosine. Sty-ene olcide and 

benzylgting agents are exarnples of borderline agents which fall in the center of the spectnim 

and can alkylate guanosine at the N2, N7 and 0 6  positions. 

1- 8.1.2 ELECTROPHILES .4ND THEIR LWERACTION WITH PROTEIN 

Electrophilic reactive intermediates of many teratogens such as phenyîoin and B[a]P also 

covalently bind to protehs (Table 7). Alkylation and arylation of proteins by electrophilic 

reactive intermediates occur via the sarne mechanism as for DNA. A nucleophilic site, such as 





sulfhydryl groups or amino groups in proteins attack the positively charged carbon of the 

reactive intermediate to form an irreversible covalent bond- Covalent binding to proteins causes 

changes to second- tertiary and quaternat-y structure resulting in functional changes or 

complete loss of fkction that in turn, can alter cellular function or initiate ceIlular death (Nelson 

and Pearson, 1990). 

1.8.2 FREE -DICALS AS REACTIVE INTERMEDIATES 

Free mdicals are molecules, in this context potential teratogens, with one or more unpaired 

electrons in their outer orbitals. A fiee radical is formed by either homolytic cleavage of a 

covalent bond or by abstraction (loss) o f  an electron fkom a molecule. Alternatively, gain of an 

electron by a non-radical molecde will form a radical: 

1) A-A * ZA." Radical 
-e' 

2)  A - A'+ Radical cation 

3) A 
+e' , p;- 

Radical anion 

In general, electrons within atoms and molecules occupy a region of space known as 

orbitals. Each orbital c m  hold a maximum of 2 electrons- A single electron in an orbital is said 

to be "unpaired". For instance, molecular oxygen at its ground state is a diradical. If the two 

unpaired electrons in ground state oxygen move to the sarne orbital, singlet oxygen is formed, 

which is not a radicd, but nevertheIess highly reactive. Addition of an electron to ground state 

oxygen results in the formation of 0;' (Halliwell and Gutteridge, 1989). A molecule with an 

unpaired electron (i.e. paramagnetic) is aligned in a magnetic field, and thereby can be detected 

by EPR spectroscopy, also known as electron spin resonance @SR) spectroscopy, which is 

described later. There are different types of radicals depending on the atom (center) upon which 

the unpaired electron is residing. For example, there are nitrogen-centered, oxygen-centered, 
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carbon-centered and even metal-centered radicds. For simplicity, only radicals centered upon 

nitrogen, oxygen and carbon will be discussed here- 

It is important to know what factors affect the stability of a radical of interest. For example, 

unstable radicais are extremely reactive and c m  be scavenged immediately by ~ the r  intracellular 

molecules, such as oxygen or proteins. Therefore, an unstable radical rnay be too reactive to 

reach potential molecuiar targets in other regions of the cell, or may not be able to Ieave the ce11 

to reach other cells in distant tissues. In general, the stability of a radical depends on the 

position of the unpaired electron on the molecule. A carbon-centered radical is more stable if 

the unpaired electron is residing on the tertiary (3" ) carbon of a molecule. 

increasing order of stability 

Stability of a carbon-centered radical increases if there are groups such as phenyl rings 

adjacent to the carbon bearing an unpaired electron. This is due to the ability of the unpaired 

electron to delocalize over the p orbitals of phenyl rings. 

FH3 /, 
-ç H,C/ CH, 

- - 

increasing order of stability 
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Typical reactions involving fiee radicais are given in Table 8 (March, 1992b). Generally, a 

fkee radicai reaction has 3 steps: (1) initiation, (2) propagation, and (3) termination. In the 

initiation step, a radical is formed which, in a propagation reaction, will react with a non-radicai 

molecuie to produce a second radical, while the first radical becomes ceutrd. In the termination 

step, radicals couple to form neutral molecules. 

1. Initiation R-R - 2~ 

2- Propagation A-A t R-*R-A + A 
( 2 ~  - * R-R 

3. Termination h + ri-mR-A 

A t A-* A-A 

Free radicds in biology are potential mediators of a broad spectnun of chernical toxicities. 

Free radical intermediates are formed via bioactivation of many xenobiotics by P450 isoenzymes 

and by peroxidases. B[a]P is a good exampie of a carcinogen/teratogen that is bioactivated by 

P450 isoenzymes to a carbon-centered radical cation that can covalently bind to DNA. Carbon 

tetrachloride, an agent that causes liver necrosis, undergoes oxidative bioactivation by CYP2E 1 

(Guengerich and Shimada 1991) to a trichloromethyl radical ('CC13) (Albano et al., 1982). 

Paraquat is a herbicide and a teratogen (Juchau et al., 1986) that is reductively bioactivated by 

P450s to a paraquat radical. Ethanol, which is both hepatotoxic and teratogenic, is oxidatively 

bioactivated by CYP2E1 to an a-hydroxyethyl radical (Albano et al., 1994). Peroxidases such 

as PHSs and LOXs also can bioactivate teratogenic xenobiotics to a reactive fiee radical 

intermediate, including B[a]P (Mamett et al., 1975), phenytoin (Kubow and Wells, 1989), 2- 

naphthylarnine (Boyd and Eling, 1987), and 2-aminofluorene (Boyd and Eling, 1987). 



Table 8. Reactions of fiee radicals, 

Reaction Equation 
Hydrogen abstraction À + R-H A R*+A-H 

Radical 
Electron transfer A-* + Y-Y-*+ A 

Radical anion 
Addition to multiple bond A 

H H 
Am+ R-C=C-R - t\ R R 

Alkyl radical 

Addition to oxygen 
A. + O, -A-0-0 

Peroxyl radical 
(From: Wells et al., 199% with permission) 



76 

Once formed in a cell, a xenobiotic radical c m  reduce molecular oxygen, fomillig a O:-- h 

addition, the radical c m  add across the double bond of molecular oxygen, forming a peroxyl 

radical. In the latter case, the radical is said to be ccscavenged" by molecular oxygen. These 

reactions subsequently form other toxic ROS including alkoxyl radicals, H202 and 'OH. 

Xenobiotics such as B[a]P-3,6-quinone c m  dso undergo reductive bioactivation, cataiyzed by 

P450 reductase, followed by reoxidation by molecular oxygen, which also produces ROS. Such 

xenobiotics are known as "redox cyclers" and, in accordance wïth their redox potential, can 

accept electrons from a nurnber of biological reducing agents (Juchau et al., 1986; Kappus, 

1986). Radical intermediates as well as ROS c m  cause lipid peroxidation, DNA oxidation, and 

protein degradation, hgmentation, decarboxylation, carbonyl formation, cross-linking, and 

disulfide bond formation in embryonic tissues. These lesions alter or destroy macromolecular 

fünction, and may contibute to the teratogenicity of a xenobiotic. 

1.8.2.1 EL ECTRON PA R-I M-I G~VETIC RESO~VA?KE SPECTROSCO P Y FOR D ETECTION OF RiI DIC.-ILS 

A free radical is a paramagnetic molecule with an unpaired electron in its outer orbital 

having a spin of -1/2 or +1/2 (Halliwell and Gutteridge, 1989). In a magnetic field, electrons 

line up parallel or antiparallel to the magnetic field. This causes formation of hyo energy levels. 

By applying electromagnetic radiation, electrons will be moved to the higher energy level. 

During this process, energy is absorbed in the microwave region. This energy can be calculated 

using the following equation: 

AE=gBH 

where AE is the energy gap between the two energy levels, and g is a constant value called the 

"splitting factor"; for a free electron and al1 biologically important radicals, the value of g is 

2.00232. H is the applied magnetic field, and l3 is the Bohr magneton constant. The EPR 

spectrometer is set to display not the absorbance, but rather the rate of change of absorbance as 



77 

the first derivative specbwn. Hyperfine splitting is the nurnber of lines in the EPR spectnim of a 

radical. A radical can be identified by looking at the g value, hyperfine structure and line shape. 

The number of  lines for a radical c m  be determined by using ~e following equation: 

number of lines = 2nII + I 

where n is the number of interacting nuclei and I is the nuaclear spin quantum number of an 

atom. For example, the I value for 'H, I3c, 1 9 ~  and 3 1 ~  is 1/2, and the I value for ' 4 ~  is 1. 

Atoms such as 160, '*c, and 3 2 ~  have an 1 value of zero (Halltiwell and Gutteridge, 1989). ESR 

spectroscopy is a sensitive method, detecting radicals at conocentrations as  low as 10-'O molar. 

However, if the radical is not sufficiently stable, it may not remain long enough to be detected. 

Typical fiee radicals in biological systems are usually b a t h  unstable and formed in low 

concentrations, which makes them difficult to detect. Accordir ngly, spin trapping was developed 

to detect short-lived reactive free radicals. The spin trappintg reaction takes advantage of the 

stability of the nitroxyl free radical fùnction: 

-0 
I 

R-N-R 

This function is stable because the unpaired electron is resonarting between the nitrogen and the 

oxygen as shown below: 

R \ *  *a 
R \.. O 

N - 0 0  -$-* N-O 
1 0  

R 
/ 
R 

Nitrones are spin trapping agents which contain a nitro@ free radical function as part of 

the double bond in a molecule. Highly substituted nitrones suc=h as a-phenyl-N-tert-butylnitrone 

(PBN) and 5,5-dimethyl pyrroline-N-oxide (DMPO) are cornunonly used as the spin traps of 

choice in biological systems (Reinke et al., 1994; Zimmermam el al., 1994). The structures of 

these trapping agents are given below : 



- 
O 
\ + CH3 

(==>-{T$H~ H3 H3g;L l 

O- 

PBN DMPO 

The nurnber of EPR lines for a carbon-centered radicai trapped by PBN is six. For a 

nitrogen-centered radical trapped by PBN, the number of lines is 18, and for a 'OH trapped by 

DMPO, the number of lines is four, A sample calculation to derive the nurnber of Iines for the 

carbon-centered radical of ethanol trapped by PBN is given in Fig. 16, 

1.8.2.2 CO VALW B~NDING OF RA DICALS TO DNA AND ITS NUCLEOT~DES 

Many fiee radicals, like other intermediates, will interact with DNA to forrn a radical 

adduct. Several xenobiotics are bioactivated to alkyl free radical intemediates which cm add 

across the double bonds of DNA bases. For exarnple, guanine is methylated by rert- 

butylhydroperoxide (TBH) in the presence of ferrous ion to give exclusively C8 methylation 

(Maeda et al., 1974). Adenine also is methylated by TBH to give the corresponding mono- and 

di-rnethyl derivatives where methyl groups were substituted in position-2, -8 or both (Maeda et 

al., 1974). Dimethylhydrazine is also bioactivated by P450s to a methyl radical that adds across 

the double bonds of DNA nucleotides specifically at the C8 position of guanosine (Augusto, 

1993). DNA also can be arylated by arornatic radical cations formed fiom polycyclic aromatic 

hydrocarbons such as BjaIP. One-electron oxidation of B[ap by horseradish peroxidase 

resdted in formation of a B[a]P radical cation (B[~]P.?. DNA aryiation occurs at both N7 and 

C8 of purines due to electrophik and radical properties of the aromatic radical cation (Cavalieri 

et al., 1988). The depurinated adducts o f  B[a]P bound via the C6 of B[a]P to the N7 or CS of 

guanine were found in the urine and feces of treated animais (Rogan et al., 1990). More 

recently, adducts of B[a]P covalently b o n d  via the C6 of B[a]P to C8 of 



f > 
O 
f 

H 
f 

\ 
C N \  C-OH 

W H 3 1 3  
/ 

H3C 
PBN a-hydroxyethyi radical 

i (frorn ethano11 

a-hydroxyethy1-PBN spin adduct 

Total of 6 Iines for hydroxyethyl radical 

The radicai is residing on nitrogen atom 

a Carbon causes no sptitting 

p hydrogen 

Y atoms cause no splitting because of their distance from the center 

Number of lines 

Figure 16. Sample calculation for the nurnber of EPR lines for the a -hydroxyethyl radical of 
ethanol. 
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guanine dso have been identified in the skin of mice treated with B[a]P. While a radical 

reactive intermediate of B[a]P binds to guanosine specifically at the C8 position, since B[~]P* 

also is a cationic intermediate, it also can bind to the N7 position of guanosine- In the case of  

dimethylhydrazine, the methyl radical intermediate is very reactive and has been postulated to 

react with more proximate cytosolic natural scavengers such as glutathione, rather than d i f h i n g  

into the nucleus and reacting with DNA. Therefore, toxicologically relevant oxidation of 

hydrazine to a fiee radical intemediate may occur in the nucleus, cataiyzed by transition rnetal 

ions such as iron chelated to DNA. DNA and iron (m) form a strong soluble chelate that is 

capable of catalyzing the oxidation of mono-substituted hydrazine derivatives (Augusto, 1993). 

1.8.2.3 COVALENT BIND~NG OF FREE RA DICALS TU PROTEINS 

Free radicds covalently bind to proteins by adding across the double bond of amino acids. 

An exarnple of this is B[a]P, which can be bioactivated to a toxic reactive intermediate by 

cytochromes P450 (Guengerkh, 1987) and peroxidases (Marnett et al., I 978; Kim et al., 1997a) 

to a radical cation intermediate. If the reactive intermediate is not detoxified, it can arylate 

protein (Boroujerdi et al., 198 1 ; Dipple et al., 1984; Frenkel, 1989)- 

1-8-24 O H D A T ~  OF DNA BY FREE RADICALS 

Even in cells of normal untreated anirnals, there is considerable intensity and frequency of 

oxidative damage (Clayson et al., 1994). Ames and Gold (Ames and Gold, 1991) estimated that 

the genome fiom adult rat-liver cells contain about one million lesions per cell, and that one 

hundred thousand new lesions are added daily. However, M e r  oxidative DNA damage may 

becorne threatening for the ce11 under conditions of oxidative stress. If  xenobiotic-initiated ROS 

are not detoxified by cellular cytoprotective pathways, they c m  cause irreversible modifications 

to DNA (Shigenaga and Arnes, 1991). Oxidative modifications to nucleic acid polymers have 

been show to dismpt transcription, translation and DNA replication, and to cause mutations 
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and ultimately ce11 death (Spitz et al., 1987; Arnes, 1989; Spector et al., 1989). The damage 

caused by such molecular modifications has been proposed to contribute to aging, cancer and 

other age-related degenerative diseases (Cathcart et al., 1984; Adelman et al-, 1988; Arnes, 

1989), as well as teratogenesis (Liu md Wells, 1995a; Winn and Wells, 1995b). 

Oxidative DNA darnage may occur either directly from the interaction of ROS with various 

groupings in the DNA heiix, or indirectly fiom the activation of endonucleases (Halliweli and 

Amorna, 1991). To most effectively damage DNA, ROS would be produced in the nucleus. 

Generally, these species are highly reactive and most Iikely will be scavenged by cytoprotective 

pathways present in the cytosol, such as glutathione, SOD and catalase and, therefore, will be 

rernoved prior to reaching DNA. However, Hz02 and 9 ' -  are stable enough to diffuse into the 

nucleus and interact with the nuclear pool of iron (Meneghini, 1997) to generate 'OH via the 

Fenton reaction. Generated 'OH in the nucleus can irnmediately oxidize DNA. There are 

several types of DNA darnage including: (1) strand breaks (single or double); (2) sister 

chrornatid exchange; (3) DNA-DNA and DNA-protein cross-links; and, (4) base modifications 

(Pacifici and Davies, 1991). DNA bases c m  undergo ring saturation, ring opening, ring 

contraction and hydroxylation, al1 of which can cause local distortions in the double helix. The 

phosphodiester backbone of DNA also may be darnaged by ROS, resulting in strand break 

(Simic el al., 1989). 

Generally, 'OH cm add across the double bonds of a DNA base, forming a hydroxylated 

product, or abstract a hydrogen atom fiom either the DNA base or the deoxyrïbose sugar, 

forming DNA-centered free radicals of different types (Pryor, 1988). For example, pyrimidine 

nucleotides also can be oxidized to pyrimidine radicals by hydroxyl radicals, which are 

generated nom the reaction of Hz02 with different transition rnetal ions at different pH. In these 
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studies, 'OH attack predominantiy at the C5 andor C6 carbon atoms in the pyrimidine ring, 

forming mono- and di-hydroxylated products. For example, the reaction of 'OH with thymidine, 

as shown in Fig. 17, forms fnst a radical intermediate and subsequently a dihydroxylated 

product (thymine glycol), which is a measure of oxidative damage to DNA (Catterall et al-, 

1 993). 

d~ - 
sugar 

Thymidine 6-H ydroxythymine 
radicai intermediate 

d~ 

Thymine glycol 

Figure 17. Reaction of 'OH with thymidine. 

Another mechanism by which radicals can damage DNA is via oxidation of the phosphate 

backbone, resulting in the Ioss of phosphate fiom the C2'-sugar-derived radical. It has been 

postulated that at pH 7, greater fragmentation occurs due to enhancement in the rate of 'OH 

formation fiom complexed metal ions, wtiich rnay be bonded to the nucleic acid itself under the 

conditions of the experiment. From EPR studies, it has been suggested that the first site of 

damage in pyrimidines is the addition of 'OH to the C5-C6 double bond. Subsequent 

protonation and dehydration of the hydroxyl radical adduct foms a radical cation. The radical 

center is rapidly transferred to the C2' in the ribose ring, leading to loss of the phosphate group. 

Lipid peroxidation aIso ultimately can darnage DNA via oxidative attack by lipid radicals 

and/or lipid peroxyl radicals on DNA (Fig. 18). This produces DNA radicals which ultimately 

can lead to the formation of DNA-adducts, DNA strand breaks and DNA-protein cross linking 
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(Vaca et al., 1988). The oxidized guanine analog 8-OH-2'-dG is thought to be formed in DNA 

at the C8 position via the hydroxylation of deoxyguanosine residues by 'OH, which is formed by 

various oxygen radical-producing agents (Kasai et al,, 1986)- 

The production of 8-OH-2'-dG is thought to represent one of approximately twenty 

oxidative DNA modifications resdting fiom oxygen radical-initiated DNA darnage (Shigenaga 

and Ames, 1991)- M e r  enzymatic digestion, the 8-OH-2'-dG adduct in DNA can be readily 

measured among the mononucleosides using high-performance iiquid chromatography (HPLC) 

with electrochemical detection (Floyd et al., 1986). Accordingly, 8-OH-2'-dG formation can be 

used as a biological marker of oxidative DNA darnage, as well as providing insight into 

potential molecuIar mechanisrns of toxicologic initiation- In vivo studies have shown a 

correlation between the production of 8-OH-2'-dG and tumor promotion (Kasai et al-, 1986) 

and carcinogenesis (Floyd, 1990). In mice in vivo and in mouse embryo culture, both phenytoin 

and B[a]P initiate substantial formation of 8-OH-2'-dG, implicating ROS-initiated DNA 

oxidation in their molecular mechanisms of teratologic initiation (Wim and Wells, 1994; Liu 

and Wells, 1995b; Winn and Wells, 1995a; Winn and Wells, 1997). 

1.8.2.5 0 x 1 ~ ~  TION OF LIPIDS B Y FREE R.4 DICALS 

The process of lipid peroxidation is initiated by the oxidative attack of a free radical on 

lipids, wherein an electron is abstracted from the double bond of an unsaturated fatty acid to 

f o m  a lipid radical. This leads to a chain reaction that culminates in the formation of lipid 

breakdown products such as alcohols and potentially toxic aidehydes (Halliwell and Gutteridge, 

1989), alkanes and alkenes (Figs. 18,19) (Muller and Sies, 1984; Vaca et al-, 1988). 

Malondialdehyde (MDA), along with many other carbonyl compounds, is formed as the result of 

lipid peroxidation (Fig. 20). Dialdehydes such as MDA can attack arnino groups on protein 

molecules and cause cross-linking between two proteins, or intramolecular cross-linking within 



Initiation 
- - - - - - - - - - -  

Propagation 

DNA-Adducts 
DNA Strand Breaks 
DNA-Protein- 
Cross-linking 

Alkyl radicals - - - - - - - -  - ---------  + DNA-Adducts 
Termination Alkehydes X+ DNA' DNA Strand Breaks 

Alkanes Ketones DNA-Protein- 

Al kenes Cross-linking 

Figure 18. Possible pathways for the interaction between lipid peroxidation products and DNA. 
LH, lipid; Le, lipid radical; LOOH, lipid hydroperoxide; LOO', lipid peroxyl radical; LO', lipid 
oxyradical. (From: Vaca et al., 1988 with permission) 



Initiation CH3-CH2€H=CH-CH2-CH=CH-CH2-CH=CH-(CH&-COOH 

f H$inolenic acid 

CH3-CH,-CH=CH-CH-C WCH- Hz-CH=CH-(CH2)-&OOH 
0 

Propagation CH~CH,CH=CHCH-CH=CH~H~-CH=CH-(CH~)~-C~~H 

O-O* LH-L L. 
Peroxy radical 

I 0-OH FeZ+ Hydroperoxide 71 Fe3+ 

Termination l 
li Aidehydes, Ketones 

O-OH &' 
Alkoxy radical . $- p~c i s s i on  rwction 

Abstracrs H 
CH3(CHd3CH3 - CH3(CH2)3CHf *O 

Pentane fiom another fany-acid side- 
H 

Figure 19. Scheme representing the peroxidation of linolenic acid leading to formation of 
potentially toxic alkanes, alkenes, ketones and aldehydes. A11 terms are as defined in figure 18. 
(From: Vaca et al., 1988 with permission) 



a-Hydroxyethy 1 radical 

I Hydrogen Abstraction 

Acid 

Figure 20. Mechanism of Iipid peroxidation and formation of potentidly toxic 
malondialdehyde. (Modified fiom: Timbrell, 199 1) 
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one protein molecule (Hdliwell and Gutteridge, 1989). Sirnilarly, MDA can form DNA adducts 

which are highly mutagenic (Marnett, 1999). Alkenes such as ethene and pentene, as well as 

diene conjugates, are formed during lipid peroxidation, and their formation has been proposed to 

be a sensitive index fc\r lipid peroxidation (Muller and Sies, 1984). Furthemore, alkanes can 

undergo aliphatic hydroxylation by P450s, producing alcohols that c m  be oxidized to toxic 

aldehydes. For example, ethanol is bioactivated by P450s to a reactive fiee radical intermediate 

(a-hydroxyethyl radical) that initiates lipid peroxidation (Tirnbrell, 1991). Lipid peroxidation 

also ultimately can damage DNA via direct attack by the lipid radical on DNA (as described 

above) (J?ig. 18). The etheno- and propano-DNA adducts that aise fiom lipid peroxidation have 

been detected in DNA fiom healthy humans (Mamett, 2000). The etheno-dG adducts have been 

shown to induce transversion to T (Langouet et al., 1998) and transition to A (Cheng et al., 

1991; Langouet et al., 1998) in E.coZi. In primates, etheno-dC and etheno-dA adducts have been 

shown to be highly mutagenic (Moriya et al., 1994). Etheno-ciA causes transition to G, while 

etheno-dl induces transition to T and transversion to A (Pandya and Moriya, 1996). 

1- 8.2.6 OX~DATION OF PROTE~N BY FREE fiDIC.4L.S 

Free radicals such as hydroxyl radicds generated fkom the Fenton reaction, or xenobiotic 

fiee radicals, such as the a-hydroxyethyl radical generated enzymaticdly from ethanol, react 

with proteins such as albumin, histones surrounding DNA, and enzymes. As a result of this 

interaction, protein radicals are formed via: (1) hydrogen (one-electron) abstraction fiom 

sulfl~ydryl groups to form a sulfur-centered radical; (2) oxidative decarboxyIation to form a 

carbon-centered radical; and, (3) hydrogen abstraction fiom the side chain of amino acids to 

f o m  a carbon-centered radical. Formation of a sulfür-centered radical wiIl result in the 

formation of mixed-disulfide bonds, which can activate or inactive enzymes or alter the function 

of structural or transport proteins. Formation of any kind of protein radical will cause protein 
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cross-linking and changes in amino acid composition, as well as changes in secondary, tertiary 

and quaternary structure of proteins (Davies et al., 1991). Oxidative modification to the 

structure of a protein also resdts in increased proteolytic susceptibility and ultimately loss of 

fùnction (Davies, 1987; Davies and Delsignore, 1987; Davies et al., 1987). Oxidation of 

protein has been associated with several physiological and pathological processes, including 

aging, arthritis, pdmonary diseases (Levine et al., 1990) and chernical teratogenesis (Liu and 

Wells, 1994b; Winn and Wells, 1994; Liu and Wells, 1995b). 

In general, hydroxyl radicals can abstract a hydrogen from the side chah of an arnino acid 

such as L-glutamic acid to give a secondary carbon-centered radical, 'CHR'R", as shown in Fig. 

21A, However, in polypeptides, hydrogen abstraction occurs on the a-carbon of the arnino acid 

backbone to give a different carbon-centered radical (-NH-'CH-CO-) (Fig. 21C). Abstraction of 

hydrogen from poly-l-glutamic acid occurs at both the unactivated C-H bond (Fig. 2 lB, carbon 

2), and the activated a-carbon (Fig. 21B, carbon 1). The a-carbon is activated because of the 

presence of an adjacent nitrogen, and the fact that the radical fonned cm delocalize ont0 both 

the nitrogen and the carbonyl group adjacent to it. For arnino acids such as methionine, 

S-methylcysteine and phenylalanine, oxidative decarboxylation has been proposed as the 

pathway through which an a-aminoalkyl radical (R-'CH-NH) is formed. The proposed 

mechanism of oxidative decarboxylation is thought to involve an initial attack by 'OH largely at 

the sulfur atom of methionine, resulting in the formation of a hydroxylated product, also known 

as a hydroxyl-adduct (Fig. 22). The reaction of this adduct is proposed to be pH dependent; at 

pW2, a hydroxyl anion is lost from this adduct and a sulfur radical cation is formed, which 

subsequently binds to the carboxylate h c t i o n  to form a cyclic sulfur-centered radical cation. 

This initiates decarboxylation to give the a-aminoalkyl radical (Davies et a[., 1983). 



A. LGlutamic acid 

L-glutamic Acid 

B. PoIy-L-glutamic acid 

C. Polypeptide Gly-Gly-Gly 

Figure 21. Oxidation of peptides and proteins by 'OH. Synthetic peptides were used in this 
experïment to detennine the site of 'OH attack on the proteins. Hydroxyl radical removes a 
hydrogen atom fiom the side chain of L-glutamic acid by forrning a carbon-centered radical (A); 
'OH abstracts a hydrogen not only fÏom the unactivated carbon 2: but also from the activated 
carbon 1 (B); in polypeptides, the hydrogen abstraction occurs on the a-carbon (backbone) to 
give a different carbon-centered radical (C). 
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Figure 22. Proposed mechanism for the oxidative decarboxylation of methionine. 
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One marker of  oxidative damage to protein involves the formation of carbonyl groups on 

amino acid residues. A possible mechanism of carbonyl formation mediated by metal ion- 

catalyzed oxidation of proteins starts with Fe (II) binding to a lysyl residue to fom an Fe@)- 

protein complex (Stadtman, 1990). Hydrogen peroxide reacts with this complex to f o m  'OH, 

hydroxyl anion and an Fe(III)-protein complex. The 'OH then abstracts a hydrogen atom from 

the amho group of lysine to form a carbon-centered radical. The amho group will donate its 

unpaired electrons to F e o ,  reducing the complex to Fe@)-protein complex. The amino 

derivative fonned will then react with a molecule of water to form a carbonyl group on the 

lysine (aldehyde derivative) and release ammonia. At this point the metal ion dissociates from 

the protein (Stadtman, 1990). Several methods have been developed to detect protein carbonyl 

groups. These methods involve: (1) reaction of 2,4-dinitrophenylhydrazine with the carbonyl 

group on the protein and detection of 2,4-ditiitrophenylhydrazine denvatives 

spectrophotornetrïcally; (2) reduction of  the carbonyl groups to tntiated alcohols by hitiated 

sodium borohydride ( { 3 ~ } ~ a ~ b )  and measurement of the radioactivity of protein; (3) reaction 

of carbonyl groups with fluoresceinamine to produce stable secondary amines (Schiff bases), 

and spectrophotometric measurement of these stable amines after reduction of the bases with 

sodium cyano borohydride (NaCNBH3) (S tadtman, 1 990); and, (4) derivatization of oxidized 

proteins with 2,4-dinitrophenylhydrazine, and subsequent detection by irnmunochemical 

methods (Keller er al., 1993). Protein oxidation and degradation are initiated in embryo culture 

and in vivo by both phenytoin and B[a]P (Liu and Wells, 1994b; Liu and Wells, 1995b; Wim 

and Wells, 1995a; W i m  and Wells, 1997), which may contribute to teratologic initiation. 
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1.9 BIRTH DEIFECTS, PHSS AND P450~ AS BIOACTWATING ENZYMES 

It has been estimated that about 75% of al1 human fertilized eggs do not survive (Roberts 

and Lowe, 1975; Rolfe, 1982), and about 16% of surviving offspring have been estimated to 

experience some form of structural and fiinctiond birth defects (Manson and Kang, 1994). 

Relatively nontoxic drugs and environmental chernicals can be bioactivated to a potentially 

teratogenic reactive intermediates (reviewed in: Winn and Wells, 1 9 9 5 ~  Wells et al., 199%; 

Wells and W h ,  1997). Normally, these ephemeral reactive intermediates are detoxified by a 

number of rnetabolic pathways, preventing tissue injury. As a consequence of an imbalance 

between bioactivation and detoxification due to increased bioactivation or decreased 

detoxification, the increased concentration of these reactive intemediates in tissues may cause 

irreversible cellular damage, which also cm accumulate if rnacromolecuIar repair processes are 

deficient. This darnage c m  lead to in utero conceptal death or birth defects. Here we have 

employed ROS-initiating teratogens such as phenytoin and thalidomide as well as the 

environmental chernical BEaJP as mode1 xenobiotics to charactenze the role of PHSs as 

bioactivating enzymes in teratogenesis. These drugs have been shown to be bioactivated by 

P450s as well as PHSs to toxic reactive intemediates that can darnage molecular targets, as 

discussed below. 

1.9.1 PHENYTOIN 

The antiepileptic drug phenytoin was ïntroduced in 1938 for treatrnent of tonic-clonic 

(grand mal) and partial (focal) seizures (Memtt and Putnam, 1984). Since then phenytoin has 

become the most widely used anticonvulsant drug in North Arnenca (Epilepsy-Canada, 1991). 

Because of its insolubility in the acidic pH of the stomach, phenytoin is mainly absorbed fiom 
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the guts and is widely distributed throughout the body via binding to plasma proteins (90%) 

mainly albumin, with a therapeutic plasma concentration range of I O to 20 pg/rnl. 

Durhg seizure, neurons repetitively fire action potential at hi& frequencies as a result of 

continuous activity of ~ a +  channels tnggered by sustained depolarization of these neuroas. 

Phenytoin has been postulated to exert its anticonwlsant effect by prolonging the inactivation 

period of the voltage-activated ~ a +  channels thereby reducing the hi& frequency finng of the 

neurons (Macdonald and Kelly, 1993). Side effects of phenytoin include headache, dizziness, 

skin rashes and agrandocytosis (Reynolds, 1993). 

While nearly 10% of the ingested dose of phenytoin is excreted in urine as the parent 

compound, about 90% of it is extensively metabolized (Maynert, 1960). Several investigators 

suggest that the teratogenicity of phenytoin results fiom its bioactivation by hepatic P450s to a 

reactive arene oxide intermediate (Martz et al., 1977; Pantarotto et al., 1982; Roy and 

Snodgrass, 1990; FimeIl et al., 1994). Recent in vitro studies suggest that CYP2C9 is the major 

P450 isozyme involved in the metabolism (hydroxylation) of phenytoin (Veronese et al., 1991 ; 

Birkett et al., 1993). CYP2C3 in hurnan liver has dso  been shown to hydroxylate phenytoin, 

and inhibition of this enzyme by an anti-rabbit CYP2C3 antibody resulted in a 62% reduction in 

phenytoin hydroxyIation @oecke et al., 199 1). 

The major metabolite of phenytoin is p-HPPH (50-75% of ingested dose) (Fig. 23), which 

is excreted mostly via urine as the O-glucuronide conjugate (Maynert, 1960). The N3- 

glucuronide of phenytoin, fonned Erom its direct glucuronidation, has also been detected in urine 

of rats and humans as a minor metabolite (Smith et al., 1977; Kim et al., 1997b) (see 

appendix 2). In humans, 3 4 3 %  of the ingested dose is excreted in urine as 5-(3,4-dihydroxy- 

1,s-cyclohexadien-1-y1)-5-phenylhydantoi (phenytoin-dihydrodioI) (Oesch, 1973; Maguire et 

al., 1979). Other minor metabolites excreted in the urine of humans, mice and rats include, 
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catechol and its methoxylated derivative (Chow et al-, 1980; Chow and Fischer, 1982; Maguire, 

1988) (Fig. 23). 

Phenytoin is teratogenic in both humans and animals ( W h  and Wells, 1995a). Nearly 34% 

of infants exposed to phenytoin in utero will develop an array of malformations known as Fetal 

Hydantoin Syndrome (FHS) (Hanson and Smith, 1975), which includes craniofacial, limb, 

cardiovascular and central nervous system defects as weil as mental retardation (Table 9). 

Postulated mechanisms for phenytoin teratogenicity include depletion of folic acid by phenytoin, 

phenytoin as a glucocorticoid receptor agonist and phenytoin as an agonist of an unidentified 

receptor, d l  of which have been extensively reviewed elsewhere, including both supportive and 

contradictory evidence (Winn and Wells, 1995a). For the purpose of this thesis, only the P450- 

and PHs-related mechanisms of phenytoin teratogenicity will be discussed. 

1.9.1.1 P450 ~ ~ o i i C ~ l K 4  TION OF PHENYTOIN TO AN ELECTROPHILIC REACTIVE I ~ T E I L Z . ~ E D I . ~  TE 

As mentioned above, an extensive body of evidence suggests that phenytoin is bioactivated 

by P450s to a toxic arene oxide reactive intermediate which is detoxified either by nonenqmatic 

rearrangement of the arene oxide via an N'El shifi (Guroff et al., 1967) to p-HPPH, or 

enzyrnatically by epoxide hydrolase to phenytoin-dihydrodiol (Oesch, 1973; Maguire et al., 

1979). Further metaboIism of the dihydrodiol to a 5-(3',4'-dihydroxyphenyl-)-5- 

phenylhydantoin (catechol) or its methoxylated metabolite d s o  occurs (Maguire et al., 1979; 

Billings, 1985; Billings and Fischer, 1985) (Fig. 23). If not detoxified, the electrophilic arene 

oxide can bind covalently to molecular targets and initiate teratogenesis. There is a large body 

of evidence in support of this hypothesis. Phenytoin has been shown to covalently bind to 

embryonic and placental protein (Martz et al., 1977) and DNA (Liu and Wells, 1994a). 

Inhibition of epoxide hydrolase by trichloropropene oxide (TCPO) increased covalent binding, 
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Figure 23. Postulated P450-mediated mechanism of  phenytoin teratogenicity. P450s can 
bioactivate phenytoin to an electrophilic arene oxide reactive intermediate which c m  bind to 
fetal macromolecular targets and initiate teratogenesis. The arene oxide may be detoxified by 
spontaneous rearrangement to p-HPPH or may be hydrated by epoxide hydrolase to nontoxic 
phenytoin-dihydrodiol. p-HPPH is primarily excreted in urine as an O-glucuronide metabolite. 
It has been suggested that the arene oxide can be detoxified by glutathione S-tramferase. To 
date, no GSH conjugate of phenytoin has been detected. 



Table 9. Characteristics of the Fetai Hydantoin Syndrome in Humans- 
- - - --- 

Adverse Effects References 
Cranio facial features (Hanson and Smith, 1975) 

Microcephal y 
Broad and/or depressed nasal bridge 
Inner epicanthic fold 
Ocular hypertelonsm 
Ridging of sutures . 
Cleft lip and or palate 
Lowset ears 

Limb defects 
Distai phalangeal hypoplasia 
Nail hypoplasia 
Finger-like thumbs 
Variation in palmar creases 

Cardiovascular anomalies 
Ventricule-septal defect 
Tetralogy of Fallot 
Hypertrophie Cardiomyopathy 

endocardial fibroefastosis and 
conduction of defect 

Central nervous system defects 
Low IQ 
Behaviorai anomalies 
Developmental delays 
Mental retardation 
School / learning problems 

(Hanson and Smith, 1975) 

(Strickler et al., 1985) 
(Van Dyke et al., 1988) 
(Scolnik et al., 1994) 

(Haason and Smith, 1975) 
(Hanson et al., 1976) 
(Van Dyke et al,, 1988) 
(Scohïk et al., 1994) 

Speech / language problems 
(From:Winn and Wells, 1995a with permission) 

IQ, Intelligence quotient 
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cytotoxicity as well as teratogenicity of phenytoin (Riley et al., 1990) and low epoxide 

hydrdase activity was found in children with FHS (Buehler et al., 1990). In addition, inhibition 

of P450-catalyzed bioactivation of phenytoin by stinpentol reduced phenytoin-induced 

teratogenicity (FinneII et al., 1994). However, there are several discrepancies for P45O-mediated 

bioactivation of phenytoin to a teratogenic reactive intermediate, some of which are: 1) as 

mentioned before, the level of activity for most P450s in rodents and human fetuses is 

respectively minimal and low (Juchau et al., 1992; Raucy and Carpenter, 1993); 2) lack of 

enhancement of phenytoin teratogenicity upon induction of P450 by phenobarbital; 3 )  increased 

teratogenicity in the presence of several P450 inhibitors, SKF-525A (Warbison and Becker, 

1970; Wells and Gesicki, 1984); and 4) compounds spucturally reiated to phenytoin which lack 

the phenyl ring necessary for epoxidation are teratogenic, while other structurally related 

compounds with a phenyl ring that can be epoxidized are not teratogenic (Wells et al., 1989a). 

These inconsistencies in the P450-dependent hypothesis for phenytoin teratogenicity suggested 

that there may be other reactive intermediate-dependent pathways involved in the teratologic 

mechanism of phenytoin and other xenobiotics, 

1.9.1.2 BIO..ICTIVA TION OF PHENYTOIN TO FREE ~ D I C A  L & ~ C T I V E  INTERMEDIA TE 

Due to the inconsistencies in the P450-catalyzed bioactivation hypothesis, our laboratory 

hypothesized an alternative mechanism in which phenytoin teratogenicity was postulated to be 

mediated, at les t  in part, through its bioactivation to a fiee radical reactive intermediate which 

subsequently may lead to the formation of ROS. Extensive evidence fiom in vitro, in vivo and 

embryo culture studies support this hypothesis (Table 10). Recently, phenytoin has been s h o w  

to be bioactivated by PHs  to a N- and C-centered fiee radical reactive intermediate (Parman et  

al., 1998a). The mechanism by which these radicals generate ROS which oxidize DNA, protein 

and lipids, as well as GSH to GSSG, is descnbed in section 2.1. 



Table 10. Evidence for peroxidase-catalyzed bioactivation in chemical teratogenesis. 
- -- -- - - -- 

Parameter Probe Tera togen End-points Systcms Rcferences 
Co-substrate- Arachidonic acid Phenytoin Covalent binding ? In vitro (Kubow and Wells, 1986; 
de pendent Linoleic acid Target oxidation l' Kubow and Wells, 1988; 

Kubow and Wells, 1989; Yu 
and Wells, 1995) 

Purified enzymes PHs Phenytoin 
LOX Mephenytoin 
HRP Nirvanol 

Trimethadione 
Dimethadione 
Thalidomide 

Enzyme inhibitors ASA Plienytoin 
ETYA Trimethadione 
NDGA Dimethadione 

Methimazole Thalidomide 

Covalent binding f In vitro (Kubow and Wells, 1986; 
Target oxidation f Kubow and Wells, 1989) 

(Yu and Wells, 1995) 
(Liu and Wells, 1995a; Liu 
and Wells, 1995b) 

Covalent binding 4 Embryo culture (Miranda et al., 1994) 
Target oxidation 4 In vitro (Yu and Wells, 1995) 
Teratogenicity $ In vivo (Kubow and Wells, 1986; 

Kubow and Wells, 1988; 
Kubow and Wells, 1989) 
(Liu and Wells, 1994b; Liu 
and Wells, 1995a; Liu aiid 
Wells, 1995b) 
(Wells et al., 1989b) 
(Arlen and Wells, 1990; 
Arlen and Wells, 1996) 

Substrate release TPA Phenytoin Teratogenicity ? In vivo (Wells and Vo, 1989) 
(From: Winn and Wells, 19958 with permission) 

Purified enzymes: PHs, prostaglandin H synthase; LOX, lipoxygenase (soybean); HRP, horscradisli peroxidase. Enzyme inhibitors: 
ASA, acetylsîlicylic acid (aspirin; PHs inhibitor); ETYA, eicosatetraynoic acid (dual PHs 1 LOX inhibitor); NDGA, 
nordihydroguaiaretic acid (LOX inhibitor 1 antioxidant); methimazole (hydroperoxidase inhibitor). Substrate release: TPA, 
tetradecanoylphorbol acetate (phospholipase A2 activator, enhances arachidonic acid release). 



Two other mechanïsms have been postulated to result in the formation of ROS with 

phenytoin treatment, as discussed bellow. These mechanisms are not investigated in the studies 

presented in this thesis, 

The fust involves the quinone metabolites of phenytoin (Munns et al., 1997), which can 

redox cycle to produce superoxide anion as described in section 1.2.1 - In this case the catechol 

andlor quinone metabolites would be formed in the materna1 live and bransferred to the embryo. 

However, phenytoin is embryopathie in mouse embryo culture, and mouse embryos at the time 

of organogenesis do not possess CYP2C9 necessary for catechol formation, suggesting that this 

pathway at Ieast in rodents does not contribute to phenytoin teratogenicity. In addition, catechol 

metabolites normally would be predominantly glucuronidated and eliminated by the mother, 

resulting in relativeIy low embryonic exposure. 

The second postulated mechanism involves an inhibition of fetal cardiac function by 

phenytoin (Danielsson er al., 1992), resulting in a reperfùsion process that generates ROS 

(Fantel et al., 1992). Other drugs for which this mechanism has been proposed include 

vasodilators (nifedipine) and vasoconstrictors (cocaine). 

1.9.2 BENZO[A] PYRENE 

One product of incomplete combustion of organic matter is the polycyclic aromatic 

hydrocarbon B[a]P, which is found in a number of environmental products such as soot, coal tar, 

tobacco smoke, and petroleum as well as in charbroiled foods (Osborne and Crosby, 1987). 

B[a]P is carcinogenic in humans and animals (Phillips, 1983) and a teratogen in animals (Shum 

et al., 1979; Nicol et al., 1995). The array of malformations caused by B[a]P in rodents inciudes 

club foot, cleft palate and red nevus (Table 11). 



'I O0 

1.9.2- 1 BIOACTIVA TION OF B/A IP BY P 4 . m  

B[a]P is bioactivated by f 450s (Osborne and Crosby , 1987), in particular by CYPl Al, to 

an electrophilic arene oxide reactive intermediate which is hydrolyzed by epoxide hydrolase to 

B[a]P-7,8-diol. Subsequent epoxidation of the di01 by CYPs 1Al or 3A4 generates the B[a]P- 

7,8-diol-9,l O-epoxide @PDE), which can covalently bind to molecuiar targets such as DNA, 

protein and lipids, and is thought to be the ultimate carcinogen. B[a]P-initiated toxicity also has 

been attributed to the toxic quinones formed by P450 reductase- and CYPlAl-cataiyzed 

a- 
oxidation of B[a]P (Joseph and Jaiswal, 1994). Quinones can redox cycle to generate O2 and 

H 2 0  (Lorentzen and Ts'o, 1977) which if not detoxified respectively by superoxide dismutase 

and cataiase, can generate highly reactive hydroxyl radical via the Fenton reaction (Halliwell and 

Gutteridge, 1989). One-electron oxidation of B[a]P by P450s to a radical cation is a third 

mechanism by which B[a]P rnay exert its toxic effects. This radical cation can either directly 

bind to DNA or eventually may be converted to quinones. 

1.9.2.2 Bro~crrv~ WOhr OF B/A 7P B Y 

As mentioned in section 1.8.1, the BPDE can also be generated by the reaction of B[a]P- 

7,8-di01 with relatively long-lived but reactive peroxyl radicals (Pryor, 1988), which are the 

product of lipid peroxidation catalyzed by peroxidases such as PHSs. Like P450s, PHSs can 

oxidize B[a]P to quinones and radical cations (Mamett ot al., 1975; Marnett et al., 1977; 

Cavalieri et al., 1988). Micronucleus formation as well as DNA and protein oxidation have 

recently been shown to occur upon bioactivation of B[a]P by PHs, most likely to a quinone 

reactive intermediate (Kim et al., 1997a). It is thought that the chernical oxidant responsible for 

the formation of B[a]P quinone by PHSs are the peroxyl radicals (Reed, 1988). Al1 of the toxic 

metabolites of B[a]P generated either by PHs or P450s have been irnplicated in its mechanism 



Table 11. Types and incidence of dl BP-induced malformations in mice. 

Defect Number of observations 

Club footl 34 

Hemangioendothelioma or red news of skui 

Cleft palate and / or lip 

Curiy tail 

Abnormal pigmentation or white news of skin 

Hypoplastic mandible and / or short nose 

Open eye lids 

Scalp defect 

H ypoplastic kidney and ureter 

Morphologicai changes in liver 

Anop hthalmia 

Scoliosis 

hlaIformations of uterus 

Parietal mass 

Ectopia cordis 

Gastroschisis 

(From: Shum et al., 1979 with permission) 

l Four times out of 34 individuals the club foot was bilateral, although the fetus was scored as 

having a single biah defect 
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of carcinogenicity and teratogenicity (Gutteridge, 1993; Cerutti, 1994; Halliwell and Cross, 

1994; Wells and Winn, 1996 )- 

1.9.3 THALIDOMIDE 

In the early 1950s, thalidomide was marketed as a sedative and hypnotic drug. Tragically, 

the teratogenic effect of thalidomide was only recognized in early 196 1 when evidence for 

sirnihrly malfonned infants bom to rnothers who took thalidomide was presented (McBride, 

1979; Lenz, 1988). Thalidomide was withdrawn fiom the market of most deveIoped countries 

by 1965. While children exposed in utero to thalidomide at difTerent stages of their growth had 

the potential to develop a spectrum of malformations, limb reduction defects such as phocomelia 

and amelia were the most cornmon anomalies in humans (Brent and Holrnes, 1988) (Fig. 24). 

Malformations not associated with thalidomide exposure were: (1) cleft lip ancUor cleft palate, 

(2) microcephaly, and (3) severe mental retardation (Brent and Holrnes, 1988)- 

Nearly 40 years after the thalidomide tragedy, thalidomide remains a licensed drug and a 

human teratogen in South Amerka and rnany other underdeveloped countries (Castilla et ol., 

1996). Potential re-marketing of this drug for treatment of several diseases such as Ieprosy 

(type II) (Jakeman and Smith, 1994), A I D S  (Makonkawkeyoon er al., 1993), infiammatory 

diseases and ulcers (Koch, 1965; Atra and Sato, 1993; Bodokh et al., 1993; Chigliottie et al., 

t 993; Adler, 1994) has returned this problem to developed countries. In 1998, thalidomide was 

licensed for treatrnent of several diseases in USA. The fact that the mechanism for the adverse 

effects of thalidomide is unknown, makes this drug a potential source of future disasters. 

Due to its anti-angiogenic ability, one potential use for thalidomide is in cancer treatrnent 

(D'Amato et al., 1994; Eatock et al., 2000). Development of new blood vessels fiom the 

existing microvasculature is called angiogenesis- There are severd factors known to stimulate 

angiogenesis, two of which are vascular endothelial growth factor (VEGF) and basic fibroblast 



Figure 24. Human fetus exposed to thalidomide in utero during the penod of organogenesis. 
Arrows point at phocornelia of the arms and legs (flipper like limbs). (From: Moore, 1988 with 
permission) 
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growth factors (b-FGF) (Eatock et al., 2000). Thalidomide has been shown to increase the 

degradation of b-FGF mRNA (DIAmato et al., 1994) and inhibit angiogenesis stimulated by 

FGF-2 @'Amata et al., 1994; Battegay, 1995) and VEGF (Kruse et al., 1998)- Another effect of 

thalidomide that made it a drug of choice for treatment of  leprosy, tuberculosis and many other 

imrnunologically related diseases, such as AIDS and ulcers, is its inhibitory effect on TNF-a 

released fiom monocytes (Hausner et al., 1996; Turk et a(., 1996). The molecular mechanisrn 

for inhibition of TNFu by thalidomide is still speculative (Miller and Stromland, 1999). The 

sedative mechanisrn of action of thalidomide is ais0 unknown. 

Numerous mechanismshypotheses for thalidomide teratogenicity have been proposed 

(Jonsson, 1972b; Stephens, 1988), among which are: 1) acylation of aliphatic amines (Fabro et 

al., 1965; Audit, 1994; Audit et al., 1996), 2) down-regulation of adhesion receptors (Neubert, 

1997), 3) anti-angiogenesis (D'Amata et al., 1994), 4) inhibition of protein synthesis (Shull, 

1984), and 5) bioactivation by P450s. In the pst, many of these hypotheses have been refuted 

for reasons such as the lack of convincing experimental support, use of excessive doses or high 

concentrations, use of species quite different from m a m a l s  (Stephens, 1988) and the most 

conspicuous of d l ,  a lack of in vivo evidence for the various postulated rnechanisms. 

Thalidomide teratogenicity has been confïrmed in a variety of animal species (King and 

Kendrick, 1962; Somers, 1962; Woolman, 1962; Delahunt et al., l965), although susceptibility 

and the nature of anomalies are highiy species-dependent. Besides primates, rabbit is cornrnonly 

known to be most susceptible to thalidomide teratogenicity, exhibiting fetal anomalies very 

sirnilar to the human syndrome. Differences in the species susceptibility to thalidomide 

teratogenicity may be the result of interspecies differences in the eiimination or bioactivation of 

thalidomide or its metabolites. 



One of the most investigated hypotheses for thalidomide teratogenicity is its bioactivation 

by P450s to an electrophilic reactive arene oxide intermediate that covalenîiy binds to critical 

embryonic proteins (Fig. 25). In 1981 it was shown that the materna1 hepatic microsornes fiom 

pregnant rabbits mediated the production of a metabolite that was toxic to human lymphocytes 

(Gordon et al., 1981). This toxicity increased in the presence of 1,2-epoxy-3,3,3- 

tnchloropropane (TCPO), au inhibitor of epoxide hydrolase, which detoxifies arene oxides, and 

waç eliminated by the addition of purified epoxide hydrolase to the incubation medium. It has 

also been reported that metabolites of thalidomide, but not the metabolites of its hydrolysis 

product (Fig. 25), generated by P450s in viîro can inhibit cellular attachment tu concanavalin A- 

coated disks (Braun and Weinreb, 1984; Braun and Weinreb, 1985; Braun et al., 1986). Cellular 

adhesion is an essential process for the normal development of embryos and inhibition of 

cellular attachrnent has been shown to be a property of a number of teratogenic drugs hcluding 

thalidomide (Braun and Weinreb, 1984). These results support the hypothesis that P450s are 

involved in the bioactivation of thalidomide to a teratogenic reactive intermediate. Further 

evidence for P450s involvernent is that SKF-525A, an inhibitor of P450s, reduced the formation 

of the hydroxylated metabolites of thalidomide, which presumably reflect the formation of a 

toxic electrophilic arene oxide intermediate (Braun et al., 1986). In addition, thalidomide 

metabolites generated in the presence of liver homogenates and the P450 cofactor NADPH 

induced a drastic change in ce11 morphology and inhibited ce11 division (Hatfill et al., 1991). 

More recently, CYP2E 1 and CYP 1 Al  /1 A2 have been implicated in bioactivation of thalidomide 

to a toxic reactive intermediate, with CYP2El being the prominent bioactivating isozyme (Fort 

et al., 2000). While there is evidence supporting the involvement of P450s in the bioactivation 
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Figure 25. Postulated mechanism of P450-mediated bioactivation of thalidomide to a toxic 
arene oxide reactive intermediate. 
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of thalidomide to a teratogenic reactive arene oxide intemediate, there are aIso a number of 

discrepancies with this theory. While there are over 65 analogs of thalidomide tested for 

teratogenicity, only a few of them have shown teratologic effects similar to those of thalidomide. 

Interestingly, there are analogs of thalidomide (Fig. 26A) that have no teratogenic properties, 

despite having a phthalimide ring that can be bioactivated to an arene oxide intermediate 

(Jonsson, 1972a). Some analogs of thalidomide cannot be bioactivated to an arene oxide 

intermediate, due to the presence of a nitro or an amino group on the benzene moiety of the 

phthalimide ring, but nevertheless are teratogenic in rabbit embryos (Fig. 26B) (Jonsson, 

1972a). In addition, as mentioned above, in human embryos the Ievel of most hepatic P450s 

during organogenesis is low. 

1.9- 3.2 PHs-MEDIA TED B I o A C T I K ~  TION O F  THA L I D O ~ I ~ D E  

An alternative bioactivating system thzt has recently been postulated to be involved in the 

teratogenicity of thalidomide is PHs (Arlen and Wells, 1996). As mentioned before, this 

enzyme is known to oxidize a wide range of dmgs to toxic free radical intermediates (Marnett 

and Eling, 1983; Marnett, 1990; Winn and Wells, 1995a). Thalidomide, like phenytoin and its 

analogs, has an unhindered nitrogen, and N-demethylated thalidomide is more teratogenic than 

its methylated analog (Jonsson, 1972a). Therefore, thalidomide may also be bioactivated by 

PHs to a fkee radical reactive intemediate. Evidence for thalidomide bioactivation by PHs 

cornes from in vivo studies showing that thalidomide cm induce anomalies in rabbit fetuses, 

which are protected by materna1 pretreatment with the cyclooxygenase inhibitor ASA (Aden and 

Wells, 1996). 

Due to its reducing ability, the putative thalidomide free radical rnay generate highly ROS, 

such as 'OH or O:-. Potentially, .OH could be produced indirectly by the thalidomide radical 



N-rnethoxythalidomide N-hydroxytiiaiidomide 

A. Nonteratogenic anaIogs of thalidomide 

4-Ni trothalido mide 4-Aminothdidomide 

B. Teratogenic analogs of thalidomide 

Figure 26. Teratogenic and non-teratogenic analogs of thalidomide. 
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reducing ~e~~ complexes~ initiating the Fenton reaction (?ïalliwelI and Gutteridge, L 989). These 

ROS, if not detoxified, can irreversibly modiQ DNA (Shigenaga and Ames, 1991)- Evidence 

for involvement of ROS in the rnechanism of thalidomide teratogenicity cornes fiom studies 

showing that thalidomide can oxidize GSH to GSSG in vivo (Arlen and Wells, 1990; Hansen et 

al., 1999). In these studies, GSH oxidation was reported to be greater in rabbits, the sensitive 

species to thalidomide embryopathy, compared to rat, the resistant species (Arlen and Wells, 

1990; Hansen et al., 1999)- Furthemore, thalidomide has been s h o w  to initiate DNA 

oxidation in vitro upon its bioactivation by a peroxidase bioactivating system (Liu and Wells, 

199%). The generation of  ROS, especially hydroxyl radicals, by thalidomide has also been 

implicated in the rnechanism of inhibition of angiogenesis by thalidomide in embryoid bodies 

(Sauer et al., 2000). 
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Phenytoin and related xenobiotics can be bioactivated by embryonic prostaglandin H 

synthase (PHs) to a teratogenic fkee radicai intermediate, The mechanism of free radical 

formation was evduated using photolytic oxidation with sodium persulfate, and by electron 

paramagnetic resonance (EPR) spectrometry. Characterization of the products by mass 

spectrometry suggested that phenytoin photolyses to a nitrogen-centred radical that rapidly 

undergoes ring opening to f o m  a carbon-centred radical. PHs-1 was incubated with teratogen 

(phenytoin, mephenytoin, trimethadione, phenobarbital and major metabolites) or its vehicle and 

the fiee radical spin trap alpha-phenyl-N-t-butylnitrone (PBN), and incubations were analysed 

by EPR. There was no PBN radical adduct in control incubations. For phenytoin, a putative 

unstable nitrogen-centred radicaI adduct and a stable carbon-centred radicai adduct were 

detected. Free radical spin adducts also were detected for al1 other teratogens and metabolites 

except carbarnazepine. The PHs inhibitor eicosatetraynoic acid abolished the free radical EPR 

signal. Incubation of 2'-deoxyguanosine with phenytoin and PHs-1 resulted in a 5-fold increase 

in its oxidation to 8-hydroxy-2'-deoxyguanosine. This is the first direct chernical evidence for 

PHs-catalysed bioactivation of phenytoin and related teratogens to a free radical intemiediate 

that initiates DNA oxidation, which may constitute a comrnon rnolecular mechanism of 

teratologic initiation. 



2.1-2 ~ T R O D U C ~ I O N  

Phenytoin (diphenylhydantoin; Dilantin) is a widely used anticonvulsant h g  that is 

teratogenic in anirnals and hurnans (Hansen, 1991; Hansen et al., 1992; Wim and Wells, 

1995a). Several teratologic mechanisms have been proposed, including the bioactivation of  

phenytoin by embryonic cytochromes P450 (P450, CYP) to an electrophilic arene oxide reactive 

intermediate that covalently bhds to embryonic protein, thereby altering cellular fûnction 

(Hansen, 199 1 ; Hansen et al,, 1992; Winn and Wells, 1995a; WeIls er al., 1997b; Wells and 

Winn, 1997). However, these hypotheses are not consistent with a nurnber of published 

observations, including: (1) the association of embryopathie activities of the structurally similar, 

asymmetric hydantoin anticonvulsants mephenytoin (Mesantoin) and its N-demethylated active 

metabolite nirvanol with the 1-isomers that primarily do not form the arene oxide (Fig. 1) (Wells 

et al-, 1982); (2) the teratogenicity of stmcturdly similar anticonvulsants, such as trimethadione 

(Tndon) and its N-demethylated pharmacologicalIy active metabolite, dimethadione. that lack 

the phenyl substituent necessary for the formation of an arene oxide; and, (3) the relatively low 

embryonic activity of most P450s during organogenesis (Wells and Wim, 1996; Wells et al., 

1997a; Wells and Wim, 1997), including CYP2C9 that is known to bioactivate phenytoin 

(Birkett et al., 1993). 

We have investigated an alternative hypothesis involving the bioactivation of proteratogens 

by peroxidases such as prostaglandin H synthase (PHs) to teratogenic free radical intermediates 

(Fig. 2) (Winn and Wells, 1995a; Wells and Winn, 1996; Wells et al., 1997a; Wells er al., 

L997b; Wells and Wim, 1997). PHs and related potential bioactivating enzymes such as 

lipoxygenases are present with high activity in the embryo during organogenesis, the penod of 

major teratologic susceptibility. 
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Figure 1. Structures of phenytoin and related dmgs and metabolites. Structural similarities are 
indicated by the boxes. In vivo murine studies have shown that the N-demethylated dnigs and 
metabolites are substantially more teratogenic than their respective methylated parent molecules, 
suggesting that in vivo N-demethylation is a prerequisite for peroxidase-cataiysed bioactivation 
to a teratogenic reactive intermediate (Winn and Wells, 1995a)- 
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Figure 2. Postulated bioactivation of phenytoin and related proteratogens to an embryotoxic free 
radical intermediate by embiyonic enzymes with peroxidase activity. Cyclooxygenase and 
hydroperoxidase are the components of prostaglandin H synthase (PHs). Arachidonic acid 
released from membrane phospholipids by phospholipase Az serves as the CO-substrate in both 
the cyclooxygenase- and lipoxygenase-dependent eicosanoid pathwzys, generating the 
corresponding hydroperoxides, which c m  then be reduced by hydroperoxidases to the 
corresponding alcohols. In this pathway, xenobiotics such as phenytoin c m  serve as the 
reducing CO-substrate, itself being oxidized to a reactive fiee radical intermediate. If this fiee 
radical is not detoxified, it c m  initiate oxidative stress andor covalentiy bind to cellular 
macromolecules, thereby causing irreversible darnage and teratogenesis. PGGr, prostaglandin 
Gz, HPETE, hydroperoxyeicosatetraenoic acid; PGH2, prostaglandin Hz; HETE, 
hydroxyeicosatetraenoic acid; GSH, glutathione; GSSG, oxidised GSH. Modified fiom Wim 
and Wells, 1995 (Winn and Wells, 1995a). 
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Xenobiotic fiee radicais can bind covdently to cellular macromolecules (DNA, protein), 

and can initiate the formation of reactive oxygen species @OS) that cause oxidative stress and 

oxidative damage to DNA, protein and lipid, As detailed in the above reviews (Winn and 

Wells, 1995a; Wells and W h ,  1996; Wells et al,, 1997a; Wells et al-, 199%; Wells and Wim, 

1997), there is evidence NI vivo, in embryo culture and in vitro for embryonic PHs-cataiysed 

bioactivation of phenytoin to a fiee radical intermediate that initiates embryotoxic ROS 

formation. Phenytoin initiates hydroxyl radical formation and the oxidation of embryonic DNA, 

protein, thiols and lipid. Conversely, phenytoin-initiated oxidation of  embryonic cellular 

macromolecules and teratogenicity or embryotoxicity are reduced by PHs inhibitors, fiee radical 

spin trapping agents, iron chelators, antioxidants and antioxidative enzymes, including 

gtutathione (GSH) reductase, GSW peroxidase, superoxide dismutase and cataIase (Wim and 

Wells, 1995a; Kim and Wells, 1996b; Ozolins et al., 1996; Wells and Wim, 1996; Wells et al., 

1997a; Wells et al,, 199%; Wells and Wim, 1997; W ~ M  and Wells, 1997). 

On the other hand, little is known about the chernical nature of the putative f?ee radical 

intermediate of phenytoin and related xenobiotics in biological systerns- Phenytoin and other 

hydantoins, as well as the stnicturdly related succinimides, contain an imidyl group as shown in 

boxes in Fig. 1. The generation of imidyl radicals (a nitrogen-centred radical flanked by two 

acyl groups) fiom N-halohydantoins and N-bromosuccinimide has been studied and used in 

synthetic chemistry for a bromination process since 1942 (Luning and Skell, 1985). 

N-bromosuccinimide undergoes photodecomposition to generate an imidyl radical that opens to 

form a carbon-centred radical with an isocyanate moiety (Skell and Day, 1978; Chow and 

Naguib, 1984; Luning and Skell, 1985; Chow and Zhao, 1987; Chow and Zhao, 1989; Zhang et 

al., 1990; Lind et al., 1993). The characteristic reactions for both of these radicals are hydrogen 
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abstraction and addition to double bonds (Skell and Day, 1978; Chow and Naguib, 1984; Luning 

and Skell, 1985; Zhang et al., 1990)- 

Given that chernical studies indicate that N-halohydantoins c m  form a nitrogen-centred 

radical on their imidyl moiety, and biochemical studies have shown that hydantoins and related 

compounds can initiate hydroxyl radical formation and oxidation of macromolecular targets, we 

hypothesised that phenytoin and its analogs c m  be bioactivated by PHs to an unidyl fiee radical 

that can undergo ring opening to generate a carbon-centred fiee radical with an isocyanate 

group These radicals may covalently bind to embryonic macromolecules with carbon-carbon 

double bonds, such as DNA and protein, andlor initiate embryonic ROS formation and oxidative 

macromolecular damage, thereby initiating teratogenesis. This hypothesis was investigated 

using two approaches. The fist involved the chemical characterization of products following 

the photolytic oxidation of phenytoin using sodium persulfate. The second approach involved 

direct characterization of teratogen fiee radical intermediates by electron paramagnetic 

resonance (EPR) spectrometry, and phenytoin-ïnitiated DNA oxidation, following in viîro 

incubation with PHs. The results provide the first direct chernical evidence for PHs-catalyzed 

bioactivation of phenytoin and related proteratogens to a potentially embryotoxiç fiee radical 

intemediate. 



2.13 EXPERIMENTAL PROCEDURES 

MATERIALS 

Purified prostaglandin H synthase- 1 (PHs- I ) and 8-hydroxy-2'-deoxyguanosine were 

obtained form Cayman Chemicais Company (AM Arbor, MI, USA); phenytoin 

(diphenylhydantoin acid), 5-(p-hydroxypheny1)-5-diphenylhydantoin (HPPH), dirnethadione, 

alpha-phenyl-N-t-butyinïtrone (PBN), hematin, hydroxylamine hydrochloride, sodium 

persdfate, benzophenone, and 2'-deoxyguanosine were obtained from Sigma-Aldrich (Oakville, 

Canada); redistilled phenoi was £iom the Aldrich C hemical Company (Milwaukee, WI, USA). 

Mephenytoin and nirvanol isomers were gifts fiom Dr. A. Küpfer, Switzerland; trimethadione 

was a gift from Abbott laboratories (North Chicago, IL, USA). 5,8,l l ,  14-Eicosatetraynoic acid 

(ETYA) was a gifi fiom Hoffmann-La Roche Ltd- (Etobicoke, Ontario). Al1 other reagents used 

were of analytical or HPLC grade. 

METHODS 

Phstochemical generation of phenytoin free radical: 

A 3 ml solution containing 100 uM phenytoin and 100 uM sodium persulfate in 6.0 rnM 

NaOH (pH 11.8) was photolysed at 300 nrn for 0, 10,20,30 and 40 min in a Rayonet Chamber. 

The reaction mixture of each tirne interval was analysed for product formation by 

hi&-performance liquid chromatography (HPLC) equipped with a mode1 222 solvent delivery 

system (Scientific Systems, Inc., USA), a 5 um Spherisorb ODS iI C-18 column (15 cm X 4.6 

mm, Jones Chromatography, Lakewood, CO., USA), a mode1 SPD-6AV UVNis detector 

(Shimadzu, Kyoto, Japan) and an integrator (Chromapac Mode1 CR50 1, Shimadni, Kyoto, 

Japan). The mobiIe phase consisted of 59 % water, 1 % glacial acetic acid and 40 % acetonitrile, 

at flow rate of 1 &min. The product separation was perfomed at 240 nm. 
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Identification of photoiysïs prodmcts by thin layer chromatography: 

The photolysis products were separated by preparative thin layer chromatography ( Z C )  

using 30:70 ethyl acetate : hexane as the eluting solvent- Authentic samples of some products 

were synthesized or purchased and CO-eluted to c o d h n  the identity of products. The separated 

products were then scraped off the TLC plate and analysed by HPLC in Iine with a tandem mass 

spectrometer WLC-MS/MS). 

Identification of p hotolysis produlits by HPLC-MS/MS : 

The reaction mixture of each time intervai as welI as the separated products obtained fiom 

TLC studies were analysed by HPLC-MSMS (MI II, Perkin-Elmer Sciex, Concord, Ontario, 

Canada). The instrument was set in ion spray mode, and the collision activation spectra of the 

products were obtained using argon as the target gas, at an energy of 80 eV- The mean mass 2 

S E ,  was calculated fkorn the multiply charged ions by the software Mass spec (Version 3.3)- 

The W L C  conditions were the sarne as above. 

Synthesis of benzophenone oxime {Shriner et aï., 1964): 

A mixture of 1 g of benzophenone, 1 g of hydroxylamine hydrochloride, 5 ml of pyridine 

and 5 ml of absolute ethanol was heated under reflux for 2 hr in a water bath- The solvents were 

removed by roto-evaporation. The residue was precipitated with 5 ml of ice cold water, and the 

mixture was vacuum-filtered. The  oxirne was recrystallized fiom ethanol. Melting point: 

142-144 OC; HPLC-MS: m/z (MH? 198), 180,77. 

Bioactivation of phenytoin and Gts analogs to a free radical reactive intermediate by 

PHs-1: 

PHs-1 (1000 U h l )  was incubated with hematin (1.0 uM) and phenol(0.5 mM) for 1 min at 

37 OC in 80 mM PBS, pH 7.9. M e r  addition of the teratogen (500 uM) or  its vehicle and the 

fiee radical spin trap PBN (1 mM), arachidonic acid (AA) (67 uM) was added to start the 



120 

reaction- After 30 min at 37 OC, reactions were tenninated and extracted twice with 2 ml ethyl 

acetate. The combined ethyl acetate layers were reduced under nitrogen to 500 ul and andysed 

by EPR spectrometry. To obtain information on a less stable, putative nitrogen-centred radical, 

phenytoin also was incubated with PHs-1 for shorter intervals of 2 and 15 min. To bblck 

PHs-1-catalyzed bioactivation of phenytoin, the PHs inhibitor ETYA (40 uM) was 

incubated with the enzyme at 37 OC for 1 min pior to addition of phenytoin and AA. 

The controls for al1 incubations lacked the respective teratogen, but contained al1 other 

cornponents of the incubation includüig the vehicle for the teratogen. For phenytoin and its 

major in vivo metabolite, 5-(p-hydroxypheny1)-5-diphenylhydantoin (HPPH), saline/NaOH was 

the vehicle. Trhnethadione, dirnethadione, and phenobarbital were dissolved in saline. The 

vehicle for nirvanol, mephenytoin and carbarnazepine was dimethylsulfoxide (DMSO). The 

concentration of DMSO in these incubations did not exceed 0.5% v/v. 

The fkee radical adducts of PBN were detected at room temperature in a ST-EPR cavity 

with a Bruker ER-200 DX band spectrometer. The instrument settings were: microwave power, 

20.5 milliwatts; modulation amplitude, 1 G; tirne constant, 50 ms; scan range, 100 G and sweep 

time 50 s: accumulation, 5 scans; receiver gain, 5.00 x 10' ; field center 3475 G; frequency, 9.81 

GHz. 

The EPR spectrurn for the mixture of the carbon-centred and putative nitrogen-centred fiee 

radicals was simulated using a standard software (ESR 42) developed by Dr. Uwe Oehler 

(Department of Chemistry, University of GueIph, Ontario). 

Oxidation of 2'-deoxyguanosine (2'-dG): 

2'-deoxyguanosine (1 mg) was incubated with or without phenytoin in presence of PHs-1 

using the conditions given above with the following modifications: 250 uM phenytoin, PBN 
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was replaced with 2'-deoxyguanosine and 140 u M  arachidonic acid was added to start the 

reaction. The resulting mixture was analysed by HPLC. 

Detection of 8-hydroxy-2'-deoxyguanosine (8-O='-dG): 

Oxidation of 2'-dG to 8-OH-2'-dG was quantified using an isocx-atic HPLC system 

(Scientific Systems, Inc., USA) equipped with a 5 um Spherisorb ODS II C-18 column (1 5 cm X 

4.6 mm, Jones Chromatography, Lakewood, CO., USA), an electrochemicai detector (model 

5100A), a mard ce11 (model 5020) , an analytical ce11 (model 5010) (Coulochem, ESA, CA, 

USA) and an ïntegrator (Chromapac Mode1 CR501, Shimadzu, Kyoto, Japan). Samples were 

eluted using a mobile phase consisting of 50 rnM -PO4 b a e r  (pH 5.5) and 5% rnethanol, at 

a flow rate of 0.8 rnlhin, with a detector oxidation potentiai of -1-0.4 V. 

S tatistical analysis: 

Statistical significance of differences between treatrnent groups was deterrnined by 

Student's t test using a standard computerized, statistical program (Statsview, Abacus Concepts, 

Inc.). The level of significance was p < 0.05. 



2.1.4 RESULTS 

Products of photochernical reactions 

Over the penod of 40 min, more than 50% of phenytoïn was photolysed to one major and 

three minor products which were identified by HPLC-MSIMS (Fig. 3). The major product of 

this reaction was 1,2,3,4-tetrahydro-2-0~0-4-pheny1quinazoline C1) and the minor products were 

benzophenone O, benzophenone oxime (3) and 1 -phenyl- 1 -(2-hydroxypheny1)methyl imine (4). 

The HPLC retention times of these compounds are summarized in Table 1. 

The fragmentation pattern for compound 1 (Table 1) was consistent with concomitant loss 

of a phenyl ring, carbon monoxide and hydrogen cyanide h m  this compound. The 

fragmentation pattern for compound 2 was consistent with the loss of a phenyl ring. 

Compounds - 3 and 4 had the sarne molecular weight but showed dif5erent hgmentation patterns 

and were detected at different retention times (Table 1). The fiagrnentation pattern for 

compound 3 was consistent with a loss of water and phenyl ring, while that of compound 4 was 

consistent with loss of a phenol group and a phenyl ~ g .  

îhe products of the photolysis reactions were separated on the TLC plate and characterised 

by HPLC-MS/MS- The fiagmentation pattern observed for each product was the same as that 

observed for the reaction mixture. The authentic samples of compound 2 and 3 had the same Rf 

values by TLC as k i r  corresponding compounds fiom the reaction mixture, and their MS/MS 

hgmentation pattems were the same as for their corresponding products of the photolysis 

reaction. 
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Figure 3. Time course for the generation of phenytoin photolysis products. Phenytoin (100 uM) 
was photolysed at 300 nm in the presence of 100 uM sodium persulfate for up to 40 min. The 
products were analysed by HPLC-MS/MS. 



Table 1, Retention times and Gagmentation patterns of phenytoin photolysis products-Phenytoin 
was photolysed in presence of sodium persulfate. The product formation was monitored by 
HPLC and the products were identified by tandem mass spectrornetry. 

Compound Retention time Molecuiar ion Fragmentation Pattern 
(min) (m z) 

Phenytoin 4.25 253 225, 182 

1,2,3,4-Tetrahydro-2-0x04- 
phenylquinazoline (1) 

Benzophenone (2) 19-34 183 78 

Benzophenone oxime (3) 12.15 198 180,77 

1 -Phenyl- 1 - (2-hydroxypheny1)methyl 8 -25 198 
imine (4) 



Figure 4. Electron paramagnetic resonance (EPR) spectra of the vehicle control (A), phenytoin 
(B) and 5-(p-hydroxypheny1)-5-phenylhydantoin (HPPH) (C) observed after their bioactivation 
by prostaglandin H synthase (PHs). The in vitro system contaked 1,000 U/ml PHs, 1.0 uM 
hematin, and 0.5 mM phenol. Afier preincubation for 1 min at 37 O C ,  67 uM arachidonic acid 
(AA), the spin trap alpha-phenyl-N-t-butylnitrone (1 rnM) and the teratogen (500 uM) or its 
vehicle were added, and the system was incubated for 30 min. For inhibition studies, the PHs 
inhibitor ETYA (40 uM) (D) was preincubated with PHs for 1 min prior to addition of 
phenytoin. The control incubation contained al1 components except that the dmg was excluded 
fkom the vehicle (salinefsodium hydroxide). 
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Bioactivation of phenytoin and its analogs to a free radical reactïve intermediate by PHs-1 

PHs-catalysed formation of fiee radical spin adducts were obtained for phenytoin and its in 

vivo hydroxylated metabolite, HPPH (Fig. 4). The EPR signal for phenytoin after a 30 min 

incubation (Fig. 4B) reveded the presence of a carbon-centred fiee radical. The triplet of 

doublets observed for t h i s  radical adduct of phenytoin had hyperfine splitting constants 

(tFFSCs) of aN = 13.75 G and ap = 2.13 G. HPPH also gave rise to a carbon-centred fkee 

radical (Fig. 4C) with similar HFSCs, aN = 13.79 G and ap * = 2.38 G. Preincubation of PHs-1 

with the PHSLPO inhibitor ETYA (40 uM) abolished the fkee radical EPR signal for phenytoin 

(Fig. 4D). The 40 uM concentration of ETYA is welI above the Ki value for PHs inhibition in 

isolated cells and purified enzyme preparations (Harmnarstrom and Falardeau, 1977; Klein er 

al., 1984), is not embryotoxic, and inhibits phenytoin ernbryotoxicity in embryo culture 

(Miranda et al., 1 994). The control incubation which contained saline/sodium hydroxide (Fig. 

4A), the vehicle of phenytoin and HPPH, did not show the presence of any radical other than the 

two peaks that are altvays observed, Iikely fiom PHs. 

To explore this possibility and that of  the generation of teratogen fiee radicals by other 

components, incubations containing d l  components except the enzyme also were analysed. Free 

radicals were not detected in these incubations indicating that the two signals at either end of the 

spectra were due to PHs, and that fiee radicals of teratogens were not formed in the absence of 

PHs-1 (Fig. 5A). 

Tirne-dependent incubation of phenytoin reveded the early sirnultaneous existence of 

carbon- and putative nitrogen-centred fkee radicals at 15 min (Fig. SC), and maximally at 2 min 

(Fig. SD), with HFSCs of aN = 13.75 G and ap = 2.1 3 G for the carbon-centred radical 

adduct and aN = 14.2 Gy ap = 0.79 G and ap 4 - 9 0  G for the nitrogen-centred radical adduct. 



Figure 5. Tirne-dependent incubation of phenytoin with PHs-1. (A) Electron paramagnetic 
resonance (EPR) spectra for the incubation of phenytoin without PHs-1 ; (B) 30 min, (C)  15 min 
and (D) 2 min incubation of phenytoin with PHs-1 (E) computer simulation of the 2 min 
incubation signal. The HFSCç for the carbon-centred radical adduct were aN = 13 -75 G and ap 
= 2.1 3 G and and for nitrogen-centred radical adduct were aN = 14.2 G, ap = 0.79 G and ag 
=2.90 G. The arrows identie the presence of additional lines which were formed due to the 
overlapping signals of nitrogen- and carbon-centred radical adducts. Components of this in 
vitro system are detailed in Fig. 4. 
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The arrows in figure 5D identiq the presence of additional lines which were fomed due to the 

overlapping signds of the nitrogen- and carbon-centred radical adducts. These additional lines 

were not present in the signal observed for the carbon-centred radical at 30 min incubation (Fig. 

5B). This characterization was c o n f i e d  by computer simdation of  the signal (Fig. SE). 

The EPR spectra of isomers of mephenytoin and nirvanol ïndicated carbon-centred fiee 

radicals in varyïng amounts (Fig. 6) with HFSCs sirnilar to those observed for phenytoin (Table 

2). There was no radical adduct of PBN in the control incubations of these compounds (Fig. 

6A). We found in our system that concefitrations higher than 03% of DMSO, a radicai 

scavenger, resulted in elimination of the signal, possibly by inhibiting PHs. We also found that 

addition of more than 1 mM PBN to incubations resulted in a decrease in intensity of the signal, 

suggesting that higher concentrations of PBN could inhibit PHS- 

Both I-mephenytoin and d-mephenytoin were bioactivated by PHs-1 to carbon-centered fiee 

radicals, with a stronger signal observed for d-mephenytoin compared to its 1-isomer (Fig. 6, B 

and C). The ernbryotoxic 1-isomer of nirvanol produced slightly more fiee radical in the 

presence of PHs-1 than the non-teratogenic d-isomer (Fig. 6,  D and E), 

Trimethadione and dimethadione were both bioactivated by PHs-2 to carbon-centred free 

radicals (Fig. 7), with HFSCs similar to phenytoin (Table 2). Dimethadione is the 

pharmacologically active metabolite of trimethadione and, due to its longer half-life, 

accumulates in humans and animals. Separate administration of these two compounds in 

pregnant mice suggests that the teratogenicity of trimethadione results fiom in vivo 

N-demethylation to dimethadione, which is the penultimate teratogenic species (Wells er al., 

1989a). This hypothesis is consistent with the observation in the present study that 

dimethadione produced a strong EPR signal (F'ig. 7B), while the less teratogenic parent 

compound trimethadione produced a very weak signal (Fig. 7C) A fiee radical signal was not 



Figure 6.  Electron paramagnetic resonance (EPR) spectra for vehicle control (A), 1-mephenytoin 
(B), d-mephenytoin (C), 1-nirvanol (D) and d-nirvanol (E) O bserved afier their bioactivation by 
prostaglandin H synthase-1 (PHs). Components of this in vitro system are detailed in Fig. 5, 
with a 30 min incubation. The control incubation contained a11 components except that the h g  
was excluded fiom the vehicIe (0.5% DMSO). 



Figure 7. Electron paramagnetic resonance (EPR) spectra for vehicle control (A), trimethadione 
(B) and dimethadione (C) after their bioactivation by prostaglandin H synthase (PHs). 
Components of this in vitro system are detailed in Fig. 5, with a 30 min incubation. The control 
incubation contained al1 components except that the dmg was excluded fiom the vehicle 
(saline). 



Table 2. Relative amounts of fiee radical detected by ESR and their hyperfrne spIitting 
constants. ln vitro system contained prostaglandin H synthase, hematin, phenol. After pre 
incubation for 1 min at 37 8C, arachidonic acid, alpha-phenyl-N-t-butylnitrone and xenobiotic or 
vehicle was added, and the system was incubated for 30 min. ETYA, S,8, l l ,  Z 4-eicosatetraynoic 
acid; HPPH, 5-(p-hydroxypheny1)-5-phenylhydantoin. 

Teratogen Spectral amplitude Hypefine splitting constants 

P henytoin aN= 13.75, as H =  2.13 
done ftt- aN = 14.2, ap = 0.79, ap 4 - 9 0  
plus ETYA + 

HPPH +tt+ aN= 13-79, a p H =  2.38 

Trimethadione +- aN= 13.64, a p H =  1-97 

Dimethadione i - t - ~ i -  aN = 13.89, ap = 2.26 

Phenobarbital + aN = 13.95, ap = 2.55 
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detected in control incubations for these two dnigs (Fig. 7A). 

Phenobarbitd was bioactivated by PHs-I to a carbon-centred free radical intermediate, 

which was detected as a weak EPR signal (Fig. 8 {This figure was not published due to space 

Iimitation.) and Table 2). Free radical intermediates were not detected in PHs-1 incubations 

containing the anticonvulsant dmg carbarnazepine (Fig. 8). 

In vitro phenytoin-initiated oxidation of 2'-dG 

Using the reaction conditions above employed for fiee radical characterisation, phenytoin 

was bioactivated by PHs-1 in vipo to a ftee radical reactive intermediate that oxidised 2'-dG to 

8-OH-ZdG. Incubations containing phenytoin had a 5.2-foId increase in 2'-dG oxidation 

compared to incubations with the saline vehicle control (Fig. 9). 



Figure 8. EPR spectra for vehicle control (A), Carbarnazepine (B), Phenobarbital (C)  after their 
bioactivation by PHs. Components of this in vitro system are detailed in the legend to Fig. 5, 
with a 30 min incubation. The control incubation contained al1 components, except the dmg 
was excluded from the vehicle (saline). This figure was not published due to space limitation. 



Vehicle Phenytoin 

Figure 9. Formation of 8-hydroxy-2'-deoxyguanosine (8-OH-2'-dG) during the bioactivation of 
phenytoin by PHs-1. Incubations consisted of 2'-deoxyguanosine (2'-dG), phenytoin or its 
vehicle, PHs-1, hematin and AA as descnbed in Fig. 5. The mixtures were incubated for 30 
min and analysed by high-performance liquid chromatography with electrochernical detection. 
The asterisk indicates a difference fiom control (p < 0.05). 



Results obtained fiorn the photolysis of phenytoin in presence of a strong oxidinng agent, 

sodium persulfate, suggest that phenytoin is first oxidized to a nitrogen-centred radical 2 that 

can rapidly undergo ring opening to form a carbon-centred fiee radical b with an isocyanate 

moiety (Fig. 10). Radical b and its resonance contributor radical g both react with an oxygen 

molecule to generate compounds 2 and 4. Analysis of an authentic sarnple of compound 4 was 

not attempted since imines in which the nitrogen is attached to a hydrogen are generally unstable 

and rapidly decompose or polymerize (Mach, 1992a). Cyclization of radical g produces 

compound 1. Compound 3 may be formed after oxidation of the decomposition product of the 

radical b. The mechanism postulated in Fig. 10 provides a potential chernical basis for the 

generation and characteristics of the putative phenytoin fiee radicds. 

Bioactivation of phenytoin by the purified PHs-1/AA system generated a putative 

nitrogen-centred free radical and a definitive carbon-centred fiee radical. Inhibition of the 

phenytoin EPR signal by the PHs inhibitor ETYA indicated that the bioactivation of phenytoin 

to a fiee radical interrnediate was catalysed by PHs. ETYA is a dual inhibitor of PHs and 

LPOs (Downing et al,, 1972; Sun et al,, 198 1 ; Coffey et al., 1982; Van Wauwe and Goossens, 

1983; Hageman et al., 1986), and has been shown in virro at the sarne concentration to inhibit 

both the bioactivation of phenytoin by PHs and LPO, and the embryotoxicity of phenytoin in 

embryo culture, as well as i-.ihibiting phenytoin teratogenicity in vivo (Miranda et al., 1994; Yu 

and Wells, 1995). The absence of an EPR signal when PHs-1 was omitted fiom the medium 

indicated that bioactivation was due to PHs rather than other components of the system. The 

absence of a signal in the control incubations also confirms that signals observed in each 

spectrum were the result of  bioactivation of the drug by PHs-1. 

Carbon-centred free radicals also were observed in varying arnounts for the analogs of 
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phenytoin (Table 2). The observed simiIarity betweent the HFSCs observed for the 

carbon-centred fiee radical of phenytoin and its stmcturalRy related analogs is due to the 

similarities in the environment of the radical centre- Ai1 observed carbon-centred radicds in this 

study have either two phenyl, one phenyl, or Wo methyl grmups around the radical centre, as 

wel  as a nitrogen or an oxygen attached to them. For some but not al1 of these compounds, 

there was an interesting correlation between their reported teratogenicity and the arnount of fiee 

radical intermediate fomed via the PHs bioactivating systern. For instance, the highly 

teratogenic dimethadione (Wells et al., 1989a) produced substatially more fiee radicals than its 

minimally teratogenic parent compound trimethadione. This substantial fiee radical formation 

fiom dimethadione, together with its accumulation during chronic therapy with its rapidly 

N-demethyIated parent compound trimethadione, likely accournt for the teratogenicity observed 

with trimethadione therapy during pregnancy. This is in agreement with the substantial in v i ~ o  

oxidation of DNA initiated by dimethadione, compared to none by trimethadione, using a 

horseradish peroxidase bioactivating systern (Liu and Wells, 1995a). Similady, phenytoin and 

its major para-hydroxylated metabolite HPPH produced similan amounts of fiee radicals. While 

HPPH has been reported to be non-teratogenic following maternal administration, this likely is 

due to maternal glucuronidation preventing HPPH fiom reachiîng the embryo (Wim and Wells, 

1995a; Wells and Winn, 1996; Wells et al., 1997a; Wells et a[,, 199%; Wells and Wim, 1997), 

since in embryo culture, phenytoin and HPPH demonstrate similar embryotoxic potencies 

(Speidel and Meadow, 1972). Phenobarbital produced oniy minimal fiee radical formation, 

while no free radicals were detected with carbarnazepine, and Chese drugs are believed to be Iess 

teratogenic in humans (Speidel and Meadow, 1972; Seip, 1 976; Rudd and Freedom, 1979; 

Ornoy and Cohen, 1996) and animds (Finnell et al., 1987; Fimnell et al., 1995) than phenytoin 

and trimethadione. 
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On the other hand, both d- and 1-isomers of mephenytoïn were bioactivated to 

carbon-centred fiee radicals, and the amount of fiee radicals formed was higher for the d-isomer, 

which is less embryotoxic in mice (Wells et al,, 1982)- Furthermore, the amount of fkee radicals 

formed by d-mephenytoin and both the d- and 1-isomers of its N-demethylated metabolite 

nirvanol were similar, although 1-nirvanol is substantiaIIy more embryotoxic than either 

mephenytoin or d-nirvanol, These results suggest that factors in addition to PHs-catalysed 

bioactivation to a fkee radical may contribute to the relative teratologic potencies of 

rnephenytoin and nirvanol isomers. Mephenytoin is adrninistered as a racernic mixture and in 

humans, the d-isomer of mephenytoin is preferentially and rapidly hydroxylated and excreted, 

with virtually no d-nirvanol being produced via N-dernethylation, while the 1-isomer of 

mephenytoin is stereospecifically N-demethylated to 1-nirvanol (Kupfer et al., 1979b; Kupfer et 

al., 1979a). A similar stereoselective elimination is observed in mice (Wells et al., 1982). This 

rapid elimination of d-mephenytoin via matemal hydroxylation rnay prevent its transport to the 

embryo where it can be bioactivated by PHs- In turn, while d-nirvanol produced slightly more 

Cee radicals than the highly embryotoxic 1-isomer, most d-mephenytoin administered as an 

anticonvulsant is hydroxylated and excreted, with very little being N-demethylated to d-nirvanol 

(Wells et al., 1982). Furthermore, d-nirvanol itself is hydroxylated and excreted more rapidly 

than its 1-isomer, leaving less to reach the embryo (Wells et al-, 1982). Thus, for severai 

reasons, iittle of the d-isomers of either mephenytoin or niwanol should reach the embryo. 

Nevertheless, in an in vitro horseradish peroxidase bioactivation system, the highly embryotoxic 

1-nirvanol produced substantial DNA oxidation, compared to minimal oxidation by 

1-mephenytoin or d-nirvanol (Liu and Wells, 1995a), so both drug isomer disposition and 

embryonic bioactivation may play important roles in teratologic potency. 
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In the ceIls of normal untreated animais there is a considerabte oxidative damage (CIayson 

et al., 1994)- However, excessive oxidative DNA damage caused by xenobiotic-initiated ROS 

can cause irreversible modifications to DNA (Shigenaga and Arnes, 1991). These modifications 

to DNA have been shown to disrupt transcription, translation and DNA replication which c m  

ultimately lead to mutation and ce11 death (Spitz et al-, 1987; Ames, 2989; Spector et al., 1989). 

Oxidative darnage to embryonic cellular rnacromolecules @NA, protein, lipid) also may play an 

important role in the mechanism of embryotoxicity for a nurnber of proteratcgens (Juchau et al.? 

1992; Winn and Wells, 1995a; Fantel, 1 996; Wells and Winn, 1996; Wells et al., 1 997a; Wells 

et al., 299%; Wells and Winn, 1997). The potential teratologic role of darnage to DNA in 

particuiar is suggested by a nurnber of lines of evidence (Winn and Wells, 199%; Wells and 

Winn, 1996; Wells et al., 1997a; Wells et al-, 1997%; Wells and W h ,  1997), including 

particularly: (1) the oxidation of embryonic DNA in embryo culture by proteratogens like 

phenytoin and benzo[a]pyrene (Wim and Wells, 1995a; Wells and Wim, 1997); (2) the 

abolition of embryonic DNA oxidation and ernbryotoxicity for both of these proteratogens by 

addition of the antioxidative enzymes superoxide dismutase or catalase to the culture medium; 

and, (3) the enhanced in vivo teratogenicity of both these proteratogens in knockout mice 

deficient in the p53 tumor suppressor gene, which facilitates DNA repair (Laposa and Wells, 

1995; Nicol et al., 1995; Laposa et al., 1996). Generally, hydroxyI radical (OH) generated 

chemically or by ionizing radiation can add across the double bonds of a DNA base formhg a 

hydroxylated product The oxidized guanine analog 8-OH-2'-dG is thought to be formed in 

DNA via hydroxylation of deoxyguanosine residues by OH at the C8 position (Kasai et al., 

1986), and phenytoin h a  been shown to initiate the in vivo formation of OH, measured by 

salicylate hydroxylation (Kim and Wells, 1996b). Accordingly, 8-OH-2'-dG formation can be 

used as a biological marker of oxidative DNA darnage, as well as providing an insight into 
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potential molecular rnechanisms of toxicological initiation. In the current study, under in vitro 

conditions similar to those used for the formation and charactenzation o f  teratogen fiee radical 

intermediates, arachidonate-dependent, PHs-catalysed bioactivation of phenytoin resulted in 

over a 5-fold increase in the oxidation of 2'-dG to 8-OH-2'-dG. These results suggest that the 

free radical intermediates characterised herein for phenytoin and related proteratogens are 

relevant to their molecular mechanism of teratologic initiation, which may involve oxidative 

damage to embryonic DNA. 

Based on the results of these studies, at least two biochemical pathways, summarized in 

- 
figures 11 and 12, could account for the generation of 0; and other ROS during the 

bioactivation of phenytoin by PHs-1. In both pathways, first a nitrogen-centred free radical of 

phenytoin (a) is generated by PHs-1. This nitrogen-centred radical is most likely unstable, since 

a shorter incubation time (2 min) was required for its detection by EPR, and undergoes ring 

opening to generate the isocyanate-containing carbon-centred radical b. The equilibrium 

between radicals 2 and & is probably shifted towards radical b, since the radical 

(nitrogen-centred) was observed in a very low concentration, as was evidenced by the low 

intensity of the EPR signal. The Ntrogen- and carban-centred radicals of phenytoin can be 

reduced to metabolite g by hydrogen abstraction from DNA, lipids (LH) and GSH. This process 

generates DNA @NA') and lipid (IJ radicals as well as oxidized GSH (GSSG). 

Phenytoin-initiated lipid peroxidation and GSSG formation have been demonstrated in vitro, in 

embryo culture and in vivo (Arlen and Wells, 1990; Miranda et al., 1994; Liu and Wells, 1995a). 

Generation of L c m  lead to lipid peroxidation and ultimately darnage cellular membranes, while 

generation of DNA' causes DNA strand breaks, and DNA-DNA and DNA-protein cross-links 

(vaca et al., 1988). Metabolite is an isocyanate, which as a class are highly electrophilic and 



14 1 

biologically active (Pearson et al., 1991; Slatter et al., 1991). The carbon-centred fiee radicaI of 

phenytoin can aiso interact with one molecule of oxygen to generate the hydroperoxide o. 
In the first postulated pathway for generation of Oz*-, as sumrnarized in Fig. 11, 

hydroperoxide can be reduced by peroxidases to the alcohol e, during which compound 1 and 

compound II intermediates of peroxidases are formed and two molecules of NAD' are 

generated. Further oxidation of NAD' by a molecule of oxygen generates NAD+ and ozo-. This 

pathway is based upon the mechanism previously proposed for generation of 02.- fiom lipid 

hydroperoxides (Kukreja et al., 1986; Halliwell and Guttendge, 1989). Generation of 

superoxide anion in this pathway is consistent with our previous observation that addition of 

antioxidative enzymes such as SOD, which removes superoxide anion, abolish embryonic DNA 

oxidation and embryotoxicity initiated by phenytoin and benzo[a]pyrene in embryo 

culture (Winn and Wells, 1995a; Wells and Wim, 1997). 

A second pathway by which O F  can be generated involves a Fenton-like reaction 

(Halliwell and Gutteridge, 1989). In this process, as proposed in Fig. 12, hydroperoxide fi can 

oxidise ~ e ~ +  to ~ e ~ + ,  producing 'OH and alcohol S. Subsequently, the OH can react with 

hydroperoxide to generate alcohol g, Oz*' and H?. This is consistent with our observation that 

the iron chelator desferoxamine inhibited phenytoir. teratogenicity in mice (Wells et al., 1991), 

possibly by blocking step 1 of this pathway and preventing hydroxyl radical formation. The 

alcohol e, which is produced by both proposed pathways, cm undergo spontaneous and 

water-assisted decomposition to generate hydrogen-isocyanate, benzophenone, carbon dioxide 

and urea. Besides generation of superoxide, this mechanism also provides an explanation for the 

distd effects of unstable hydroxyl radical across a cell. Once formed, hydroxyl radical can 





1 Hydroperoxide I 

SOD 
0; - + H+ 

1 Alcohol 1 

Figure 12. Postulated role of a Fenton-Iike mechanism for the generation of ROS resulting fiom 
the bioactivation of phenytoin by PHs-1 to a fiee radical. The phenytoin hydroperoxide is 
poshilated to form via a carbon-centred fiee radical intermediate as shown in Fig. 10. 1. 
Fenton-like pathway, wherein hydroxyl radical is generated during the reduction of phenytoin 
hydroperoxide by ~e~~ to an alcohol. 2. Pathway for generation of superoxide anion, whereby 
hydroxyl radical reduces phenytoin hydroperoxide to an aicohol and produces superoxide anion, 
which subsequently regenerates hydroxy 1 radical. 
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interact with cellular components nearest to its site of formation and generate superoxide anion, 

which is more stable and can iravel to distai parts of a ce11 where it can regenerate hydroxyl 

radical. 

In s u m m q ,  the radical spin trapped adducts of hydantoins and related proteratogens are 

formed via PHs-cataiysed bioactivation in varying amounts and with sirnilar HFSCs, consistent 

with a comrnon mechanism of teïatogenesis. In some cases (phenytoin, HPPH, tnmethadione, 

dimethadione, phenobarbital, carbarnazepine), the amount of fiee radicds formed correlated 

well with the teratologic potency of the drugs, while for other drugs (mephenytoin and nWano1 

isomers), additional factors appeared to be involved. The f?ee radical detected for dl hydantoins 

and related compounds was carbon-centred, and for phenytoin, a putative, unstable 

nitrogen-centred radical was also detected. This study provides the first direct chernical 

evidence for PHs-catalysed bioactivation of phenytain and related proteratogens to free radical 

intermediates that can initiate DNA oxidation, which may constitute a comrnon rnolecular 

mechanism of teratologic initiation. 
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2.2.1 A~STRACT 

The developmental role of prostaglandin H synthase-2 (PHs-2), which converts xenobiotics 

like benzo[a]pyrene (B[a]P) to toxic fiee radical intermediates, is poorly understood. Here we 

determined the embryonic expression and teratologicd relevance of PHs-2 in pregnant PHs-2 

knockout mice. WiId-type (+f+) dams given B[a]P on gestational day (GD) 10 had 3-fold more 

fetal malformations than H- PHs-2-deficient dams @<0.05). GD 10-1 3 +/+ embryos had high 

PHs-2 protein expression, and both +/+ and +/- GD 19 fetuses had more B[a]P-initiated 

malformations and postparturn lethality than 4- littermates (p<0.05). Thus, embryonic PHs-2 is 

expressed constitutively during organogenesis, and contributes substantially to B[a]P 

teratogenicity, 



2.2.2 INTRODUCITON 

Prostaglandin H synthase (PHs), often referred to by its cycIooxygenase (COX) component, 

exists as two isofoms, PHs-1 (COX-1) and PHs-2 (COX-2), and catalyzes initial steps in the 

biosynthesis o f  prostaglandins and thromboxanes (Marnett, 1990). PHs-1 is expressed 

constitutively in most adult tissues and is available for on-demand synthesis of prostaglandins 

that participate in "housekeeping" activities, such as regulating vascular homeostasis, stomach 

fiuiction, and rend water and sodium resorption (Dinchuk et al,, 1995; Morham et al., 1995; 

Smith and DeWitt, 1995). On the other hand, PHs-2 , which is involved in inflammatory 

responses, is non-constitutive but inducible in adult tissues, except for the macula densa of the 

kidney (Harris et al., 1994), vas deferens (McKanna et al., 1998) and brain (Maslinska et al., 

1999), where it is constitutively expressed- PHs-2 expression has not been investigated in 

embryonic tissues during the teratologically susceptible period of organogenesis. 

Benzo[a]pyrene (B[a]P), a polycyclic aromatic hydrocarbon forrned from the incomplete 

combustion organic matter, is both a human and animal carcinogen (Osborne and Crosby, 1987), 

and a teratogen in animals (Clarke et al., 1993). The rnutagenicity, carcinogenicity and 

teratogenicity of B[a]P are thought to depend at least in part upon its enzymatic bioactivation to 

electrophilic and/or fiee radical reactive intermediates, and the subsequent irreversible damage 

to macromolecu~ar targets (Dipple er al., 1984; Nicol et al., 1995; Wells et al., 1997b). B[ajP 

bioactivation is catalyzed by several enzymes, including cytochromes P450 (P450, CYP) 

(Osborne and Crosby, 1987), in particular P4501A1 (CYPlAl), and peroxidases such as PHs 

(Marnett, 1990). In the latter case, during the conversion of PGG;, to PGH:, by the 

hydroperoxidase component of PHs, xenobiotics can serve as reducing CO-substrates, 

themselves being oxidized to reactive fiee radicai intermediates (Fig 1). If not detoxified, the 

reactive intermediates can oxidize andlor arylate DNA and proteins (Ehroujerdi et al., 198 1 ; Ide 

et al., 1983; Dipple et al., 1984; Frenkel, 1989; Kim and Wells, 1996b)- 
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Figure 1. Postulated inechanism of xenobiotic-initiated teratogenesis. Upon release of arachidonic acid (AA) from membrane phospholipids 
by the action of phospholipase A2, AA is oxygenated by the cyclooxygenase part of PHs to the corresponding hydroperoxide (PGG2). 
Reduction of PGGz to its corresponding alcohol, PGH2, is catalyzed by the hydroperoxidase portion of PHs. In this pathway, xenobiotics 
such as benzo[a]pyrene (B[a]P) may serve as reducing CO-substrates, themselves being oxidized to reactive fiee radical intermediates. If not 
detoxified by antioxidants such as glutathione, these free radicals can initiate oxidative stress andor covalently bind, thereby irreversibly 
damaging cellular macromolecules and initiating teratogenesis. (Modified from: Winn and Wells, 1997 with permission) 
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Arylation of embryonic DNA and protein by an electrophilic reactive intermediate has been 

irnplicated iri the mechanism of B[a]P teratogenicity (Shum et al., 1979). DNA oxidation also 

rnay constitute an important molecular mechanism mediating teratogenicity, since B[a]P causes 

embryonic DNA oxidation, and both this macromolecular damage and the embryopathie effects 

of B[a]P in ernbryo culture are blocked by the antioxidative enzyme catalase (Winn and Wells, 

1997). Furthemore, the teratogenicity of B[a]P is enhanced in p53-deficient knockout mice 

which are deficient in DNA repair, corroborating the teratologic importance of DNA damage 

(Nicol et al., 1995). 

Although PHSs are involved in bioactivation of xenobiotics (Mamett, 1 W O ) ,  including 

proteratogens (WeIIs et al., 199%; Parman et al., 1998a), to toxic free radical reactive 

intermediates, the relative in vivo contributions of the two PHs isozymes is unknown, More 

particularly, nothing is known about the expressicn of embryonic PHs-2, let alone its role in 

proteratogen bioactivation, during organogenesis, the period of susceptibility to teratogens. The 

recent availability of PHS-2 knockout mice (Dinchuk et al., 1995; Morharn et al., 1995) 

permitted the first direct assessrnent of the dependence of B[a]P teratogenicity on PHS-2- 

catalyzed embryonic bioactivation, and this was corroborated by the first demonstration in wild- 

type littermates of strong constitutive expression of embryonic PHs-2 protein during 

organogenesis. 



2.23 METHODS 

C bernicals 

Benzo[a]pyrene, ethidium bromide, glycine, Tween 20, Tris, sodium diethyldithiocarbamate 

(DDC), mannitol and EDTA were purchased fiom Sigma-Aldrich Canada Ltd. (Oakville, ON, 

Canada), Bis-acrylamide solution (30 %) and xylene cyan01 were obtained fom Bio-Rad 

Laboratories (Richmond, CA, USA). Ficoll type 400 was purchased fkom Arnersham Pharrnacia 

Biotech Inc.(Piscataway, NJ, USA). Agrose gel, sodium dodecyl suIfate (SDS), ammonium 

persulfate, N,N, N', N7-tetramethylethylenediamine (TEMED) and mercaptoethanol came fiom 

ICN Biomedical inc. (Aurora, OH, USA). The prïmers were purchased fiom Center for Applied 

Genomics at Hospital for Sick Children (Toronto, ON, Canada). Taq polyrnerase and dNTPs 

were purchased fiom Perkin-Elmer (Mississauga, ON, Canada). Phenylmethylsulfonyl fluonde 

(PMSF) was purchased fiom Boehnnger Mannheim (Indianapolis, IN, USA). The PHs-2 

protein standard was from Cayrnan Chernicals (Am Arbor, MI, USA)- Polyclonal anti-PHs-2 

raised in rabbits was from Oxford Biomedical Research, Inc. (Oxfore, MI, USA)- Horseradish 

peroxidase-conjugated anti-rabbit IgG was purchased fiom Santa Cruz Biotechnology (Santa 

Cruz, CA, USA). DNA ladder and protein marker, broad range, (premixed format) were 

obtained from New England Biolabs, Inc (Mississauga, ON, Canada). 

Teratogenesis 

Breeding pairs of S!29/C57BL/6 PHs-2 @tgs-2) knock-out mice were purchased fiom 

Jackson Laboratories (Bar Harbor, Main). A breeding colony was established, wherein animals 

were maintained in micro-isolator cages and cage bedding was changed in lamina flow hood to 

maintain a pathogen-free status. Since the homozygous deficient females are not fertile, only the 

wild-type and heterozygous females were housed overnight three to a cage with a heterozygous 

(+/-) male breeder. Al1 PHs-2 genotypes were confirmed in our laboratory. The presence of 

vaginal plug the next moming was designated as gestational day (GD) 1. Pregnant females were 
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isolated and provided with food (Rodent Chow, Ralston Purina Co., St. Loui, Missouri) and tap 

water ad libitum, and a 12 hr Iight-dark cycle was maintained automaticalIy. Females were 

treated either with corn oil the vehicle of B[a]P or with 200 mgkg B[a]P on GD-IO, the tirne of 

teratological susceptibility (Manson and Kang, 1994). On GD-19 females were sacrificed by 

cervical dislocation. The uterine horns we exteriorized, the number and location of implantation 

sites (fetuses and resorptions) were noted, the fetuses were removed, and viable fetuses were 

pIaced under a heat larnp at 30 OC for 2 h to determine postparturn survival- At the end of this 

time period, fetuses were weighed and examined for g r o s  anomalies. Resorptions were 

dissected free from the uterus, flash fiozen in liquid nitrogen, and stored at -80 OC for PHs-2 

genotyping using PCR, 

Genotyping 

Resorptions and tail snips from the matemal, or  the fetal tail were obtained. DNA was 

isolated from each sample using Qiagen DNA extraction kit (QIAGEN Inc., Chatworth, CA). 

The DNA concentration was determined spectrophotometrically at nm (Mode1 Lambda 3, 

Perkin Elmer Canada Ltd.). Sarnples for DNA amplification were prepared by adding 800 ng of 

DNA to PCR master mix containing PCR 1X buffer, 0.2 mM cINTPs, 2.5 mM MgC12, and either 

pnmers to ampli@ 200 bp band for the neo-cassette: OIMR013 (5' CTT GGG TGG AGA GGC 

TAT TC-3') (Neo, sense), 1 PM and OIMR014 (5'-AGG TGA GAT GAC AGG AGA TC) (neo 

antisense), 1 pM or primers to ampliSr 900 bp band for the PHs-2 gene: OIMR546 (mouse 

PHs-2 exon 1 sense), 1 p M  and OIMR547 (5'-CAC CAT AGA ATC CAG TCC GG-3') 

(mouse exon 2 antisense), 1 pM (sequences for the prirners were kindly provided by Jackson 

Laboratov) , ddHzO and Taq polymerase (1.25 units) for a fmal reaction volume of 50 FI. 

Sarnples were pIaced in thermal cycler (Perkin-Elmer 2400, Perkin-Elmer, Mississauga, ON) 

and run under the following conditions: 94 OC, 3 min; 94 OC, 45 sec; 59 OC, 1 min; 72 OC 3 min 
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for 35 cycles and a final extension step of 72 OC, 2 min. Added to the program was a 4 O C  

'forever' final step to ensure sarnples would be kept at 4OC once PCR was cornplete until 

samples would be exarnined. PCR samples were cornbined with 6X gel loading buffer (0.25% 

bromophenol blue; 0.25% xylene cyan01 and 15% Ficoll type 400 in dW20) and loaded ont0 a 

1% agrose gel. Gels were run at constant 100 V for 16r, stained in 1X TBE containing ethidium 

bromide (1 50 pg/ml) for 15-20 min, washed twice and photographed- 

Imrnunoblotting 

Untreated pregnant CD-1 dams were sacficed by cervical dislocation on gestational days 

10, 1 1, 12 and 13, the period of organogenesis for mice. Matemal organs and embryos were 

flash fiozen in liquid nitrogen. Microsomes were prepared fiom matemal tissues and embryos 

using a modified method of Johnson et al. (Johnson et al., 1995). Briefly, partially thawed 

embryos (1 5 embryos pooled) or tissues (4 of each tissue per tube) were homogenized in a O. 1 M 

phosphate buffer, pH 7.8 containing 10 mM EDTA, 250 mM mannitol and 300 pM sodium 

diethyldithïocarbamate (DDC). The crude homogenate was centrifiged at 10,000 X g for 20 

min at 4 OC. The S-9 supernatant was centrifüged at 100,000 X g for 2 hr to isolate the 

microsomes. Subsequently, the microsomai protein was solubilized with 1% Tween 20 in 80 

mM Tris-HCI, pH 8.0, containing 300 pM DDC, 1mM PMSF and 500 p M  EDTA for 45 min. 

The protein was measured using a DC Protein Assay protocol (Bio-Rad) according to the 

manufacturer's instructions. The entire procedure was performed at O 4  OC. Proteins were 

separated electrophoretically under reducing conditions and the bands were detected with an 

enhanced cherniluminescence kit (ECL) (Amersham Phannacia Biotech Inc, Piscataway, NJ). 



Statistical analysis 

Contuiuous data were analyzed by one-way analysis of variance or Student's t-test as 

appropriate, Binomia! jata were analyzed by Chi square analysis or Fisher's Exact test as 

appropriate. A p-value of less than 0.05 was considered significant. 



2.2.4 RESULTS AND DISCUSSION 

PHSs have been implicated in the bioactivation o f  xenobiotics to a fiee radical intermediate 

that initiates the formation of teratogenic reactive oxygen species ( W h  and Wells, 1 9 9 5 ~  

Wells and Winn, 1996). However, there is no direct idornation available on the expression of 

embryonic PHs isozymes during organogenesis, nor the relative contribution of the embryonic 

PHs-2 isozyme, which is non-constitutive in most a d d t  tissues, to xenobiotic bioactivation and 

teratogenicity. Our goals in this study were to determine the embryonic expression of PHs-2, 

and its role, as  distinct from PHs-1 and the cytochromes P450, in the bioactivation of B[a]P to a 

teratogenic reactive intemediate. 

Strain is responsive to B[a]P teratogenicity. Althoiugh the C57BL/6 (B6) strain of mice is 

sensitive to B[a]P teratogenicity (Shurn et al., 1979), the strain of mice used in the present study 

has a hybrid B6/129Sv background. Accordingly, we f i  rst charactenzed the susceptibility of thïs 

hybrid strain to B[a]P teratogenicity, using heterozygous (+/-) dams mated with +/- males and 

treated with B[a]P or its vehicle during organogenesis. 

The incidence of a spectrum of stmctural fetal birth defects. collectively termed a 

teratological syndrome, was 3.8-fold higher in B[a]P-treated dams compared to those treated 

with vehicle (p<O.000 l), indicating that this strain is susceptible to B[a]P teratogenicity (Fig. 2). 

B[a]P caused club foot, forelimb flexure, lowset ears, kiky  tail and gastroschisis, none of which 

were observed in untreated dams (Fig. 2, inset). B[a]P also increased the incidence of red nevus 

and short snout compared to vehicle-treated controls b y  3.2-fold @<O-00002) and 5.8-fold @ = 

0.084) respectively. The occurrence and significance o f  a characteristic pattern or syndrome of 

anomalies is common in chemical teratogenesis, and ofien more revealing than individual birth 

defects, as exemplified in animals and humans with fetal alcohol syndrome (Jones and Smith, 

1975) and the fetal hydantoin syndrome (Strickler ef al., 1985; Scolnik et al., 1994). While 

significant increases in both the syndrome and individual anomalies provided evidence 
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Figure 2. Susceptibility of B6/129Sv mice to benzo[a]pyrene (B[a]P) teratogenicity. The 
teratologica.1 syndrome, constituted of a spectrum of anomalies (inset), is reported as the mean 
incidence per litter. (n) is the number of fetuses for the teratological syndrome and postparturn 
lethality, and the number of implantations (resorptions plus fetuses) for resorptions. The aster-isk 
indicates a diEerence fiom vehicle controls (p<0.02). 
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for PHs-2-catalyzed bioactivation of B[a]P when andyzed by maternal genotype, the syndrome 

was more revealing in the subsequent analysis by fetal genotype where subgroup numbers were 

smaller. 

Conversely, fetd resorptions (in utero death) analyzed by maternal genotype were 4.3-fold 

higher in the vehicle-treated group compared to dams treated with B[a]P (p<0.0004) (Fig. 2). 

The incidence of postpartum lethality, reflecting fetal survival 2 hr post-birth, was similar in 

both groups Wig. 2), as were the mean fetal body weights (vehicle, 1.07 5 0.08; B[a]P, 1.04 5 

0.17) (g + SD). The apparent protection against fetal resorptions in the B[a]P-treated group may 

be due to PHs-2 induction by B[a]P in these dams. B[a]P has been shown to induce PHs-2 

mRNA and protein in oral epithelial cells in a concentration-dependent manner (Kelley et al., 

19971, as was shown for another polycyclic aromatic hydrocarbon, dioxin, in rat skin fibroblasts 

(Kim and Wells, 1996a)- PHs-2 is necessary for implantation, as evidenced by the infertility of 

-/- PHs-2-knockout dams (Dinchuk et al., 1995)- Lirn and coworkers have shown that 

disruption of PHs-2 in mice produces multiple failure in female reproductive processes, 

including ovulation, fertiiization, implantation and decidualization (Lim et al., 1997). In 

addition, PHs-2-derived prostacyclin (PGI2) activates the nuclear hormone receptor PPARG and 

is essential for implantation and decidualization (Lirn et  al., 1999). Although the studies by Lirn 

and coworkers (Lim et  al., 1997) did not include +/- PHs-2-deficient rnice, lack of even one 

copy of the gene may be detrimental to normal development. Thus, Iow levels of maternal 

and/or embryonic PHs-2 may increase the risk of fetal resorption, which could be alIeviated by 

B[a]P-mediated PHs-2 induction. 

PHs-2-catalyzed bioactivation contributes to B[a]P teratogenicity. To determine whether 

PHs-2-catalyzed bioactivation of B[a]P contributes to its teratogenicity, wild-type (+/+) PHS-2- 

normal and +/- PHs-2 knockout females were mated with +/- males and treated with B[a]P 

during organogenesis. 
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Analysis by matemal genotype showed that, compared to +/- PHs-2-deficient dams, the 

incidence of the B[a]P-initiated teratological syndrome and fetd resorptions were respectively 

3.3- and 4.9-fold higher in +/+ PHs-2-normal dams @ c 0.05) (Fig. 3). There was no significant 

difference in the incidence of postpartum lethality (+/+, 26.9%; +/-, 40%) or in mean fetal body 

weights (+/+, 1.06 + 0.07; +/-, 1 -04 + 0.17) (g SD). With respect to individual birth defects, 

+/- PHs-2-deficient dams treated with B[a]P had fetuses with an 80% lower incidence of club 

foot @<0.0001), a 63% lower incidence of short snout and an 86% lower incidence of kidq tail 

(pc0.05) (Fig. 3, inset). Differences in other anomalies were not statisticaily significant 

(p0.05). These results are consistent with higher PHs-2-catalyzed bioactivation of B[a]P to an 

ernbryopaùiic reactive intermediate in fetuses fiom +/+ PHs-2-normal dams. 

A similar pattern supporting a role for PHs-2-catalyzed bioactivation of B[a]P was 

observed when the data were analyzed by fetal genotype, corroborating the increased fetal 

malformations observed by matemal genotype. The incidence of the teratological syndrome in 

both the +/+ PHs-2-normal and +/- PHs-2-deficient fetuses was about 2-fold higher than that 

for the -/- PHs-2 knockout fetuses @=0.07 and p=0.008 respectively) (Fig. 4). The protection 

evident in -/- knockout fetuses against individual B[a]P-initiated birth defects was statistically 

significant only for the major malformation associated with B[a]P (Shum et al., 1979), club foot, 

which was completely absent in -/- fetuses (+/+ p = 0.07; +/- p < 0.01) (Fig. 4, inset). These 

data indicate that even one copy of the PHs-2 gene is suscient to support teratologically 

relevant B[a]P bioactivation, suggesting that high levels of PHs-2 expression will increase 

teratological risk. While there was a trend for decreasing B[a]P-initiated forelimb flexure, red 

nevus, short snout and kinky ta& going fiom +/+ to +/- to -/- fetuses, this was not statistically 

significant (Fig. 5). Given that a gene dosage effect h a .  been reported for PHs message and 

protein synthesis (Langenbach et al., 1999), a correlation between the decrease in PHs-2 alleles 

and embryopathies might be expected. The lack of statistical significance for the 
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Figure 3. Embryopathic effects of benzo[a]pyrene (B[a]P) in +/+ PHs-Znomal and +/- PHS-2- 
deficient knockout mice. Roth maternai genotypes were rnated, treated with B[a]P, and 
analyzed. Malformations reflect the composite of specific fetal malformations (inset) that were 
significantiy different between maternai genotypes. (n) is -the nurnber of fetuses for 
malformations and postpartum lethality, and the nurnber of  implantations for resorptions. The 
asterisk indicates a difference fiorn +/+ PHs-2 normal dams @<0.05) 
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Figure 5. Effect of embryonic genotype on B[a]P teratogenicity. Fetuses are combined from +/- deficient and +/+ normal PH$-2 
dams. (n) = number of fetuses born alive. The asterisk (p < 0.Ol)and Cross (p = 0.07)are different from the respective -1- deficient 
fetuses. 
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apparent decreasing trend for malformations among +/+, +/- and -1- fetuses may reflect either 

insunicient numbers or a threshold requirement for PHs-2 in teratogen bioactivation. In either 

case, it appears that at least one if not both PHs-2 alleles must be lost to sufficiently reduce 

PHs-2-catdyzed bioactivation for rneasurable protection against B[a]P-initiated teratogenicity. 

A similar pattern of fetal PHs-2-dependent risk was evident for postpartum lethality, the 

incidence of which was 2.6-fold higher for both +/+ and +/- fetuses compared to their -/- PHS-2- 

deficient littermates @<0.05) (Fig. 6).  There was no difference in the incidence of postpartum 

lethality between +/+ PHs-2-normd and tl- PHs-2 deficient fetuses, indicating again that o d y  

one embryonic PHs-2 allele is necessary for embryopathically relevant B[a]P bioactivation. 

When the residual tissue fiom resorbed fetuses was dissected fkom the uterus and genotyped 

using PCR the incidence of resorptions (+/+, 5.9%; +/-, 12.5%; -1-, 8.3%) among different 

embryonic genotypes was not significantly different, nor was the mean fetal body weight in the 

surviving fetuses (+/+, 1.05 & 0.14; +/-, 1.04 + 0.15; -/-, 1 .O3 + 0.22) (g + SD). Ille absence of 

an influence of the embryonic genotype on susceptibility to in utero death and resorption does 

not agree with the significant decrease in fetal resorptions frorn +/- PHs-2-deficient dams 

compared to +/+ dams. It is not clear whether this is a biologicd discrepancy, due perhaps to an 

unappreciated PHs-2-dependent mechanism of maternd modulation, or a mechanism of 

resorption unrelated to PHs-2-catalyzed bioactivation of B[a]P. Alternatively, the embryonic 

results may constitute an artifact due to inadequate nurnbers for analysis of embryonic genotypic 

subgroups. 

PAS-2 is constitutive in ernbiyos during organogenesis. Unlike PHs-1, PHs-2 is non- 

constitutive but inducible in most adult tissues. The only adult tissues that are known to express 

PHs-2 protein constitutively are brain (Maslinska et al., 1999), vas deferens 
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Figure 6. Effect of fetal PHs-2 genotype on susceptibility to benzo[a]pyrene (B[a]P)-initiated 
fetal postpartum lethaiity. Data were cbtained fiom +/- dams. The nurnber of viable fetuses is 
given in parentheses. The asterisk indicates a difference from +/- PHs-2-deficient fetuses @ < 
0.05). 
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(McKanna et al-, 1998) and macula densa of the kidneys (Harris et al., 1994)- Interestingly, 

brain and kidney were among several tissues with the lowest level of PHs-2 mRNA as rneasured 

by RT-PCR (ONeill and Ford-Hutchinson, 1 993). Recently, semiquantitative RT-PCR analysis 

for PHs-2 mRNA expression during fetal bladder development reveaied the highest level at GD 

1 1.5, with a progressive decline through gestation (Park et aL, 1997). Levels at birth were 

similar to those seen in adult bladder. Although PHs-1 protein has been found constitutively in 

the ernbryo and uterus of the mouse from ovulation through implantation (Marshburn et al,, 

1990), as well as on GD 9.5 (Winn and Wells, 1997), there is no evidence for P H s -  protein 

expression during the period of organogenesis. In the present study, PHs-2 protein was 

detected in GD 10-13 embryos, and the protein level did not decrease with gestational age (Fig. 

7). The expression of this protein in embryos during organogenesis was substantially higher than 

that in adult brain, one of the few adult tissues in which this protein is known to be expressed 

constitutively (Maslinska et al,, 1999). PHs-2 was also detected at Iow levels in the adult 

kidney, consistent with previous observations (Harris et al., 1994), but not in the heart. These 

results provide the first direct evidence for constitutive expression of PHs-2 in mouse embryos 

during the critical period of organogenesis, during which embryos are susceptible to 

teratogenesis. The mouse PHs-2 protein was detected at a lower molecular weight (Mr) than 

that of the ovine PHs-2 (72 kDa) which was used as the positive standard in this study. This is 

in agreement with the previously reported lower Mr for the mouse enzyme compared to the 

standard ovine PHs-2 (Oshima et al., 1996). The apparent Iower Mr for the mouse PHs-2 

observed here may be associated with the naturally occurring deglycosylation of this enzyme. 

Unpurified PHs-2 fiom tissues or ce11 lysate has been reported to sometimes appear between 65- 

74 ma, most likely due to naturally occurring deglycosylation (Percival et al., 1994). 
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Figure 7. PHs-2 protein expression in untreated CD-1 mouse embryos during organogenesis. 



I6S 

In both human and rodent adults, the toxicity of B[a]P is dependent at least in part upon its 

bioactivation by P450s, and particularly by CYPlAl isozyme, to a toxic electrophilic reactive 

intermediate that covalently binds to DNA and protein (Osborne and Crosby, 1987). However, 

in rodents, CYPl Al is not constitutively expressed in any prenatal conceptual tissues =or any 

stage of gestation investigated thus far (Juchau et al., 1998), although it is transplacentaily 

inducible in a variety o f  prenatd rat and mouse tissues by methylcholanthrene/dioxin-type 

inducing agents (Namkung et al., 2985). Very low constitutive levels of CYPlAl protein are 

reported in first trimester human fetd Iiver (Juchau et al., 1998). CYPlBI, another 

developmentally regulated P450 (Brake et al., 1999), is also known to metabolically activate 

B[a]P (Pottenger and Jefcoate, 1990), and Iow levels of CYPlBl rnRNA have been detected in 

Iate gestation rodent fetuses (Brake et al., i 999). While CYPlB 1 mRNA has been detected in 

many human fetal tissues during the period of organogenesis (Juchau et al., 1998), the protein 

for this enzyme has not been detected using Western blot analysis, which may mean t ha t  the 

message is expressed at levels too low to be of biological/toxicological importance (Juchau et 

al., 1998), It remains to be determined what minimal level of P450 bioactivating activiw is 

necessary to be teratologically relevant, and this threshold may v a q  both for the P450 

isoenzyme and the proteratogen. 

In contrat to most P450s, the content and activity of at least the PHs-1 isozyme is h3gh in 

rodent and human embryos during organogenesis (Wells and Winn, 1996). PHs has been 

shown in mice and rabbits to bioactivate a number of proteratogens, including B[a]P, phenytoin 

and related anticonvulsants, and thalidomide, to a free radical intermediate that initiates the 

formation of reactive oxygen species @OS) (Wells and Winn, 1997; Parman et al., 1.998a; 

Parman et al., 1999; W ~ M  and Wells, 1999; Nicol et al., 2000). These ROS oxidatively damage 

embryonic cellular macromolecules such as DNA, protein and Iipid, and this oxidative daimage 

is thought to play an important role in teratological initiation. Nonspecific inhibitors o f  PHs  
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block the embryopathie effects of these teratogens in vivo and in embryo culture, as do the fiee 

radical trapping agent phenylbufylnitrone, the antioxidants vitamin E and caffeic acid, and the 

antioxidative enzymes superoxide disrnutase and catalase. Conversely, depletors of glutathione 

(GSH) and reductions in the activities of the antioxidative enzymes GSH reductase, GSH 

peroxidase and glucose-6-phosphate dehydrogenase enhance teratogenicity. The teratogenicity 

of B[a]P and phenytoin also is enhanced in p53 knockout mice with deficient DNA repair, 

implicating DNA as a teratologically important target for oxidative damage. 

The present study provides the first direct evidence that the PHs-2 isozyme is strongly 

expressed in ernbryos throughout the organogenesis, the critical period for susceptibility to 

teratogens. Since PHs-2 functions primarily in the nuclear envelope (Morita et al., 1995), this is 

a particularly attractive isozyrne for the proximate bioactivation of proteratogens to reactive 

intermediates that darnage nucIear components such as DNA and proteins, The increased B[a]P- 

initiated embyropathies observed in both +/+ and +/- mice compared to -/- PHs-2 knockouts 

indicates that, even with one gene copy, PHs-2-catalyzed bioactivation contributes substantially 

to the teratogenicity of ROS-initiating teratogens Iike B[a]P. 



We thank M i  Daniel Kim for assistance in the teratologicd studies, and The Jackson 

Laboratory for providing us with the sequences for the primers that were used in the genotyping 

assay, 
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in vitro, xenobiotics such as phenytoin and benzo[aJpyrene (B[ap) can be bioactivated by 

purified prostaglandin H synthases (PHSs) to fiee radical reactive intermediates that can damage 

cellular macromolecules such as DNA, whiIe in embryo culture and in vivo, the teratogenicity of 

these xenobiotics is reduced by PHs inhibitors. To determine the teratologic contribution of 

xenobiotic bioactivation by embryonic PHs-1, as distinct fiom PHs-2, pregnant PHs-1 

knockout mice were treated with a teratogenic dose of either phenytoin (65 mgkg ip) on 

gestational days (GDs) 1 1 and 12, or B[a]P (200 mgkg ip) on GD 10. On GD 19, fetuses and 

resorptions were genotyped using PCR and fetuses were assessed for 2 hr postpartum lethality 

and mal formations- In p henytoin-treated heterozygous (+/-) PHs- 1 dams, +/+ and +/- fetuses 

each had a 5-fold higher incidence of postpartum lethality compared to -/- knockout littermates 

@<0,005), and a similar pattern was evident arnong fetuses pooled fkom al1 maternal genotypes 

(p<0.05), suggesting that even one PHs-1 allele confers significant bioactivating activity. The 

+ -  phenytoin-treated dams had respective 4- and 5-fold higher incidences of fetal resorptions 

and postpartum lethality compared to -1- dams treated with phenytoin (p<O.OOS), although +/+ 

dams dso exhibited Iittle embryopathy. There was no apparent difference in the incidence of 

cl& palates by materna1 or fetal genoSpe in phenytoin-treated groups. On GD 12, embryonic 

DNA oxidation (8-0x0-guanine) and PHs-I genotype were assessed 6 hr after phenytoin 

treatment. DNA oxidation was 50% higher in the +/+ PHs-l -normal embryos compared to +/- 

and -1- embryos combined @<0.05). B[a]P caused a 10% incidence of teratological anomalies 

and a 30% incidence of early embryonic death (pinpoint resorptions) @<0.0 1) only in the fetuses 

of +/+ dams. Fetal body weight was reduced in +/+ and +/- B[a]P-treated dams cornpared to the 

vehicle control dams with corresponding genotypes @<0.005), but there was no reduction in 

fetal body weight in B[a]P-treated -/- dams. While not statistically significant, the incidences of 
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ki- tail and club foot were increased by 100% in B[a]P-exposed +/+ and +/- fetuses compared 

to 4- fetuses. There were no differences in the incidence of postpartum lethality or genotypeable 

resorptions by either maternai or fetd genotype in B[a]P-treated groups. These results suggest 

that embryonic PHs-1-catalyzed bioactivation contributes to the macromolecula. damage and 

embryotoxicity hitiated by xenobiotics such as phenytoin and B[a]P. 



Xenobiotics such as the anticonvulsant drug phenytoin and the environmental chernical 

benzo[a]pyrene (B[a]P) are teratogenic in animals (Shum et al., 1979; Nicol et al., 1995; Wells 

and W i ,  1996; WeHs et al., 1997a; Winn and Wells, 1997). Phenytoin is aIso teratogenic in 

humans and causes an array of malformations collectively known as the Fetal Hydantoin 

Syndrome (FHS) (Hanson and Smith, 1975). 

Prostaglandin H synthases (PHSs) and related potentid bioactivating enzymes such as 

lipoxygenases are present with hi& content and activity in the embryo during organogenesis 

(Mitchell et al., 1985; Datta and Kulkarni, 1994; Wells et al., 1995), the period of major 

teratologic susceptibility. During the conversion of prostaglandin G2 to prostaglandin H2 by the 

hydroperoxidase component of PHs, xenobiotics c m  serve as reducing CO-substrates, 

themselves being oxidized to reactive free radical intermediates (Fig 1). If not detoxified, the 

reactive intermediates can oxidize andor aryIate DNA and proteins. There is evidence in vivo, 

in embryo culture and in vitro for embryonic PHs-catalyzed bioactivation of phenytoin to a 

free radical intermediate that initiates embryotoxic forrnation of reactive oxygen species (ROS) 

(Winn and Wells, 1995a; Parman et al., 1998a). Phenytoin initiates hydroxyl radical forrnation 

and the oxidation of  embryonic DNA, protein, thiols and lipid. Conversely, phenytoin-initiated 

oxidation of embryonic cellular macromolecules and teratogenicity or embryotoxicity are 

reduced by PHs inhibitors, free radical spin trapping agents, iron chelators, antioxidants and 

antioxidative enzymes, including glutathione (GSH) reductase, GSH peroxidase, superoxide 

dismutase and catalase (WelIs et al., 1995; Wim and Wells, 1995a; Wim and Wells, 199%; 

W h  and WeIIs, 1997; Wim and Wells, 1999). Like phenytoin, B[a]P can be bioactivated by 

peroxidases to free radical reactive intermediate that can damage embryonic macromolecular 

targets and lead to teratogenesis (Mamett, 1990; Nicol et al., 1995; Wells et al., 1997b). DNA 
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Figure 1. Postulated niechanisin of xenobiotic-initiated teratogenesis. Upon release of arachidonic acid (AA) from membrane phospholipids 
by the action of phospholipase A*, AA is oxygenated by the cyclooxygenase part of PMS to the corresponding hydroperoxide (PGG2). 
Reduction of PGG2 to its corresponding alcohol, PGHz is catalyzed by the hydroperoxidase portion of PHS. In this pathway, xenobiotics 
such as benzo[a]pyrene may serve as reducing CO-substrates, tliemselves being oxidized to reactive free radical intermediates. If not 
detoxified by antioxidants such as glutathione (GSH), these free radicals can initiate oxidative stress and/or covalently bind, thereby 
irreversibly damaging cellular macromolecules and initiating teratogenesis. (Modified from: Wim and Wells, 1997 with permission). 
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oxidation also may constitute an important molecular mechanism mediating B[a]P 

teratogenicity, since B[a]P causes embryonic DNA oxidation, and both this macromolecular 

damage ar,d the embryopathie effects of B[a]P in embryo culture are blocked by the 

antioxidative enzyme catalase (Winn and Wells, 1997). Furthermore, the teratogenicity of B[a]P 

is enhanced in p53-deficient knockout mice which are deficient in DNA repair, corroborating 

the teratologic importance of DNA damage (Nicol et al., 1995)- 

PHs exist as two isoenzymes, PHs-I and PHs-2, both of which have peroxidase and 

cyclooxygenase activity. Both isoforrns exist in the endoplasmic reticulurn (ER) and nuclear 

envelope (NE). However, PHs-1 primarily functions in the ER, while PHs-2 primarily 

f ict ions in the NE (Morita et al., 1995). Although the involvement of PHSs in bioactivation of 

xeno biotics (Marnett, 1 WO), inchding proteratogens (Wells et al., 1 997b; Parman et al,, 1 998a), 

to toxic fiee radical reactive intermediates has been demonstrated, the relative in vivo 

contributions of the two PHs isozymes is unknown. The recent availability of PHs-1 knockout 

mice (Langenbach et al., 1995) permitted the first direct assessrnent of the dependence of 

xenobiotic teratogenicity on PHs- 1 -catalyzed embryonic bioactivation. Furthermore, it was 

possible to determine whether any difference in the teratologic susceptibility of PHs-1 knockout 

mice c m  be explained by a corresponding difference in reactive intermediate-initiated, ROS- 

mediated oxidation of embryonic DNA- 



2.3.3 METHODS 

PHs-1-knockout Colony 

Heterozygous (+/-) PHs-1-knockout males of the C57BL/6/129SV strain were gifts from 

Dr. Robert Langenbach W H S ,  Research Triangle Park, North Carolina). These males were 

mated to C D 4  fernale mice (Charles Reiver Canada, Montreal) with a normal PHs-1 gene to 

produce the F1 generation of C57BL/6/129SV/CD-1. The F2 generation containing al1 

genotypes was produced through sibling matings of the F1 generation. Thus a breeding colony 

was established, wherein animais were maintained in Hepa-filter racks (Thoren Caging Systern, 

HazIeton, PA). Corn cob cage bedding was changed in a larninar flow hood to rnaintain 

pathogen-fiee statu- Al1 PHs-1 genotypes were confirmed in our Iaboratory as described 

below. The male to female ratio for the colony was 50: 50 and the genotypes followed a 

Mendelian ratio. 

Teratogenesis 

Femdes were housed overnight three to a cage with a +/- male breeder. The presence of a 

vaginal plug the next morning was designated as gestational day (GD) I. Pregnant femaies were 

isolated and provided with food (Rodent Chow, Ralston Purina Co., St. Louis, Missouri) and tap 

water ad libitum, and a 12 hr light-dark cycle was maintained automaticdly. Phenytoin and 

B[a]P were used as mode1 drugs to study the role of PHs-I in the mechanism of xenobiotic 

teratogenicity. Three separate groups of pregnant fernales, with each group containing al1 three 

genotypes, were generated. The first group received a teratogenic dose of phenytoin (65 mgkg 

ip) on GD 11 and 12. The other two groups were treated with either corn oil, the vehicle for 

B[a]P, or with B[a]P (200 mgkg ip) on GD 10. The gestational timing of phenytoin and B[a]P 

administration during organogenesis were chosen for dernonstrated teratological efficacy (Wells 

and W h ,  1996; Wells et al., 1997a). On GD 19, fernales were sacrificed by cervical 
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dislocation. The fetuses were removed, weighed and analyzed for gross anomalies. Viable 

fetuses were placed under a heat lamp for 2 h to determine postpartum survival. At the end of 

this time period, a tail snip was taken fiom the fetuses for PHs-1 genotyping using PCR. The 

uterus was also analyzed for the presence of resorptions, reflecting in utero fetd death, which 

were removed, flash fiozen in Iiquid nitrogen, and stored at -80 OC for PHs-1 genotyping. 

Genotyping 

Resorptions and tail snips fiom the dams and fetuses were obtained- DNA was isolated 

fiom each sample using a standard DNA extraction kit (QIAGEN Inc., Chatworth, CA). The 

DNA concentration was determined spectrophotometrically at Az60 nrn. Samples for DNA 

amplification were prepared by adding 100 to 300 ng of DNA to a PCR master mix containing 

PCR 1X buffer, 0.4 mM dNTPs, 1.5 mM MgC12, and either: (1) pnrners to ampli@ the 600 bp 

band for the PHs-1 knockout gene: COXlOOl (5' GCA GCC TCT GTT CCA CAT ACA-3') 

(sense), 0.5 PM and COX1003 (5'-AAT CTG ACT TTC TGA GTT GCC-3') (antisense), 0.5 

pM; or, (2) primers to arnplify the 600 bp band for the PHs-1 gene: COX1002 (5'-AGG AGA 

TGG CTG CTG AGT TGG-3')(mouse PHs-2 sense), 0.5 pM and COX1003 (antisense) , 0.5 

PM; plus, ddH2O and Taq polyrnerase (1.25 units) for a find reaction volume of 30 pl- 

Sequences for the primers were kindly provided by Dr. Langenbach. Samples were placed in a 

thermal cycler (Perkin-Elmer 2400, Perkin-Elmer, Mississauga, ON, Canada) and run under the 

following conditions: 94 OC, 1 min; 94 OC, 30 sec; 58 OC, 30 sec; 72 OC 30 sec for 32 cycles and 

a fmai extension step of 72 OC, 7 min. Added to the program was a 4 OC 'forever' final step to 

ensure samples would be kept at 4OC after PCR completion until the samples could be 

examined. PCR samples were combined with 6X gel loading buffer (0.25% bromophenol blue; 

0.25% xylene cyan01 and 15% Ficoll type 400 in ddH20) and loaded ont0 a 1% agarose gel. 
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Gels were run at a constant 100 V for 1 hr, stained in 1X TBE containing ethidium bromide (1 50 

&ml) for 15-20 min, washed twice and photographed. 

DNA Oxidation 

PHs-1 +/- fernales were mated with +/- males as described above. The przgnant females 

were treated with phenytoin (65 mgkg ip) in the morning of GD 12. Six hours later the dams 

were sacrificed and embryos were explanted. A smdI tissue sample was obtained from the 

embryos for PHs-I genotyping. The rest of the embryos were homogenized individually in 

DNA digestion buffer (100 ml of 1 M Tris, pH 8.0, 10 ml of 0.5 M EDTA, pH 8.0, 2 g of 

sodium lauryl sulfate, and 1 1.68 g of NaC1; volume adjusted to 1000 mI with water). DNA f?om 

embryos was isolated using a modification of the method of Gupta (Gupta, 1984). Briefly, 

homogenates were incubated at 55OC with proteinase K (500 ug/rnl). Afier addition of 25 ul 

of 1 M Tris-HCI pH 7.4 , DNA was extracted with 2 volumes of chloroform/isoarnyl 

alcohoVpheno1 (24:1:25). Phase lock gel was used to obtain a better separation of the phases 

and to enhance the purity of extracted DNA. Each extraction step was followed by 

microcentrifugation at 18,000 x g for 1 min (mode1 E centrïfùge, Beckman Instruments). The 

DNA was then precipitated by the addition of half volume of 7.4 M ammonium acetate followed 

by addition of 2 volumes of ice cold (-20°C) absolute ethanol. The DNA was pelleted by 

microcentrifugation for 1 min, washed with 70% ethanol, dned under nitrogen and re-dissolveci 

in 500 ul of phosphate buffer, pH 7.4 at 60 OC. Upon dissolution of DNA in buffer, and after 

incubation at 37 OC for 30 min in the presence of ribonuclease A (IO0 @ml) and ribonuclease 

TI (50 unitslml) to digest residual RNA, the sarnples were extracted again with 1 volume of 

chloroform/isoamyl aIcohol/phenol (24: 1 :25), followed by microcentrifugation for 1 min. The 

DNA was precipitated as described above and was redissolved in 500 ul of 20 mM sodium 

acetate buffer, pH 4.8. The DNA concentration in each sample was quantified using a 
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UVNisible spectrophotorneter (Mode1 DU-640; Reckman, Mississauga, ON, Canada), at 260 

nm, with calf thymus DNA as the standard. The DNA was then digested to nucleotides by 

incubation with nuclease Pl (67 ugl ml) at 37 OC for 30 min followed by an incubation with 

Escherichia coli aikaline phosphatase (0.37 unithi) at 37 OC for 1 hr. The resulting 

deoxynucleoside mixture was filtered (0.22 um filter) and analyzed by hi&-performance Iiquid 

chromatography (HPLC) with electrochernical detection. 

Analysis of DNA oxidation 

The formation of 8-OH-2'-dG was measured using an KPLC system (Scientific Systems 

Inc,, USA) equipped with an eIectrochemical detector (Coulochem model 5 100A; ESA 

Chelmsford, MA, USA), a reverse phase 5 um Spherisorb ODS II C-18 colurnn ( 15 cm X 4.6 

mm, Jones Chromatography, Lakewood, CO., USA), a guard ce11 (model 5020), an analytical 

ce11 (model 501 0) (Coulochem, ESA Chelmsford, MA, USA) and an integrator (Chrornatopac 

model CR501, Shimadzu, Kyoto, Japan). SampIes were eluted using a mobile phase consisting 

of 50 mM K&POj buffer, pH 5.5, and methmol (955,  dv), at a flow rate of 0-8 rnl/min and an 

oxidation potential of +0.4 V (Shigenaga and Ames, 1991). Quantitation of 8-OH-2'-dG was 

made by comparing the chromatographie peak area-under-the-curve detected for the samples 

with that of a commercial standard (Cayrnan Chernicals Co, Ann Arbor, MI, USA). 

Statistical analysis 

Continuous data were analyzed by one-way anaiysis of variance or Student's t-test as 

appropriate. Binomial data were analyzed by Chi square analysis or Fisher's Exact test as 

appropriate. A p-value of less than 0.05 was considered significant. 



23.4 RESULTS 

Phenytoin-Treated Dams 

With heterozygous (+/-) PHs-1 dams, +/+ and +/- fetuses each had about 5-fold higher 

incidence of postpartum lethality compared to -1- knockout littermates @<0.005) (Fig. 2). Data 

fi-om +/+ and -/- dams each Iacked one of the 3 embryonic genotypes and could not be assessed 

in this fashîon. The +/- fetuses fiom -1- PHs-2-deficient females had respective 84% and 91% 

lower incidences of postpartum lethality compared to fetuses of the same genotype fkom +/+ and 

+/- PHs-2 dams @<O.OS). This suggested an effect of matemal genotype, therefore embryos of 

the same genotype fiom -/- and +/- PHs-1-deficient dams matemal genotype were not pooled for 

analysis. 

A similar pattern of reduced postpartum lethality was evident for fetuses of -/- PHs-I 

knockout dams cornpared to fetuses of +/- dams (px0.05) (Fig. 3)- aithough pooled fetuses of 

wild-type dams also demonstrated lower susceptibility than normally found in PHs-nomal 

mice, in our experience. The +/- dams had a 4-fold higher incidence of fetal resorptions 

compared to -1- dams @<0.005) (Fig. 3), although +/+ dams dso had less resorptions than 

normally found in PHs-normal mice. There was no apparent difference in the incidence of cleft 

palates by matemal or fetal genotype (Fig. 3), and fetal body weight was not afTected by 

phenytoin (Figs. 4A, 4B). DNA oxidation was 50% higher in the +/+ PHs-1-normal embryos 

compared to +/- and -1- embryos combined @<O.OS) (Fig. 5). 

B[a]P-Treated Dams 

In B[a]P-treated +/+ PHs-normal dams, the incidence of teratological anomalies (kinky tail 

and club foot) was 10% (Fig. 6). While this incidence was not statistically significant, these 

anomalies were not observed in control dams of any genotype, nor in the B[a]P-treated +/- or -1- 

PHs-1-deficient dams @>0.05). The incidence of postpartum lethality and genotypeable 
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Figure 2. Phenytoin-initiated postpartum lethdity in PHs-1 knockout rnice. (n) is the nurnber 
of fetuses bom dive. The asterisk indicates a differemce fiom +/+ and +/- genotypes. 



EMBRYOPATHY 
BY 

MATERNAL GENOTYPE 

Resorptioo Postpartum Cleft Palate 
Lethality 

Figure 3. Phenytoin-initiated embryopathies in PHs-1 knockout mice by matemal genotype. (n) 
is the nurnber of implantations for resorptions, and the number of fetuses born d ive  for 
postpartum Iethaiity and cteft palate. The asterisk indicates a difference kom tlt and -1- 
genotypes, 



MATERNAI, GENOTYPE 

FETAL GENOTYPE 

Figure 4. Effect o f  phenytoin on fetal body weight. Analysis by materna1 genotype (upper 
panel), and by fetal genotype including fehises combined fiom al1 litters (lower panel). 



DNA OXIDATION 

Embryonic Genotype 

Figure 5. Phenytoin-initiated DNA oxidation in embryos fiom +/- PHs-1 -deficient dams. (n) is 
the number of embryos fiom 2 dams. The astensk indicates a difference fiom +/+ embryos 
@=0.053), and the cross indicates a difference fiom the combination of +/- and -1- PHs-1- 
deficient ernbryos (pc0.05). 



ANALYSIS BY MATERNAL GENOTYPE 

TERATOLOGICAL 
SYNDROME 
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PINPOINT 
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GENOTYPEABLE (10) 
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Figure 6. B[a]P embryopathy analyzed by matemal genotype. (II) is the number of Iive-bom 
fetuses for the teratological syndrome and for postpartum lethality, and the number of 
implantations for resorptions. The astensks indicate a difference fiom +/+ dams @<O-Ol), and 
the diarnond a difference fiom the respective vehicle controls @<0.0 1). 
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resorptions was not different arnong the dams of different genotypes, nor compared to their 

respective controls. The incidence of pinpoint resorptions, reflecting early embryonic death, 

while absent in B[a]P-treated +/- and -1- dams, was 29.6% in B[a]P-treated +/+ dams (g~0.01) 

(Fig. 6). 

In the control group, while fetuses of +/+ (1.3720.10 g) and +/- (1.37iO.06 g) dams had a 

similar fetal body weight, fetuses of 4- dams had a lower fetal body weight (1.27+0.09 g) 

compared to the fetuses of t/t dams @<0.01). Fetal body weight was reduced in B[a]P-treated 

+/+ (1.279.08 g) and +/- (1.219.09 g) PHs-1-deficient dams compared to their respective 

vehicle controts (p<0.001), but there was no significant difference between B[a]P-treated -/- 

PHs-1 knockout dams and their corresponding -/- vehicle controls (Fig. 7). 

When the B[a]P data were analyzed by fetal genotype, kidq tail (6.7% incidence) was 

observed only in +/+ fetuses exposed to B[a]P, while club foot (3.9% incidence) was observed 

only in B[a]P-exposed +/- fetuses (pB0.05) (Fig. 8). Khky tail and club foot were not observed 

in control fetuses exposed to vehicle alone. Incidences of postparturn lethality and resorption 

were not different among the fetuses of different genotypes exposed to B[a]P. Fetal body weight 

was lower in +/+, +/- and -1- fetuses exposed to B[a]P compared to the vehicle control fetuses of 

their respective genotype (Fig. 9). However, this difference was significant only for +/+ and -/- 

fetuses. B[a]P decreased fetal body weight in 4- fetuses compared to the +/+ fetuses @<0.005). 



EZBEI Vehicle Control 
B[a]P-Treated 

MATERNAL GENOTYPE 

Figure 7. EfTect of B[a]P on fetal body weight by maternai genotype. (n) is the number of 
fetuses bom dive. The plus symbol indicates a difference from vehicle controls @<0.001); the 
asterisk a difference fiom B[a]P-treated +/+ and +/- dams @<0.05); and the diamond a 
difference Eom +/+ vehicle controls (p<0.01). 
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Figure 8. B[a]P embryopathy by fetal genotype. (n) is the number of live-bom fetuses for kinky 
tail, club foot and p o s t p w  lethality, and the nurnber of implantations for resorptions. 
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FETAL GENOTYPE 

Figure 9. Effect of B[a]P on fetal body weight by fetal genotype. (n) is the number of fetuses 
bom alive. The plus symbols indicate a difference fiom the respective vehicle control 
(pc0.00 1 ), and the asterisk a diflerence fiom +/+ fetuses exposed to B[a]P @<0.005). 



In vitro, PHs-1 has been shown to bioactivate phenytoin to a fiee radical reactive 

intermediate that can generate reactive oxygen species @OS) and oxidatively darnage celIular 

macromolecules such as DNA (Parmm et al., 1998a). This corroborated the reported inhibition 

of phenytoin-initiated embryonic DNA oxidation by the fiee radical spin trapping agent a- 

phenyl-N-t-butylnitrone and the PHs inhibitor acetylsalicylic acid (Liu and Wells, 1995a). Using 

CD-1 mice, a strain susceptible to phenytoin-initiated cl& palate in vivo, the DNA oxidation 

and embryotoxicity initiated by phenytoin in embryo culture was abolished by CO-incubation of 

embryos with the antioxidative enzymes SOD and catalase, providing direct evidence that ROS 

formation plays a critical role in the mechanism of  phenytoin teratogenicity (Winn and Wells, 

1995b)- This was corroborated by in vivo studies in which matmal  administration of 

polyethylene glycol-conjugated catalase to pregnant CD-1 dams inhibited phenytoin 

teratogenicity and embryotoxicity (Winn and Wells, 1999). Further evidence for the 

involvement of PHs and a free radical reactive intermediate in the mechanism of phenytoin 

teratogenesis was provided by the inhibition of phenytoin embryopathy by the dual inhibitor of 

PHs and lipoxygenases, 5,8,11,14-eicosatetraynoic acid (ETYA) and the inhibitor of glutathione 

synthesis, buthionine sulfoximine (BSO) (Miranda et al., 1994). Although PHs-catalyzed 

bioactivation has been implicated in the mechanism of xenobiotic teratogenicity, independent 

roles of the particular PHs isozyrnes is not well understood. Furthemore, the use of knockouts 

allows a more definitive assessrnent of isozyme contribution, as distinct fkom chernical 

inhibitors which may exhibit unappreciated effects on other relevant enzymes or fünctions. 

The tower incidence of phenytoin-initiated fetai resorptions and postpartum survival in 4- 

PHs-1 knockouts compared to +/- mice is the rnost direct in vivo evidence to date that 

embryonic PHs-1 contributes to the bioactivation of phenytoin to an ernbryopathic reactive 
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intemediate, and that even one PHs-1 allele confers teratologically relevant bioactivating 

activity. The incidence of cleft palates, which was unusually low for phenytoin-treated mice 

(Wong and Wells, 1988), was not af5ected by either materna1 or fetal genotype. C57BU6 mice 

have been shown to be resistant to phenytoin-initiated cleft palates (Finnet1 and Chernoff, 1984), 

and the contribution of this genotype in our cross-bred strain likely contributes to their resistance 

to this malformation. The higher DNA oxidation in t/t PHs-1-normal fetuses compared to +/- 

and -/- PHs-1-deficient fetuses suggests that embryonic PHs-1 contributes significantly to 

phenytoin bioactivation, resulting in ROS formation and oxidative DNA damage. 

The carcinogenicity and teratogenicity of the environmental chernical B[a]P is thought to 

be at least in part due to its bioactivation by peroxidases such as PHs to a fiee radical reactive 

intermediate. PHSs cm oxidize B[aJP to quinones and radical cations (Mamett et al., 1975; 

Marnett et al., 1977; Cavalieri et al., 1988). Micronucleus formation, reflecting potentidly 

mutagenic and carcinogenic DNA damage, as well as the oxidation of DNA and protein, has 

recentIy been shown to occur upon bioactivation of B[a]P by PHs, most likely via a quinone 

intemediate (Kim et al., 1997a). In ernbryo culture, using CD-1 rnice, B[a]P substantially 

enhanced embryonic DNA oxidation, and both this oxidative darnage and B[a]P embryopathy 

were reduced by the addition of SOD to the incubations, providing evidence for the involvement 

of fiee radical reactive intermediates and ROS in the mechanism of B[a]P teratogenicity (Winn 

and Wells, 1994; Winn and Wells, 1997). It is thought that PHs-dependent petoxyl radicals are 

the chernika1 oxidant responsible for formation of B[a]P quinones (Reed, 1988). Ml of the toxic 

metabolites of B[a]P generated by PHs have been implicated in its mechanism of 

carcinogenicity and teratogenicity (Hdliwell and Cross, 1994; Wells and Winn, 1996). 

AIthough CD-1 mice are susceptible to B[a]P embryopathies in embryo culture, our cross- 

bred strain containing the CD-1 genotype was not susceptible to B[a]P-initiated postpartum 
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lethalit- when analyzed by either maternal or fetal genotype (Figs. 6 and 8). In contrast, this 

hybrid strain was susceptible to fetal resorptions and some teratological anomalies classically 

associated with B[a]P. Arnong +/+ PHs-1-normal dams treated with B[a]P, embryos died 

earlier than normal in gestation, with extensive resorption of tissues leaving only "pinpoint" 

resorptions that codd not be reliably dissected for genotyping on GD 19 without risk of 

contamination £iom maternal tissue. In contrast, there were no pinpoint resorptions in +/- or 4- 

PHs-1 -deficent dams treated with B[a]P (p<0.006), suggesting the requirement for both PHs-1 

aileles for B[a]P-initiated early ernbryonic death. The high incidence (30%) of this early 

embryonic death, and its occurrence exclusiveIy with +/+ dams, likely resdted in a subsequent 

underestimate of later fetal and postnatal death, and teratological anomalies, in +/-t PHS-1- 

normal dams and fetuses. Thus, the contribution of PHs-1-catalyzed bioactivation to the 

mechanism of B[a]P teratogenicity may be significantly underestimated by the latter parameters, 

as detailed below. 

Since ail dams were mated to +/- males, al1 pinpoint resorptions in +/+ dams would be 

expected to have had either a +1+ or H- genotype. This predisposition of fetuses of +1+ PHS-1- 

normal dams to eady embryonic death likely reflects, to a large extent, the embryonic genotype. 

Thus, the lack of significant differences in the incidence of resorption arnong the fetuses of 

different genotypes (Fig. 8), and particularly -1- knockout fetuses vs their +/+ and +/- littermates, 

may well have been due to the fact that many of the +/+ and +/- embryos died early in gestation 

(pinpoint resorptions) and could not be genotyped. Although not significantly different, two of 

the major malformations associated with this xenobiotic, namely kinky tail and club foot, were 

observed only in +/+ and +/- fetuses, providing m e r  evidence for the contribution of PHs-I to 

B[a]P bioactivation to an embryotoxic reactive intermediate. 
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In generd, fetuses of -/- dams, whether in vehicle control or B[a]P-treated groups, were 

significantly smaller compared to the fetuses of +/+ and +/- dams. However, in contrast to the 

above generally enhanced B[a]P embryopathies in +/+ dams and in +/+ and +/- fetuses, 

compared to vehicle controls, fetal body weight was significantly lower for B[a]P-treated +/+ 

and +/- dams, while 4- dams were not affiected (Fig. 7), implicating a significant roIe for 

matemal PHs-1 and prostaglandin biosynthesis in protecting the embryo and fetus fiom a B[a]P- 

initiated reduction in body weight. 

In conclusion, wiId-type PHs- I -normal rnice of the CD-1 /C57BV6/SV l29SV hybrid strain 

are susceptible to many but not al1 of the embryopathic effects of B[a]P and phenytoùl. The 

generally increased susceptibility of +/+ PHs-1-normal dams, and +/+ and +/- fetuses, to the 

embryopathic effects of the ROS-initiating teratogens phenytoin and B[a]P provides the most 

direct in vivo evidence to date for an important contribution of embryonic PHs-1-catalyzed 

bioactivation to the teratologic mechanism of these xenobiotics. The substantial incidence of 

early embryonic death occurring exclusively in the +/+ dams means that the other parameters of 

embryopathy in the analyses by materna1 and fetal genotype likely underestimate, perhaps 

substantidly, the teratologic contribution of PHs-1 -catalyzed bioactivation. 
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The anticonvuisant drug phenytoin cm be bioactivated by prostaglandin H synthase-1 

(PHs-1) to a teratogenic reactive fkee radical intermediate, and phenytoin teratogenicity is 

reduced 5y PHs inhibitors. Vderylsalicylic acid (VSA), an analog of ace~1salicylic acid, is a 

specific inhibitor of PHs-1 in vitro, but has not been tested in vivo. To determine the in vivo 

effect of VSA on phenytoin teratogenicity, pregnant CD-1 mice were treated with VSA (10 

mgkg ip) or its vehicle 2 hr prior to phenytoin (65 m g k g  ip) on gestational days (GDs) II and 

12, Dams were sacrificed on GD 19, resorptions were noted and fetuses were exarnined for clefi 

palate and 2 hr postpartum lethality. Dams treated with both VSA and phenytoin had a 5-foId 

higher incidence of fetal cleft pdate compared to those treated with phenytoin alone @<0.05), 

with no differences in fetal resorptions, body weight or postpartum lethaiity. These results 

suggest that VSA rnay not be a suitable PHs-1 inhibitor during pregnancy. The enhanced 

teratogenicity with VSA and phenytoin is in contrast to the protective effect of other PHs 

inhibitors on phenytoin teratogenicity, and may be due to a mechanism unrelated to PHs 

inhibition. 



2.4.2 INTRODUCTION 

Prostaglandin H synthase exists as two isoforms, PHs-1 and PHs-2, both of which are 

involved in the synthesis of prostaglandins via rnetabolism of arachidonic acid (Smith and 

Marnett, 199 1). PHSs are bifunctional enzymes with both cyclooxygenase and peroxidase 

activity. Arachidonic acid is oxidized by the cyclooxygenase component of PHSs to 

prostaglandin Gz (PGGz) which subsequently is reduced by the peroxidase activity of PHSs to 

its corresponding alcohol, prostaglandin Hz (PGH2). During this reduction, xenobiotics and 

environmental chemicals, including some teratogens, may act as reducing CO-substrates, 

themselves being oxidized to a potentially toxic fkee radical reactive intermediate (Marnett and 

Eling, 1983; Wells et al-, 1997a). Phenytoin is a widely-used anticonvulsant drug in North 

America (Epilepsy-Canada, 199 1 ). Nearly 34% of human fetuses exposed in zctercr to phenytoin 

will develop a variable number of characteristic malformations, collectively known as the Fetal 

Hydantoin Syndrome (FHS), including cardiovascular, craniofacial and limb defects, as well as 

mental retardation (Hanson et al., 1976; Nulman et al., 1997). Evidence in animal models 

suggest that the teratogenicity of phenytoin may be due in part to its bioactivation by PHSs to a 

fiee radical reactive intermediate that initiates the formation of reactive oxygen species (ROS), 

which in tum can oxidatively damage ernbryonic macromoIecular targets (Winn and Wells, 

1995a; Parman et al., 1998a). Inhibition of PHs activity accordingly would be expected to 

reduce the teratogenicity of phenytoin and related ROS-initiating teratogens. 

Non-steroidal antiinflammatory drugs (NSALDs) are the most widely self-prescribed drugs 

used to date offering protection against inflammation, pain, kver and most importantly, 

protection against stroke, thrombosis, Alzheimer's disease and cancer (Mitchell and Warner, 

1999). These pharmacological effects of NSAIDs are mainly due to their ability to compete 

directly with arachidonic acid for binding to the cyclooxygenase active site and inhibit 
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cyclooxygenase activity without affecting the peroxidase activity of PHSs (Rome and Lands, 

1975; Mizuno er al., 1997). The classical NSAID, acetylsalicylic acid (ASA), is a dual inhibitor 

of both PHs-1 and PHs-2. In pregnant mice in vivo, the bioactivation and covalent binding of 

phenytoin to ernbryonic protein was decreased by pretreatment with ASA (Wells et al., 1989c), 

which also reduced the teratogenicity of phenytoin (Wells er al., 1989cj and the stnicturally 

related anticonvulsant drugs trimethadione and dimethadione (Wells et al., 1989a), while no 

toxicity was associated with ASA. A sirnilar protective effect on phenytoin teratogenicity was 

observed in vivo with the dual PHSAipoxygenase inhibitor eicosatetraynoic acid (ETYA) (Yu 

and Wells, 1995), and ETYA also inhibited phenytoin embryopathy in ernbryo culture (Miranda 

et al., 1994). More recently, different strains of pregnant PHs knockout mice lacking either 

PHs-I or PHs-2 have been s h o w  to be less susceptible to the teratogenicity of the ROS- 

initiating teratogens phenytoin (Section 2.3, Rintala et al., 1999) and benzo[a]pyrene (Section 

2.2, Parnian et al., 1998b). 

To distinguish the individual roles of PHSs in inflammation and diseases, with an aim to 

enhancing therapeutic eficacy while reducing toxicity, several NSADs have been developed to 

specifically inhibit one of the isoforms with minimal or no effect on the other. One inhibitor 

that has been shown in vitro to specificdly inhibit PHs-1 is an analog of ASA known as 

valeryIsalicylic acid (VSA). In a study camied out in ceIIs expressing murine or human PHs-1, 

VSA like ASA, effectively and irreversibly inhibited PHs-1 as measured by an 85%-90% 

decrease in the production of prostaglandins (Bhattacharyya et al., 1995). However, in cells 

expressing only PHs-2, VSA unlike ASA, resulted in oniy a i0%-20% decrease in prostaglandin 

production. In these studies, VSA showed a four- to five-fold selectivity toward PHs-1. 

Similar to ASA, VSA was suggested to inhibit PHs-1 by acetylating the senne 530 at the active 

site of this enzyme (Bhattacharyya et al., 1995). Despite in vitro evidence for its selective 
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PHs-1 inhibition, VSA has not been evaiuated in vivo* Thus, this study determined the effect of 

VSA on phenytoin teratogenicity in pregnant mice- Contrary to the protective effects of other 

PHs inhibitors and the resistance of PHs-1 hockout mice to phenytoin embryopathies, fetuses 

of pregnant dams treated with both VSA and phenytoin showed enhanced teratogenicity. These 

results suggest additional, adverse biochemical eEects of VSA unrelated to its abiIity tu uihibit 

PHs-1, and raise questions about the use of this drug during pregnancy. 



2.43 METHODS 

Animal Breeding and Dmg Treatment 

Virgin female CD-1 mice (Charles River Canada Inc., St. Constant, Quebec) weighing 20- 

25 g were housed in plastic cages with ground corn cob bedding (Beta Chip, Northeastem 

Products Corp., Warrensb-mg, NY). Animals were kept in a temperature-controlled room with a 

12-hr light-dark cycle automaticaliy maïntaïned. Food (Purina Rodent chow, Ren's Feed and 

Supply, Oakville, Ontario) and tap water were provided ad Zibirurn. One male rnouse was 

housed with three females ovemight between 1600 and 0900 hr. Pregnancy was ascertained 

each morning by the presence of a vaginal plug, and this time was designated as gestational day 

(GD)- 1. 

CD-1 rnice were treated with VSA (10 mg/kg ip) (Cayman Chernical Co., Ann Arbor, MI) 

or its saline/NaOH vehicIe (pH 9) at 0900 hours on GDs 11 and 12, followed two hours later by 

a teratogenic dose of phenytoin (65 mgkg ip) (Sigma Chernical Co., St. Louis, MO) (Wells et 

al., 1989~). Phenytoin was dissolved in saline/NaOH (pH 11). High pH saiine was used for 

dissolution of dnig and inhibitor. Al1 solutions were prepared immediately before use to avoid 

spontaneous hydrolysis and decomposition of the drugs. 

Teratological Assessrnent 

Animals were sacrificed by cervical dislocation on GD 19. Followiiig laparotomy, the 

utems was extenorized and the number and location of fetuses and resorptions were noted. Al1 

fetuses were sexed, weighed and assessed for 2 hour postpartum survival. Fetuses were then 

fixed in Carnoy's solution for one week and analyzed for the presence of a cIeft plate. 

Statistical Analysis 

Continuous data were detemined by Student t-test, and binomial data by Chi squared 

anaiysis- A probability of p < 0.05 was accepted as the minimal level of significance. 



2.4.4 RESULTS 

Phenytoin alone adrninistered on GDs 11 and 12 was teratogenic as measured by fetal cleft 

patates (F'ig. 1). Phenytoin caused 6.4%, 93% and 52.6% incidences of clef3 paiate, resorption 

and postpartum lethality respectively (Fig. l), with no maternai adverse effects- In animais 

treated with both VSA and phenytoin, matemal death was observed in two out of ten dams, and 

skin irritation was observed at the site of injection. Furthemore, rather than VSA protecting the 

fetus fiom phenytoin teratogenicity, dams treated with both VSA and phenytoin sliowed a five- 

fold increase in the incidence of cleft paiate (Fig. 1). Incidences of fetal resorption and 

postpamim lethality (Fig. 1) and the mean fetal body weight (Fig. 2) were not significantly 

affected by VSA. 



Phenytoin 
VSA + Phenytoin 

. *=P<0 .05  

RESORPTION CLEFT POSTPARTUM 
PALATE LETHALITY 

Figure 1. Effect of valeq-!salicylate WSA) on embryopathies in phenytoin-treated mice. 
Prepant CD4 mice were treated at 0900 hr on gestational days 1 1 and 12 with VSA (1 0 mgkg 
ip) or its saline vehicle, followed 2 hr later by phenytoin (65 mgkg ip). The number in 
parentheses (n) indicates the number of fetuses bom alive for clef3 palate and postpartum 
lethality, and the number of implantations for resorptions. The astensk indicates a difference 
fiom control fetuses exposed to phenytoin alone @<O.OS). 



1 (n) = number of fetuses 1 

Phenytoin VSA 
+ 

P henytoin 

Figure 2. Effect of vderylsalicylic acid (VSA) on fetal body weight with phenytoin exposure. 
ne treatment of dams are as described in fig- 1. The number in parentheses (n) indicates the 
number of fetuses boni dive (p0.05). 



2.4.5 DISCUSSION 

There is a body of evidence that supports PHs-catalyzed bioactivation of phenytoin to a fiee 

radical reactive intermediate initiating the formation of reactive oxygen species (ROS) that 

damage embryonic cellular macromolecules and Ieads to teratogenesis (Wim and Wells, 1995a; 

WeIIs et al., 1997a; Parman et al., 1998a)- In in vitro studies, purifieci PHs-1 bioactivated 

phenytoin to nitrogen- and carbon-centered fkee radical reactive intermediates which were 

detected by electron paramagnetic resonance spectrornetry (EPR) using spin trapping against 

alpha-p henyl-N-t-butyhitrone (PBN) (Parman et al., 1 998a). The phenyto in fiee radical 

intermediates genemted in this PHs-1-catalyzed reaction also initiated the oxidation of DNA, as 

evidenced by the formation of 8-hydroxy-2'-deoxyguanosine. Inhibitors of PHSs have been 

shown to prevent the in vitro and in vivo PHs-catalyzed formation of the phenytoin fiee radical 

intermediate, and protect against phenytoin teratogenîci~. For exarnple, the PHs-1-dependent 

EPR signal for the phenytoin fiee radical was abolished by preincubation of PHs-I with the dual 

inhibitor of PHs and lipoxygenase, eicosatetraynoic acid (ETYA) (Parrnan et al., 1998a). In 

ernbryo culture studies, ETYA also blocked phenytoin embryopathy (Miranda et al., 1994). In 

in vivo studies, the covalent binding of phenytoin to embryonic protein was decreased by 

pretreatrnent with ASA, and phenytoin teratogenicity was inhibited by ASA, the antioxidant 

caffeic acid and PBN (Wells et al., 1989~). Further evidence for the protective effect of 

inhibitors of PHSs against drug-induced teratogenesis was seen in the reduction of cleft palates 

in CD-2 mice induced by trimethadione and dimethadione, the structural analogs of phenytoin 

(Wells et al., 1989a). Throughout the above studies, there was no evidence of embryopathie 

effects for any PHs inhibitor. 

Prior to the development of knockout mice selectively lacking PHs-1 or PHs-2, we sought 

to evaluate the effect on phenytoin teratogenicity of the relatively selective PHs inhibitor 
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vderylsalicyclic acid (VSA). Although an analog of the nonselective PHs inhibitor ASA, VSA 

has been shown in vitro to irreversibly inhibit activity of the PHs-1 isozyme, with a four- to 

five-foId selectivity over the PHs-2 isozyme (Bhattacharyya et al-, 1995). In contrast to ASA or 

ETYA, which protect against the embryopathie effects of phenytoin (Wells and Winn, 1996), 

VSA rather than protecting, conversely enhanced the incidence of clefi palate in phenytoin- 

exposed fenises. The teratologic enhancement by VSA in phenytoin-treated animals also is in 

contrast CO recent results in PHs-1 knockout mice, which were partially protected fiom 

phenytoin teratogenicity (Rintala et al., 1999). This contrashg N? vivo effect in phenytoin- 

treated animals for VSA compared to other PHs inhibitors and PHS-1 knockout mice may be 

attributed to unappreciated biochemicd effects of VSA, unrelated to its inhibition of PHs, 

which are not shared by other PHs inhibitors. 

One potential mechanism and an intriguing possibility for the observed effect of VSA lies 

with the similarity of this inhibitor to the anticonvulsant drug vdproic acid (VPA), which is a 

teratogen in humans and rodents (Sonoda et al., 1990; Elmazar et al., 1992; Mino et al., 1994; 

Clayton-Smith and Donnai, 1995; Okada et al*, 1995; Espinasse et al., 1996). VSA may be 

hydrolyzed either spontaneously or by esterases in vivo to yield an aliphatic acid that closely 

resembles VPA (Fig, 3). VPA is a more potent teratogen than phenytoin, and causes an array of 

malformations known as Fetd Valproate Syndrome, which include cleft palate (Sonoda et al., 

1990; Elmazar et al., 1992; Mino et al., 1994; Clayton-Smith and Donnai, 1995; Okada et al., 

1995; Espinasse et al., 1996). VPA is metabolized by cytochromes P450 (P450) particularly 

P4502C9 and 2A6 to 2-n-propyl-4-pentenoic acid, the epoxidation of which produces an 

electrophilic reactive intermediate that can initiate teratogenesis (Chung and Kroll, 1988). VSA, 

like VPA, may be metabolized to 4-pentenoic acid, which may be epoxidized to an electrophilic 

reactive intermediate (Fig. 3) that cm covalently bind to embryonic cellular macromolecules 
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Figure 3. Postulated metabolisrn of (A) valerylsalicylic acid (VSA); and, (B) valproic acid 
(VPA) to related reactive intermediates. 
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and initiate teratogenesis, 

Another possibility for teratologic potentiation codd  involve cornpetition between VSA and 

phenytoin for binding sites on plasma proteins. VPA has been shown to increase the unbound 

fraction of phenytoin by half, from 10% to 15% (Katzung, 1989). Increasing the fiee hc t ion  

would be expected to result in enhanced phenytoin bioactivation and teratogenicity. VSA, like 

VPA, may enhance the fiee fiaction of phenytois. This effect of VSA might overshadow its 

inhibition of PHs- 1 -catalyzed bioactivation. 

Finally, many nonsteroidal anti-inflammatory agents, including ASA, salicyIate and likely 

VSA, have been shown to inhibit cytochromes P450 (Belanger and Atitse-Gbeassor, 1985). 

Matemal P450-catalyzed hydroxylation is the major pathway for phenytoin elimination 

(Maynert, 1960), and decreased hydroxylation would increase transfer of phenytoin to the 

embryo. Previous studies have shown various P450 inhibitors increased phenytoin 

teratogenicity (Harbison and Becker, 1970; Wells and Gesickie, 1984). 

In regard to a potentid physiologically-based mechanism of teratologic enhancement, 

prostaglandins are important in the reproductive process and, while PHs-2 appearj to be 

important for ovulation and implantation (Lim et al., 1997), PHs-1 is involved in parturition 

(Langenbach et al., 1995; Langenbach et al., 1999), and potentially in other developmental 

processes. Mice lacking a fûnctional PHs-1 gene develop normally and without any significant 

pathology in tissues such as liver, kidney, heart and lungs, despite the 99% decrease in the level 

of prostaglandins in these animals. Ho wever, when homozygous PHs- 1 knockout females were 

mated with hornozygous knockout males, postnatal survival was only 10% (Langenbach et al., 

1995), suggesting that a functional copy of PHS- 1 either matemally or embryonically may be 

required for proper embryonic development. The in vivo use of VSA on GDs 1 1 and 12 should 

result in deficient PHs-1 activity in dams and embryos, mirnicking the effects of knockout mice 
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lacking a fünctional PHs-1 gene. Thus, disruption of the production of beneficial 

prostaglandins via inhibition of PHs-1 by VSA may contribute to the teratologic enhancement 

by this inhibitor. In conclusion, rather than protecting against phenytoin teratogenesis as 

observed with other PHs inhibitors, pretreatment with VSA, enhanced the incidence of cl& 

palate in phenytoin-treated anirnals, suggesting that, in vivo, VS A may have teratologically 

complicating effects other than inhibition of PHs-1. Pregnant women are exposed to a variety 

of xenobiotics that can be bioactivated by PHSs to toxic reactive intermediates that can initiate 

ROS formation, ernbryonic macromoIecular damage and teratogenesis, These include among 

others a spectnun of anticonwlsant drugs related to phenytoin, the sedative-hypnotic and 

immunornodulatory drug thalidomide, and the polycyclic aromatic hydrocarbon benzolalpyrene 

(Wells et al., 1997a; Parman et al., 1999; Nicol et al., 2000). Accordingly, therapeutic strategies 

ernploying relatively nontoxic specific inhibitors o f  PHSs seem to offer some potential for 

prevention of xeno biotic embryopathies. However, while the concurrent use of certain PHs 

inhibitors during pregnancy may prove beneficial for some women taking or exposed to such 

potential teratogens, the unexpected teratologic enhancement by VSA observed in this study 

reinforces the need for caution in the exploration of such practical therapeutic developments. In 

vivo studies in pregnant animais may be particularly revealing, as in this first in vivo study 

employing a specific inhibitor of PHs-1. The mechanism of teratologic enhancement by VSA 

warrants M e r  investigation, and may be relevant to other xenobiotic embryopathies. 
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Once abandoned for causing birth defects in humans (Lenz, 1988), the sedative h g  

thalidomide ([+]-alpha-phthalimidoglutarimide) has found new therapeutic license in leprosy 

and other diseases, with renewed teratological consequences (Castilla et al., 1996). While the 

mechanism of teratogenesis (Stephens, 1988) and determinants of risk remain unclear, related 

teratogenic xenobiotics are bioactivated by embryonic prostaglandin H synthase (PHs) to a fiee 

radical intermediate that produces reactive oxygen species (ROS), which cause oxidative 

darnage to DNA and other cellular macrornolecules (Wells and Winn, 1996; Parman et al., 

1998a). Sirnilarly, thalidomide is bioactivated by horseradish peroxidase, and oxidizes DNA 

(Liu and Wells, 1995a) and glutathione (GSEI) (Aden and Wells, 1990), implicating fiee 

radical-mediated oxidative stress. Furthemore, thalidomide teratogenicity in rabbits is reduced 

by the PHs inhibitor acetylsalicylic acid, implicating PHs-catalyzed bioactivation (Arlen and 

Wells, 1996). Here we show in rabbits that thalidomide initiates ernbryonic DNA oxidation and 

teratogenicity, both of which are abolished by pretreatrnent with the free radical spin trapping 

agent alpha-phenyl-N-t-butylnitrone (PBN). Conversely in mice, a species resistant to 

thalidomide teratogenicity, thalidomide even at a dose 3-fold higher than that used in rabbits 

does not enhance DNA oxidation, providing the Imt insight into an embryonic determinant of 

species-dependent susceptibility. In addition to their therapeutic implications, these results 

ccnstitute the first direct evidence that the teratogenicity of thalidomide may involve free 

radical-rnediated oxidative darnage to embryonic cellular macromolecules. 



2.5.2 INTRODUC~ION 

(This introduction does not appear in the published article) 

In 196 I , the sedative-hypnotic h g  thaiidomide (w-alpha-phthalimidoglutarimide) tvas 

discovered to be a potent human teratogen (Lenz, 1988), and was removed fiom the market in 

Most developed countries by 1965. However, in some countries in South America and other 

areas with endemic leprosy, thalidomide has remained a licensed drug of choice (Castilla et al*, 

1996). Furthemore, while not Iicensed. thalidomide has been used in developed countries for 

leprosy, O S ,  graft-versus-host diseases and ulcers (D'Arcy and Griffin, 1994), and a "gray 

market" has evolved with patients suf5erïng fiom arthritis or AIDS obtaining dmgs smuggled in 

fiom countries like Brazil (Anonymous, 1997). This therapeutic resurrection of thalidomide 

predictably has resulted in a resurgence of birth defects resulting fiorn its use by pregnant 

women (Castilla et al., 1996). In July 1998, thalidomide was approved with restrictions by the 

United States Food and Dmg Administration for the treatrnent of leprosy, 

Despite its longstanding and widespread use, the mechankm of thalidomide teratogenicity 

remains unclear (Stephens, 1988), and hence the detenninants of individual risk are unknown, 

One possibility is that thdidomide, like a number of structurdly related teratogenic 

anticonvulsant drugs and environmental chernicals (Wells and Winn, 1996; Parman et al,, 

1998a), can be bioactivated by ernbryonic prostaglandin H synthase (PHs) to a fiee radical 

intermediate that initiates the formation of reactive oxygen species (ROS), which cause 

oxidative damage to embryonic cellular macromolecules like DNA. We have s h o w  that 

thalidomide can be bioactivated in vitro by horseradish peroxidase to a reactive intermediate that 

initiates the oxidation of DNA (Liu and Wells, 1995a), and that thalidomide in vivo causes 

glutathione oxidation (Aden and Wells, 1990), both indicative of fiee radical-mediated 

oxidative stress. Furùiennore, pretreatrnent of pregnant rabbits with the PHs inhibitor 
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acetylsalicylic acid (ASA, aspirin) inhibits the teratogenicity of thaiidornide (Aden and Wells, 

1996), implicating PHs-cataiyzed bioactivation in the teratologic mechanism. 

Here we sought to directly deterrnine the potential role of fkee radical-initiated oxidative 

DNA damage in the mechanism of thalidomide teratogenicity. The involvement of 6-ee 

radical-initiated ROS formation in thalidomide teratogenicity was tested by pretreating pregnant 

rabbits with the fiee radical spin trapping agent alpha-phenyl-N-t-butyhitrone (PBN), which has 

proved effective in the in vitro trapping and characterization of £tee radical intermediates of 

teratogenic anticonvulsant dmgs (Parmm et al., 1998a), as well as in inhibiting the in vivo 

teratogenicity of the anticonvulsant drug phenytoin in mice (Wells et al., 1989~). DNA darnage 

has been irnplicated in the teratologic mechanism of other xenobiotics known to initiate 

ernbryonic ROS formation, including benzo[a]pyrene (Nicol et al., 1995) and phenytoin (Laposa 

and Wells, 1995), the teratogenicity of which is enhanced in p53-deficient mice with 

compromised DNA repair. To assess the potential teratological relevance of embryonic DNA 

oxidation, the arnount of in vivo thalidomide-initiated 8-hydroxy-2'-deoxyguanosine formation 

in rabbit embryos was compared with that observed in mouse embryos, which are resistant to 

thalidomide teratogenicity, using a thalidomide dose 3-fold higher than that for rabbits. 
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2.53 MATERLU AND METHODS 

Chemicals. Thalidomide was a generous gift Eom Grunenthal GmbH (Aachen, Germany). 

Proteinase K, ribonuclease A, ribonuclease Ti, Escherichia Coli alkaline phosphatase, redistilled 

phenol, hernatin, carboxymethyl cellulose (CMC) and alpha-phenyl-N-t-butylnitrone (PBN) 

were obtained fkom S igma-Aldrich Canada Ltd. (Oakville, ON, Canada). 

8-Hydroxy-2'-deoxyguanosine was purchased fiom Cayman Chemicals Co. ( h m  Arbor, MI, 

USA). Al1 other reagents used were of analytical or HPLC grade. 

Rabbits: The supplier (Reimens's Fur Ranches, St. Agatha, Ontario, Canada) housed virgui 

female New Zealand white rabbits individually in hanging wire mesh cages with food (Grain 

rnix fiom Shurgain, St. Mary's, ON, Canada) and tap water available ad libitum. Anirnals were 

kept in a temperature-controlled room with a 12 hr dark-light cycle. One female rabbit was 

mated with one male at 0900 to 1 100 hr and the presence of seminal fluid in the vaginal opening 

was considered to be gestational day (GD) 1 of pregnancy. Upon reception, GD 2 or 6 

timed-pregnant rabbits were housed individually at our facility in a plastic rabbit cage system 

(Allentown, NJ, USA) in temperature-controlled rooms with a 12 hr light-dark cycle. Food 

(Laboratory Rabbit Chow, Ralston Purina Co., Strathroy, ON, Canada) and tap water were 

provided ad libitum. Rabbits were acclirnatized for 6 days prior to treatments. 

Mice: Virgin CD-1 females (Charles River Canada Ltd.. St. Constant, Quebec, Canada) 

were housed in plastic cages with ground corn cob bedding (Beta Chip, Northeastem Products 

Corp., Warrensburg, NY, USA) and maintained in a temperature-controlled rooms with a 12 hr 

light-dark cycle. Food (Laboratory Rodent Chow 5001, Ralston Purina Co.) and tap water were 

provided ad libitum. Three females were housed with one male fiom 1700 hr to O900 hr, and 
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the presence of vaginal plug in the femde was considered GD 1- Inseminated ferndes were 

separated Eom the colony and housed together in groups of four or less per cage. 

Thalidomide-initiated DNA oxidation. To determine the rote of DNA oxidation as a potential 

macromolecular lesion rnediating thalidomide teratogenicity, matemal and ernbryonic DNA 

were extracted after treatment, and the oxidized guanosine analogue 8-OH-2'-dG was measured 

as sumrnarized below, 

Rabbits: Nine pregnant rabbits were randomly assigned to three different treatrnent groups, 

with each group containing 3 rabbits. The first group received saline (vehicle for PBN) iv 15 

min prior to receiving 1.5 % carboxymethyl cellulose (CMC) (vehicle for thalidomide) by 

gastric intubation at 8:30 am on GD 12 during organogenesis. Simïlarly, the other two groups 

received either saline or PBN (40 mgkg) 15 min prior to receiving a teratogenic dose of 

tblidomide (400 mgkg) as a suspension in CMC. Al1 rabbits were fasted overnight prior to 

each gastric intubation to maximize dnig bioavailability. Water was provided ad libitum. 

Rabbits were then sacnficed 6 hr later by COz gas. Embryos were explanted fiom each rabbit 

(6-9 embryos/rabbit), pooled and hornogenized in DNA digestion buffer (100 ml of 1 M Tris, 

pH 8.0, 10 ml of 0.5 M EDTA, pH 8.0, 2 g of sodium Izuryl sulfate, and 11.08 g of NaCl; 

volume adjusted to 1000 ml with water). Matemal tissues (liver, lung, kidney, brain and 

placenta) were also excised and hornogenized in DNA digestion buffer- Al1 samples were 

fiozen in liquid nitrogen and kept for M e r  use. 

Mice: Mice were treated identically to rabbits with the following exceptions: the dose of 

thalidomide was increased 3-fold to 1200 mgkg, PBN or its vehicle were administered ip (Liu 

and Wells, l995a; Wells and Winn, 1996), and the animals were sacrificed by cervical 

dislocation. The method of tissue colIection was identical to that for rabbits. 



Anaiysis of DNA oxidation. DNA isolated fiom embryos and maternal tissues was digested to 

nucleotides by incubation with nuclease Pl ,  incubated with Escherichia coli alkaline 

phosphatase, and the resdting deoxynucleoside mixture was fïitered and analyzed by HPLC 

with electrochemical detection (Wells et al., 1997b; Winn and Wells, 1997). Quantitation of 

8-OH-2'-dG was made by c o r n p a ~ g  the chromatographic peak area-under-the-curve detected 

for the samples with that of a commercial standard (Cayman Chernicals Co, Ann Arbor, MI, 

USA). 

Thalidomide teratogenicity. The method of drug treatment in the teratoIogical studies was 

identical to that for the DNA oxidation studies, except that 10 rabbits were randomly assigned to 

each of 3 treatment groups, which were treated fiom GD 8 to 12 (susceptible penod of 

organogenesis) and sacrificed on GD 29 at 8:30 am with CO2. Fernales that demonstrated no 

evidence of pregnancy or uterine implantations upon intemal examination were excluded corn 

the study. Fetuses were extracted, weighed, sexed, and analyzed for the presence of 

abnomalities and 2 hr postpartum lethality. The maternal uterus was exarnined for resorptions. 

Fetuses were then fixed in Carnoy's solution (100 mI glacial acetic acid, 300 ml chloroform and 

600 ml absolute ethanol) for m e r  studies. 

Statistical analysis. Statistical significance of differences between treatment groups was 

deterrnined by Student's t-test or the Chi-square test using a standard statistical software 

prograrn (Statsview, Abacus Concepts, 1nc.j. The minimal level of significance was p < 0.05. 
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2-54 E&SULTS AND DISCUSSION 

In rabbits, thalidomide initiated substantial DNA oxidation, measured as 

8-hydroxy-2'-deoxyguanosine (8-OH-2'-dG), in al1 matemal tissues, with a 3 -8-fold 

enhancement in ernbryos @<O.OS) (Fig. 1). DNA damage has been implicated in the teratologic 

mechanism of other xenobiotics known to initiate embryonic ROS formation, includhg 

benzo[a]pyrene and phenytoin, the teratogenicity of which is enhanced in p53-deficient mice 

with compromised DNA repair (Wells and Wim, 1996). Baseline levels of DNA oxidation in 

vehicle controls did not differ significantly among organs and tissues. 

We assessed the involvement of fiee radical-initiated ROS formation in thalidomide 

teratogenicity by pretreating pregnant rabbits with the fiee radicd spin trapping agent 

alpha-phenyl-N-t-butylnitrone (PBN), which has proved effective in the in vitro trapping and 

characterization of free radical intermediates of teratogenic anticonvulsant drugs, as well as in 

inhibiting the in vivo teratogenicity of the anticonvulsant drug phenytoin in mice (Wells and 

Wim, 1996; Parman et al., 1998a). Pretreatment with PBN substantially reduced 

thalidomide-initiated DNA oxidation in al1 matemal tissues and in embryos. When baseline 

(vehicle) DNA oxidation was subtracted out, PBN pretreatrnent caused a 73 % reduction in 

thalidomide-initiated embryonic DNA oxidation (Fig. 1, p<0.05). 

In contrast, in mice, which are not sensitive to thalidomide teratogenicity, thalidomide did 

not enhance DNA oxidation in any materna1 or embryonic tissues, nor did PBN pretreatment 

reduce the levels of DNA oxidation (Fig. 2). The levels of oxidized DNA in mice were similar 

to those observed in control rabbits treated only with vehicle. 

Although no birth defects were observed in vehicle controls, fetuses from rabbits treated 

with thalidomide had a 35 % incidence of phocomelia (p<0.005), 10% omphalocele and 10% 
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Figure 1. Effect of the fiee radical spin trapping agent alpha-phenyl-N-f-butylnitrone (PBN) on 
thalidomide-initiated DNA oxidation in pregnant rabbits. DNA was obtained 6 hr after rabbits 
received either PBN or its vehicle iv, followed by thalidomide, 400 mgkg, or its vehicle via 
gastric intubation. The astensk indicates a difference fiom the PBN-pretreated group, and the 
cross indicates a difference fiom the vehicle control (p<0.05). 
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Figure 2. Effect of the free radical trapping agent PBN on thalidomide-initiated DNA oxidation in pregnant mice. DNA was obtained 6 hr 
after dams received either PBN or its vehicle ip, followed by thalidomide, 1200 mglkg, or its vehicle via gastric intubation. 
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adactyly (Fig. 3). Thalidomide also caused a 4-5-fold increase in the incidence of fetal 

resorptions '9<0.005), a 7.8-fold increase in postpartum fetal lethality @<0.005) (Fig. 3), and a 

24 % decrease in fetai body weight, ffom 44.50 2 1.00 g (mean 2 S.D.) to 33.60 + 3.07 g 

(p<0.05). Thalidomide had no effect on spontaneous abortions. 

Pretreatment with the fiee radical spin trapping agent PBN virtually abolished dl birth 

defects (Fig. 3, this figure was not published due to space limitation) in thalidomide-treated 

rabbits, and this protection was highly significant for phocomelia, a hallmark of thalidomide 

teratogenicity @<0.001) (Fig. 4). Sirnilarly, PBN pretreatrnent reduced the incidence of 

thalidomide-initiated fetal resorptions by 73 %, and postpartum fetal lethality by 56 % @<O.OI), 

with resorptions reduced to the level observed in vehicle controls @<0.01). 

Thalidomide-initiated fetal weight loss was reduced by PBN pretreatment @-=O-OS), although 

weights (38.60 5 2.39 g) were still lower than in vehicle controls (Fig. 5, this figure was not 

published due to space limitation)- 

In the PBN-pretreated rabbits, two malfomations, cleft palate and absent tail, were 

observed that were not associated with thalidomide alone (Table 1, this table does not appear in 

the paper in Nature Medicine). Although the incidence of cleft palate was not statistically 

significant, the nurnber of cases observed (four), and the fact that this anomaly has not been 

reported with thalidomide in previously published studies, suggest that cleft palate likely was 

caused by PBN, or possibly by an interaction of PBN with thalidomide. Absent tail occurred 

with only one fetus, and Iikely was a random event. 

Although thalidomide was very teratogenic and embryopathic in rabbits, pretreatment of 

pregnant rabbits with the fiee radical spin trapping agent PBN virtually abolished the 

teratogenicity (phocornelia, omphalocele, adactyly) of thalidomide, reduced in utero death (fetal 

resorptions) to control levels, and substantially reduced thalidomide-initiated fetal weight loss 



Figure 3. In utero exposure to thalidomide resulted in malformations such as phocomelia and 
omphalocele (fetus on the right). Pre-treatment of the rabbits with the free radical spin trapping 
agent PBN 15 min prior to administration of thalidomide protected against these malformations 
ffetus on the left). This figure does not appear in the original publication. 
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Figure 5. Effect of the fkee radical trapping agent PBN on fetal body weight. Pregnant rabbits 
were treated as described in Fig. 3. The cross indicates a significant difference from the 
PBN-pretreated group, and the asterisk indicates a difference fiom the vehicle controls. 



Table 1. Anomalies in PBN-pretreated group 

Treatment groups Live Born Fetuses Incidence of Incidence of 
(n) Cleft Palate Absent Tai1 

O h  (n) % (n) 
Control 22 O O 
Thalidomide 20 O O 
Thalidomide + PBN 45 8% (4) 2% (1) 

Data were not published in Nature Medicine. 
Neither anomaly was sigpificantly increased by PBN (p>0.05). 
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and postpartum lethality- At the macromolecular level, thalidomide was shown for the fmt t h e  

to cause substantial embryonic DNA oxidation, which was reduced almost to control levels by 

pretreatment with PBN. The oxidation of embryonic DNA by thalidomide suggests that this 

teratogen is bioactivated in vivo to a fiee radical intermediate that initiates the formation of 

reactive oxygen species (RûS), which is consistent with the inhibition of thalidomide-initiated 

DNA oxidation by the fiee radical trapping agent P E N  The dramatic protection provided by 

PBN pretreatrnent against thalidomide teratogenicity and embryopathy suggests that the free 

radical interrnediate and, potentially, embryonic DNA oxidation, contribute substantially to the 

teratologic rnechanism. Furthermore, the inability of thalidomide to initiate DNA oxidation in 

rnice, which are resistant to thalidomide teratogeniciw, is consistent with a role for embryonic 

DNA oxidation in the teratologic mechanism, and provides the first direct insight into a 

potential embryonic determinant of the remarkable species-dependent susceptibiIity to 

thalidomide teratogenicity. 

Likely enzymes cataiyzing the bioactivation of thalidomide to a fiee radical interrnediate are 

embryonic PHs and Iipoxygenases (Wells and Wim, 1996; Parman et al., 1998a). ROS 

initiated by a xenobiotic fiee radical intermediate are ultra short-lived and unstable molecules 

which generally cannot escape fiom the organ of formation, let alone travel from matemal 

tissues to embryos, without being scavenged by antioxidative molecules or enzymes (Wells and 

Winn, 1996; Wells et al., 199%). Thus, embryonic DNA oxidation likely requires that ROS be 

generated via thalidomide bioactivation withui the embryo, This is consistent with studies in 

mouse embryo culture, which lacks d l  materna1 tissues, showing that proteratogens such as 

phenytoin and benzo[a]pyrene, which require enzymatic bioactivation, c m  initiate embryonic 

DNA oxidation and embryotoxicity, both of which are blocked by PHs inhibitors and the 
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antioxidative enzymes superoxide dismutase and catalase (WelIs and Wim, 1996; Winn and 

Wells, 1997). 

As was shown in vivo for phenytoin (Kim and Wells, 1996b), due tu its reducing abilities, 

the putative thalidomide free radical may generate highly reactive oxygen species such as OH or 

superoxide anion radical (O;), which is consistent with the in vivo oxidation of GSH to GSSG 

by thalidomide (Aden and Wells, 1990). Also, 'OH could be produced indirectly via 

thalidomide radical reduction of ~ e ~ +  complexes, initiating the Fenton reaction (Wells et al., 

199%)- If not detoxified, these reactive oxygen species c m  irreversibly modiQ DNA in a 

number of ways, including the formation of 8-OH-2'-dG, which c m  be mutagenic (Cheng et al., 

1992; Wells et al., 1997b), and likely has other effects on gene expression, independent of ce11 

division, that may be more important to teratological development- In one study (Ashby et al., 

1997), thalidomide did not cause micronuclei in rabbit bone marrow ce11 samples, suggesting its 

lack of mutagenicity. The formation of 8-OH-2'-dG in DNA also is widely used as a biological 

marker of a broader spectrurn of  oxidative DNA darnage that may have teratological relevance 

(Wells and Wim, 1996; Wells et al., 1997b). 

The inability of thalidomide to initiate embryonic DNA oxidation in mice, despite 

substantial enhancement in rabbits, constitutes the first evidence of an embryonic determinant of 

the species-dependent susceptibility to thalidomide teratogenicity, The mechanism for this 

species difference is not known, but is not due to differences in dnig absorption or distribution, 

since the bioavailability and distribution of thalidomide in rodents is similar to that in rabbits 

(Schumacher et al., 1965). More directly, the resistance of inice to the teratogenic effects of 

thalidomide also is not due simply to a lack of bioactivating activity in mouse embryos, since 

PHs-catalyzed embryonic DNA oxidation in mice has been demonstrated in vivo and in embryo 

culture for a number of uther ROS-initiating teratogens, including benzo[a]pyrene, phenytoin 



and structurally related compounds (Wells and W b ,  1996; Winn and Wells, 1997)- In 

addition to enhancing 8-OH-2'-dG formation, the latter teratogens also initiate the oxidation of 

embryonic proteins and lipids (Wells and Wm, 1996), which may have teratological relevance, 

and it is likely that thalidomide causes a similar s p e c t m  of oxidative damage. Indeed, 

thalidomide has been shown to initiate GSH oxidation in vivo, and as with DNA oxidation in the 

present study, GSH oxidation was greater in rabbits than rats, whicn like mice are resistant to 

thalidomide teratogenicity (Aden and Wells, 1990). While al1 such oxidative macromolecular 

lesions may contribute to teratological development, as codd ROS-dependent signaiing 

pathways (Wells and Wim, 1996; Wells et al., 1997b), the particular role of oxidative DNA 

damage initiated by thalidomide is suggested by the enhanced teratogenicity and embryopathy of 

other ROS-initiating xenobiotics such as benzo[a] pyrene and phenytoin observed in knockout 

mice with deficient p53, which facilitates DNA repair (Wells and Wim, 1996). 

The glutarimide portion of the thalidomide molecule shares a structural similarity with the 

hydantoin ring of the anticonvulsant dmgs phenytoin, mephenytoin and nirvanol, and the 

oxazoiidi~edione ring of the related anticonvulsants trimethadione and dimethadione, al1 of 

which are bioactivated by PHs to a nitrogen-centered free radical that undergoes ring opening to 

a carbon-centered free radical reactive intermediate in vitro (Parman et al., l998a). A similar 

thalidomide free radical intermediate could covalently bind to DNA and protein, and/or initiate 

ROS formation that oxidizes DNA and other rnacromolecules. 

The predominant hypothesis for thalidomide teratogenicity, based exclusively upon in vitro 

studies using human lymphocytes as the target cell, has focused upon the cytochromes 

P450-catalyzed bioactivation of the phthdimide ring of thalidomide to form a reactive 

electrophilic epoxide intermediate that covalently binds to embryonic proteins (Gordon et al., 

1981). Recently, thalidomide was reported to also covalently bind to DNA (Huang and 
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McBride, 1 997), although these studies are controversial (Neubert, 1 997). Further in viîro 

studies found that P450-catalyzed thalidomide metabonkm altered cellular adhesion (Braun et 

al., 1986), morphology, and division (Hatfill et al., 1991). While th is  hypothesis remains 

tenable, there is no corroborating in vivo evidence, and-! several questions remain: (1) it is not 

clear that lymphocytic cellular necrosis is a relevant madel of teratological development; (2) of 

over 65 analogs of thalidomide tested for teratogenicity Ï n  rabbits, only a few are teratogenic 

(Wuest et al., 1968; Jonsson, l972a), and some of the temtogenic andogs cannot be bioactivated 

by P450s due to the presence of a nitro or amino group on the benzene moiety of the 

phthdimide ring; (3) conversely, some analogs of thalidomide are not teratogenic despite having 

a phthdimide ring that can be bioactivated to an epoxidle intermediate; (4) embryonic activities 

of many P450 isozymes are reIatively low during the period of organogenesis (Kitada and 

Karnataki, 1 994; Wells et al., 1 997b), and materndIy-praoduced reactive intermediate is unIikely 

to reach the fetus. Recently, higher activities of newly discovered P450 1Bl (Pottenger and 

Jefcoate, 1990) and P450 3A7 (Yang et al,, 1994) have been identified in rodent and/or human 

fetuses, but it is not known if thalidomide or its rnetaboIËtes are substrates. These constraints are 

in contrast to the demonstrated capacity of rodent embryos for PHs- and lipoxygenase-catalyzed 

bioactivation of phenytoin and related teratogens to Gee radical reactive intermediates that 

initiate oxidative stress (Wells and Wim, 1996). Furthemore, at least in the latter case, while 

teratogens like phenytoin and benzo[a]pyrene covalently bind to protein and DNA, the 

embryopathy of these xenobiotics in embryo culture can Re completely abolished by the addition 

of antioxidative enzymes like superoxide dismutase and catalase, implying that oxidative 

macromolecular damage may predominate over covalent binding in the molecular mechanism of 

teratogenesis (Wells and Wim, 1996; Winn and Wells, 1 997)- 
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The dramatic protection afforded by the fiee radical spin trapping agent PBN against 

thalidomide teratogenicity and embryopathy also has therapeutic implications. PBN additionally 

has been shown to protect against teratogenicity of the ROS-initiating drug phenytoin in 

pregnant mice (Wells and Wuin, I996), as well as against other pathological conditions thought 

to be ROS-mediated. Hence, radical trapping agents may be worth e x p l o ~ g  as potential 

embryoprotective agents for clinical use in high risk situations where pregnant women must take 

ROS-initiating drugs, or where endogenous pathways for ROS detoxification are inadequate. 

Similarly in adults, ROS may also contribute to other thalidomide toxicities like peripheral 

neuropathies, wherein antioxidative approaches might merit evaluation. While an extensive 

safety evaluation would be required for synhetic trapping agents like PBN, the ability of an 

endogenous substance with radical trapping activity, vitarnin E, to protect against phenytoin 

teratogenicity in rnice (Wells and W i ,  1996) suggests a potential therapeutic utility for ROS 

protection during development. Sirnilar protective effects against phenytoin teratogenicity have 

been observed with matemal administration of the antioxidative enzyme catalase ( w i ~  and 

Wells, 1999). 

In conclusion, these studies show for the first tirne that thalidomide can initiate substantial 

embryonic DNA oxidation, indicative of ROS-mediated oxidative stress. The drarnaticdly 

higher embryonic DNA oxidation in rabbit versus mouse provides the first direct insight into a 

potential embryonic detemihant of the remarkabte species-dependent susceptibility to 

thalidomide teratogenicity. In rabbits, in addition to its therapeutic embryoprotective 

implications, the ability of the fiee radical spin trapping agent PBN in vivo to virtually abolish 

both thalidomide-initiated embryonic DNA oxidation and thalidorni-de teratogenicity suggests 

that ROS formation was initiated by a fiee radical reactive intermediate of thalidomide, and that 
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ROS-initiated embryonic DNA oxidation may play an important role in the rnolecular 

mechanism of thalidomide teratogenicity. 





Given that phenytoin is the anticonvulsant of choice in North America (Epilepsy-Canada, 

1991) and that most pregnancies are not planned, the risk of phenytoin teratogenesis is a medicai 

concem. Consequently, an understanding of the mechanism of  phenytoin teratogenicity is 

essential not only for the development of safer anticonwlsant drugs, but also for evaluating the 

determinants of risk associated with anticonvulsant therapy. As discussed in section 1.9.1, there 

are several possible mechanisms by which phenytoin and its related analogs may initiate 

teratogenesis, among which is PHs-mediated bioactivation of these dmgs to putative free radical 

reactive intermediates that can generate ROS and darnage embryonic macromolecuIar targets. 

An extensive body of  indirect evidence supports this hypothesis (reviewed in: Wim and Weils, 

199Sa; Wells and Winn, 1996; Wells et al., 1997a; Wells et al., 199%; Wells and Wim, 1997). 

Phenytoin initiates hydroxyl radical formation and the oxidation of embryonic DNA, protein, 

thiols and lipid. Conversely, phenytoin-initiated oxidation of ernbryonic cellular 

rnacromoIecules and teratogenicity or embryotoxicity are reduced by PHs inhibitors, free radical 

spin trapping agents, iron chelators, antioxidants, and antioxidative enzymes, including GSH 

reductase, GSH peroxidase, superoxide dismutase and catalase (Ozolins et al., 1995; Winn and 

Wells, 1995a; Kim and Wells, 1996b; Wells and Wim, 1996; Wells er a[., 1997a; Wells et al., 

1997b; Wells and Wim, 1997; Winn and Wells, 1997; W h  and Wells, 1999). Results fkom 

this thesis provide not only the f m t  direct chemical evidence for a phenytoin free radical that 

initiates ROS formation and macromolecular darnage, but dso  insight into the chemical nature, 

stability and reactivity of this free radical (Study 1). In Study 1, PHs-catalyzed production of 

free radicals was obtained for al1 anaiogs of phenytoin with an imidyl moiety, and in some 

cases, the amount o f  fiee radical formed was in agreement with the teratologic potency of the 

drug. One unexpected finding was that concentrations of PBN above 1 rnM inhibited PHs-1 
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activity, possibly by trapping the tyrosyl radicd generated in the process of  enzyme activation. 

In agreement with this finding, subsequent ce11 culture studies have shown that PBN at 

concentrations above IrnM can also inhibit production of PGE2 by inhibithg PHs-2 activity and 

mRNA expression in a concentration-dependent manner (Kotake et al., 1998)- PBN effects on 

activity of the PHs- I isozyrne have not been investigated in cell culture. 

As mentioned in sections 1.3, PHs exists as two isoforms PHs-1 and PHs-2, which are key 

enzymes in the conversion of arachidonic acid to prostanoids, While PHs-1 is constitutive in 

adulf tissues and embryos, PHs-2 is less ubiquitously expressed but inducible in adult tissues. 

However, nothing is known about embryonic PHs-2 expression during the teratologically 

susceptible period of organogenesis. Previous studies showed that inhibition of both PHs-1 and 

PHs-2 by ASA reduced the teratogenicity of trimethadione, dimethadione and phenytoin (Wells 

et al., 1989a; Wells et al., 1989c), and covalent binding of the latter to embryonic protein (Wells 

et al., 1 9 8 9 ~ ) ~  providing evidence for the involvement of these two isoforms in the mechanism 

of xenobiotic teratogenesis. in a series of in vivo studies, this thesis expIored the individual role 

of PHs-1 and PHs-2 in xenobiotic bioactivation to toxic reactive intermediates using recently 

engineered PHs-1 and PHs-2 knockout mice. These studies dernonstrated that PHs-2 is 

expressed constitutively in embryos during the period of organogenesis, and that it contributes 

substantially to embryonic bioactivation of xenobiotics to embryotoxic reactive intermediate, as 

evidenced by the higher incidence of club foof the major malformation associated with B[a]P, 

in +/+ and +/- fetuses exposed in urero to B[a]P as compared to -/- knockout fetuses in the sarne 

group (Study 2). The apparent susceptibility of heterozygotes suggests that even one copy of 

the gene provides teratologically sufficient expression of PHs-2. In contrast, PHs-2-dams had a 

higher incidence of fetal resorptions in the vehicle control group as compared to the B[a]P- 

treated group. The apparent protection of PHs-2-knockout dams against fetal resorptions in the 
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B [a]P-treated group may be due to matemal PHs-2 induction by B HP in these dams. B[a]P has 

k e n  shown to induce PHS-2 mRNA and protein in oral epithelial celIs in a concentration- 

dependent marner (Kelley et al., 1997). PHs-2 is necessary for implantation, as evidenced by 

the ideaility of -/- PHs-2-knockout dams (Dinchuk et al., 1995)- Lïm and coworkers have 

shown that disruption of PHs-2 in rnice produces multiple failure in female reproductive 

processes, including ovulation, fertilization, implantation and decidualization (Lim et al., 1997). 

In addition, PHs-2-derived prostacyclin (PGI2) activates a nuclear hormone receptor known as 

peroxisome proliferator activated receptor-6 (PPA.R6), which is essentid for implantation and 

decidualization (Lim et al., 1999)- Although the studies by Lim and coworkers flLirn et al., 

1997) did not include +/- PHs-2-deficient mice, lack of even one copy of the gene may be 

detrimental to normal deveiopment. This likely susceptibility of +/- PHs-2-deficient mice is 

suggested by the demonstrated intermediate or even maximai effect of heterozygosity upon a 

number of in vivo enzyme activities and toxicologicai outcornes (Nicol et al., 1995; Nicol et al., 

2000). Thus, low levels of materna1 ancilor embryonic PHs-2 may increase the risk of fetaI 

resorption, which could be aileviated by B[a]P-rnediated matemal PHs-2 induction. 

The studies with PHs-1 knockout mice suggest that this enzyme also contributes to the 

mechanism of xenobiotic teratogenicity (Study 3). In +/- dams treated with phenytoin, 

postpartum iethality and DNA oxidation was higher in +/+ and W- fetuses compared to their 4- 

PHs- 1 -knockout littermates, suggesting that, as with PHs-2 heterozygotes, even one copy of the 

PHs-1 gene is sufficient for teratologically reIevant bioactivation. In contrast, exposure to 

phenytoin did not affect the incidence of cleft palate and resorption among fetuses of different 

PHs-1 genotypes. While CD4 mice are susceptible to phenytoin teratogenicity both in vivo and 

in embryo culture (Wells et al., 1989c; Winn and Wells, 1995b), C57BW6 mice are not 

susceptible to phenytoin-initiated cleft palate (FimeIl and Chernoff, 1984). Thus, this particular 
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resistance is Iikely due to the contribution of the C57BL/6 genotype in our hybrid C57BLJ6/CD- 

1 strain. When B[a]P was used as the model teratogen, the incidence of resorption and 

teratologicai anomalies in +/+ and +/- embryos was higher than in -/- PHs- 1 knockout embryos. 

Despite the strain differences in susceptibility to characteristic anomalies initiated by our 

different model teratogens, these results suggest that PHs-1 contributes to the bioactivation of 

these teratogens to toxic reactive intermediates. To date, only three humans with platelets 

deficient in PHs-1 have been identified (Matijevic-AIeksic et al., 1996). Two of these 

individuals lacked PHs-1 protein, while the third had PHs-1 protein that lacked activity. It is 

not known whether such deficiencies in one P H s  isozyme result in an alteration in biological 

status, andor in a compensatory increase in the other PHs isozyme. As more PHs-deficient 

humans are identified, our data obtained with PHs-I and PHs-2 knockout mice rnay contribute 

to a better understanding of the contribution of PHs isozyme alterations to individual 

susceptibility to xenobiotic teratogenicity. 

In light of the observed data with PHs-1 and PHs-2 knockout mice, specific inhibitors of 

these isoforms, might serve as useful mechanistic probes and, if nontoxic to the developing 

fetus, may be usefùl clinicd tools in mûnagement of the teratogenic effects of dnigs that are 

bioactivated by these isoenzymes. To explore these possibilities, valerylsaiicylic acid (VSA), a 

relatively specific inhibitor of PHs-1 in vitro, was tested for its ability to protect against 

phenytoin teratogenicity (Study 4). In these studies, rather than protecting, VSA potentiated 

phenytoin teratogenesis. There is at l e s t  one potential mechanism, unrelated to PHs inhibition 

by VSA, for this teratologic enhancement (Study 4). More importantly, the unexpected adverse 

outcome highlights the potential for unappreciated biochemical activities and adverse, 

interactive effects with multiple dmg therapies during pregnancy. With the ongoing research 

and continuous efforts to make new and more effective specific inhibitors of PHSs for treatrnent 
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of inflammatory diseases, in vivo studies like this are necessary to determine whether such 

drugs, classified by particular riz v h  activities, can be safely used in pregnant women either for 

treatment of inflammation or for the prevention of teratogenic effects of xenobiotics that can be 

bioactivated by these enzymes. 

Thalidomide is one of the most potent human teratogens known to date- In atternpts to 

uncover its mechanism of teratogenicity, as many as 5000 papers have been published since its 

withdrawal fiom the market in the 1960s. Of nearly 40 mechanisms proposed over the years, 

approximately 16 are still actively being considered. Among the broader categorïes of 

postulated mechanisms are those suggesting that thalidomide may affect: 1) DNA replication 

and transcription, 2) synthesis andlor fünction of growth factors and integrins that are important 

for normal development, 3) angiogenesis, 4) chondrogenesis, or 5 )  ce11 death (Stephens and 

Fillmore, 2000). 

The results £?om this thesis (Study 5) obtained with rabbits show that thalidomide initiates 

embryonic DNA oxidation and teratogenicity, both of which are abolished by prekeatrnent with 

the fiee radical spin trapping agent PBN. Conversely in mice, a species resistant to thalidomide 

teratogenicity, thalidomide even at a dose 3-fold higher than that used in rabbits does not 

enhance DNA oxidation, providing the fust insight into an embryonic deterrninant of 

species-dependent susceptibility. Since the glutarimide ring of thalidomide, like phenytoin and 

its analogs, has an imidyl moiety, we suggest that thalidomide rnay also form a nitrogen- 

centered fiee radical that undergoes ring opening to form a carbon-centered radical with an 

isocyanate moiety which may interact with DNA. It has been shown previously that the 

presence of an unhindered nitrogen on the imidyl group of hydantoins and oxazolidinedione 

rings may be necessary for the formation of the nitrogen-centered radical as evidenced by the 

reduced or negligible embryopathie effects of mephenytoin and trimethadione compared to their 
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respective N-demethylated metabolites nirvanol and dimethadione (Wells et al-, 2982; WelIs et 

al., 1989a). Since N-methoxy and N-hydroxy analogs of thalidomide are not teratogenic, and N- 

methylthalidomide is substantially less embryotoxic than thdidomide (Wuest ef al., 1964; 

Wuest et cl., 1968), an unsubstituted hnidyl moiety may constitute a hct ional  group required 

for PHs-catalyzed bioactivation that is common to related structural analogs of both thalidomide 

and phenytoin, 

These results constitute the fmt direct evidence for the involvement of fiee 

radical-mediated oxidative darnage to ernbryonic DNA in the mechanisrn of thalidomide 

teratogenicity- Severai investigators have proposed that DNA plays a significant role in 

thalidomide teratogenicity. It has been suggested that thalidomide may intercalate into the major 

groove of DNA, preventing DNA replication and transcription. However, this suggestion has 

been considered by some to be unlikely, mainly because thalidomide is too bulky to fit into the 

major groove of DNA. Recently, Stephens and coworkers have hypothesized, based on our 

work, that the oxidation of guanosine nucleotides to 8-OH-2'-dG, caused by hydroxyl radicals 

generated from the bioactivation of thalidomide by PHSs, results in a widening of the DNA 

major groove in G-rich genes, thereby facilitating the intercalation of thalidomide and 

particularly its ring-opened product into the major groove of DNA, which in turn can interfere 

with normal gene function (Stephens et al., 2000). This suggestion is supported by a recent 

report that, arnong the genes thought to be involved in Iimb developrnent, angiogenesis and 

chondrogenesis, thalidomide afZected only those bat have no TATA or CCAAT boxes but were 

highly G-rich, and their expression was highly dependent on the GC boxes (reviewed in: 

Stephens et al., 2000). Nine percent of al1 genes do not have TATA and CCAAT boxes. which 

f ic t ion to initiate gene transcription. Instead, these genes are highly dependent on multiple 

GGGCGG elements for regdation of gene transcription (Bucher, 1990). While the hypothesis 
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of Stephens and coworkers is feasible, thalidomide or one of its metabolites dtematively may 

not initiate teratogenesis by directly interacting with DNA, but rather by initiahg the formation 

of ROS that oxidatively darnage cellular macromolecules, including G-rkh genes, andlor 

modulating signal transduction, thereby aitering developmental processes. 

In conclusion, this thesis has presented direct evidence for the hvolvement of PHSs in the 

bioactivation of xenobiotics to f?ee radical reactive intermediates that c m  generate ROS and 

initiate teratogenesis- Our results employing EPR spectrometry provide direct evidence that a 

broad spectnim of structurally related anticonvulsant dmgs al1 undergo PHs-catalyzed 

bioactivation to a fiee radical intermediate. Furthemore, our in vivo studies in PHs-1 and 

PHs-2 knockout mice showed for the first time that, unlike in many adult tissues, PHs-2 is 

expressed constitutively in embryos during the period of organogenesis, and provide the most 

direct evidence to date supporting the hypothesis that both embryonic PHs-1 and PHS-2 are 

involved in the bioactivation of xenobiotics to teratogenic fiee radical reactive intermediates- 

Similady, the results fiom this thesis also provided the first evidence that the teratogenicity of 

thalidomide may involve fiee radical-mediated oxidative damage to embryonic cellular 

macromolecules, and that DNA oxidation may be an embryonic deteminant of 

species-dependent susceptibility to teratogens. These and related discoveries fiom our 

laboratory may provide some insight into the development of new therapeutic strategies for 

protection against xenobiotic teratogenicity and identiS.ing hi&-risk subjects. As discussed 

above, embryos with greater PHs-1 andor PHs-2 activity rnay be at higher teratologic risk, 

since embryonic levels of cytoprotective antioxidative enzymes such as SOD, catalase, 

glutathione reductase and glutathione peroxidase are very low during the period of 

organogenesis (Wong and Wells, 1989; el-Hage and Singh, 1990; Serafini et al., 1991 ; Wim 

and Wells, 1995a; Ozolins et al., 1996). Given that PHs-1 and PHs-2 are important for 
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implantation, embryonic development and parturition, inhibition of these isoenzyrnes using 

isoform specific inhibitors may not be a suitable therape-tic alternative- One possible 

therapeutic strategy may be to administer SOD and catalase to mothers with predisposed 

ernbryos, Winn and coworkers have shown in embryo culture and in vivo that SOD and catalase 

protected rodent embryos fiom phenytoin teratogenicity ( W h  and Wells, 1995b; Winn and 

Wells, 1999). As evidenced fiom the data presented in section 2.5, administration of fkee radical 

trapping agents may be another suitable protective strategy for ROS-initiating teratogens. 

However, prior to any consideration of clinical application, additional studies in animal rnodels, 

including primates, will be necessary to fully evaluate the efficacy and safety of antioxidative 

enzymes and fkee radical trapping agents, particularly during pregnancy. In addition, there is a 

need for caution in extrapolating results fiom animals to hurnans due to potential species 

differences in susceptibility to various drugs, as exemplified in our thalidomide studies. 



3.2 FUTURE STUDIES 

Studies fiom this thesis provide evidence supporthg a role for PHSs in phenytoin 

teratogenicity. Like PHs knockout rnice, some human infants exposed to phenytoin do not 

exhibit the Fetal Hydantoin Syndrome. Future human studies investigating the expression and 

activity of PHs-1 and PHs-2 in human children exposed in utero to phenytoin rnay provide an 

explanation for the Iack of phenytoin teratogenicity in such chiidren. Consequently, these 

studies rnay provide insight into the contribution of hurnan PHs-1 and PHs-2 activities to 

teratological susceptibility. 

While this thesis provided supporting evidence for the involvement of PHs-1- and PHS-2- 

dependent ROS formation and oxidative macromolecular damage in the mechanism of 

xenobiotic teratogenicity, the reason for differential, tissue specific effects of these various 

teratogens remains unknown. The tissue specificity associated with teratogens rnay result at least 

in part from variability in the expression of PHs-1 and PHs-2 protein in target tissues. 

Therefore, future studies using immunohistochemical detection would be usefùl to determine 

whether the level of PHs-1 and PHs-2 in various embryonic tissues during organogenesis is a 

determinant of tissue-specific susceptibility. 

Furthermore, whiIe our results provide evidence supporting a role for ROS-mediated 

oxidative damage to ernbryonic cellular macromolecuies in the mechanism of xenobiotic 

teratogenicity, it remains to be determined which genes are the determinants of spccies- 

dependent susceptibility to xenobiotic teratogenicity (susceptibility genes). Future studies rnay 

include the use of microchip DNA array techology to find these susceptibiiity genes. One 

study rnay involve the comparison of the effect PHs-catalyzed xenobiotic-initiated radicals may 

have on the expression of genes involved in the process of organogenesis in resistant and 

susceptible species. The determination of susceptibility genes also rnay provide M e r  insight 
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into other underlying mechanisms of xenobiotic teratogenicity, such as ROS-mediated signal 

transduction. 

Finally, given that the studies presented in this thesis support a role for fiee radicals in the 

mechanism of thalidomide teratogenicity, fitwe studies using rabbit embryo cuIture to directiy 

detect these radicds in the whole embryo, and an analysis of teratogenic and nonteratogenic 

analogs of thalidomide in this system, may increase our understanding of the mechanism of 

thalidomide teratogenicity, and provide insight for the development of more effective but less 

teratogenic analogs. 





Abate, C., Patel, L., Rauscher, F-J-à. and Curran, T. (1990) Redox regulation of fos and jun 
DNA-binding activity in vitro. Science, 249, 1 157-6 1. 

Abe, M.K., Kartha, S., Karpova, A.Y., Li, J., Liu, P.T., Kuo, W.L. and Hershenson, M.B. (1998) 
Hydrogen peroxide activates extracellular signal-regulated kinase via protein kinase C, Raf-l , 
and MEK1. Am J Respir Cell MOI Biol, 18,562-9. 

Abe, R., Sakashita, E., Yamamoto, K. and Sakamoto, H. (1996) Two different RNA binding 
activities for the AU-rich element and the poly(A) sequence of the mouse neuronal protein 
rnHuC. Nucleic Acids Res, 24,4895-90 1 .  

Abu-Abed, S.S., Beckett, BR-, Chiba, H-, Chithaien, J.V., Jones, G., Metzger, D., Chambon, P. 
and Petkovich, M. (1998) Mouse P450RA-1 (CYP26) expression and retinoic acid-ifiducible 
retinoic acid rnetabolism in F9 cells are regulated by retinoic acid receptor gamma and rethoid 
X receptor alpha. J Biol Chem, 273,2409- 15. 

Adams, A.E., Abu-Amer, Y-, Chappel, J-, Stueckle, S., Ross, F-P., Teitelbaum, S.L. and Suva, 
L.J. (1999) 1,25 dihydroxyvitarnin D3 and dexamethasone ùiduce the cyclooxygenase 1 gene in 
osteoclast-supporting stroma1 cells. J Cell Biochem, 74, 587-95. 

Adelman, R., Saul, R.L. and d e s ,  B.N. (1988) Oxidative damage to DNA: relation to species 
metabolic rate and life span- Proc Natl Acad Sci USA, 85,2706-8, 

Adler, T. (1994) The return of thalidomide. Sci News, 146,424-425. 

Albano, E., Lott, K.A., SIater, T.F., Stier, A., Syrnons, M.C. and Tomasi, A. (1982) Spin- 
trapping studies on the fiee-radical products formed by metabolic activation of carbon 
tetrachtorids in rat liver microsomal fractions isolated hepatocytes and in vivo in the rat. 
Biochem J, 204,593-603. 

Albano, E., Tomasi, A. and Ingelman-Sundberg, M. (1994) Spin trapping of alcohol-derived 
radicals in microsornes and reconstituted systems by electron spin resonance. Methods Enzymol, 
233, 1 17-27. 

Aikalay, L, Yaron, A., Hatzubsi, A., Onan, A., Ciechanover, A. and Ben-Neriah, Y. (1995) 
Stimulation-dependent I kappa B alpha phosphorylation marks the NF-kappa B inhibitor for 
degradarion via the ubiquitin-proteasorne pathway. Proc Natl Acad Sci USA, 92, 10599-603. 

Allen, R.G. and Tresini, M. (2000) Oxidative stress and gene regulation. Free Radic Biol Med, 
28,463-99. 

Ames, B.N. (1989) Endogenous oxidative DNA damage, aging, and cancer. Free Radical 
Research Communications, 7, 1 2 1 -8. 



Ames, B.N. and Gold, L.S- (1991) Endogenous mutagens and the causes of aging and cancer. 
Mutat Res, 250,3 -1 6- 

Amin, A.R., Attur, M., Patel, R.N., Thakker, GD., Marshall, PL, Rediske, J., Stuchui, S.A., 
Patel, I.R. and Abramson, S.B. (1997) Superinduction of cyclooxygenase-2 activity in human 
osteoarthritis-af5ected cartilage, Influence of nitric oxide. J Clin Invest, 99, 123 1-7. 

Anari, M.R., Khan, S., Liu, 2-C- and O'Brien, P.J. (1995) Cytochrome P450 
peroxidase/peroxygenase rnediated xenobiotic metabolic activation and cytotoxicity in isolated 
hepatocytes. Chem Res Toxicol, 8,997-1004. 

Anderson, G.D., Hauser, S.D., McGarity, K.L., Bremer, M.E., Isakson, P.C. and Gregory, S.A. 
(1996) Selective Ïnhibition of cyclooxygenase (C0X)-2 reverses inflammation and expression of 
COX-2 and interleukin 6 in rat adjuvant arthntis, J Clin Invest, 97,2672-9. 

Anonyrnous. (1997) Thalidomide on probation. The Econornisi, Vol. 7 September, p. 84. 

Appleby, SB., Ristimaki, A., Neilson, K., Narko, K. and Hla, T. (1994) Structure of the human 
cyclo-oxygenase-2 gene. Biochem J, 302,723-7. 

Arlen, R.R. and Wells, P.G. (1990) Exteracelfular thioi-disulfide status reflecting chernical 
toxicity mediated via oxidative stress: validation with paraquat and t-butylhydroperoxide, and 
implication for pheytoin and thalidomide teratogenicity. FASEB J. 4, A608. 

Arlen, R.R. and Wells, P.G. (1996) Inhibition of thalidomide teratogenicity by acetylsalicylic 
acid: evidence for prostaglandin H synthase-catalyzed bioactivation of thalidomide to a 
teratogenic reactive intermediate. Jow-na1 of Pharmacology & Experinzental Therapeutics, 277, 
1649-58. 

Amone, M.I., Zannini, M. and Di Lawo, R, (1995) The DNA bindhg activity and the 
dimerization ability of the thyroid transcription factor 1 are redox regulated. J Biol Chem, 270. 
12048-55. 

Ashby, J., Tinwell, H., CalIander, R.D., Kimber, I., Clay, P-, Galloway, S.M., Hill, R.B., 
Greenwood, S-K., Gaulden, M.E., Ferguson, M.J., Vogel, E., Nivard, M., Parry, J.M. and 
Williamson, J. (1997) Thalidomide: lack of mutagenic activity across phyla and genetic 
endpoints. Mutat Res, 396,4564- 

Atra, E. and Sato, E.1- (1993) Treatrnent of the cutaneous lesions of systemic lupus 
erythematosus with thalidomide- CIinical & E~perimental R heurnatology, 1 1,487-93. 

Audit, C.O. (1994) Thalidomide-induced polyamine acylation: a new insight into the acylation 
mechanism. Biogenic Amines, 10,543-54. 

Audit, C.O., Eger, K. and Aimar, C. (1 996) Possible involvement of an acylation mechanism in 
thalidomide-induced teratogenesis of the newt (Pleurodeles Waltl.). Development, Growth and 
Drrerentiation, 38,4745. 



Augusto, 0. (1993) Alkylation and cleavage of DNA by carbon-centered radical metabolites. 
Free Radie Biol Med, 15,329-36. 

Barker, K., Aderem, A. and Hanfisa, H. (1989) Modulation of arachidonic acid metabolism by 
Rous sarcoma virus. J Virol, 63,2929-35. 

Barnett, J., Chow, J., Ives, D., Chiou, M., Mackenzie, R., Osen, E., Nguyen, B., Tshg, S., Bach, 
C., Freire, J. and et al. (1994) Purification, characterization and selective inhibition of human 
prostaglandin G/H synthase 1 and 2 expressed in the baculovims system. Biochim Biophys Acta, 
1209, 130-9. 

Battegay, E.J. (1 995) Angiogenesis: mechanistic insights, neovascular diseases, and therapeutic 
prospects. J Mol Med, 73,333-46. 

Beckman, D.A. and Brent, R.L. (1984) Mechanisms of teratogenesis. Annu Rev Pharmacol 
Toxicol, 24,483-500. 

Beiche, F., Scheuerer, S., Brune, K., Geisslinger, G. and Goppelt-Stmebe, M. (1996) Up- 
regulation of cyclooxygenase-2 mRNA in the rat spinal cord following peripheral inflammation. 
FEBS Lett, 390, 165-9. 

Belanger, P.M. and -4titse-Gbeassor, A. (1985) Effect of nonsteroidal anti-inflarnrnatory dmgs 
on the microsomal monooxygenase system of rat Iiver. Can J Physiol Pharmacol, 63,798-803. 

Belvedere, G., Tursi, F., Elovaara, E. and Vainio, H. (1983) Styrene oxidation to styrene oxide 
coupled with arachidonic acid oxidation by soybean lipoxygenase. Toxicol Lett, 18,3944. 

Benson, A.J., Martin, C.N. and Garner, R.C. (1988) N-(2-hydroxyethy1)-N-[2-(7- 
guaninyl)ethyl]amine, the putative major DNA adduct of cyclophosphamide in vitro and in vivo 
in the rat. Biochern Pharmacol, 37,2979-85. 

Bhattacharyya, D.K., Lecomte, M., D m ,  J., Morganç, D.J. and Smith, W.L. (1995) Selective 
inhibition of prostaglandin endoperoxide synthase- 1 (cyclooxygenase- 1 ) by valerylsalicylic acid. 
Arch Biochern Biophys, 317, 19-24. 

Billings, R.E. (1985) Mechanisms of catechol formation fiom aromatic compounds in isolated 
rat hepatocytes. Dnrg Metab Dispos, 13,287-90. 

Billings, R.E. and Fischer, L.J. (1985) Oxygen-18 incorporation studies of the metabolism of 
phenytoin to the catechol. Drug Metab Dispos, 13,3 12-7. 

Birkett, D.J., Mackenzie, P.I., Veronese, M.E. and Miners, J.O. (1993) In vitro approaches can 
predict human drug metabolism. 14,292-294. 

Bley, KR., Hunter, J.C., Eglen, R.M. and Smith, J.A. (1998) The roie of iP prostanoid receptors 
in inflammatory pain. Trends Pharmacol Sci, 19, 1 4 1 -7. 



Bodokh, L, Lacour, J.P., Rainero, C., Castanel, J., Michiels, J.F. and Ortonne, J.P- (1993) 
Effectiveness of  thaIidomide against oesophageal dceration in HIV injection. Presse Med, 22, 
1233- 

Bohjanen, P.R., Petryniak, B., June, C.H., Thompson, C.B. and Lindsten, T. (1991) An 
inducible cytoplasmic factor (AU-B) binds selectively to AUUUA multirners in the 3' 
untranslated region of lymphokine mRNA. Molentlar & Cellular BioZogy, 11,3288-95. 

Bondy, S C  and Naderi, S. (1994) Contribution of hepatic cytochrorne P450 systems to the 
generation of reactive oxygen species. Biochem Pharmacol, 48, 155-9, 

Boroujerdi, M., Kung, H-, Wilson, A-G- and Anderson? M.W. (1981) Metabolism and DNA 
binding of benzo(a)pyrene in vivo in the rat. Cancer Res, 41, 95 t -7. 

Boveris, A. and Chance, B. (1973) The mitochondrial generation of hydrogen peroxide. General 
properties and effect of hyperbaric oxygen. Biochem J, 134, 707- 16- 

Boyd, J.A. and Eling, T.E. (1987) Prostaglandin H synthase-catalyzed metabolism and DNA 
binding of 2-naphthylamuie. Cancer Res? 17,4007-14. 

Brake, P.B., Arai, M., As-Sanie, S., Jefcoate, CR. and Widmaier, E.P. (1999) Developmental 
expression and regulation of adrenocortical cytochrome P450 1 B 1 in the rat. Endocrinology, 110, 
1672-80- 

Braun, A.G., Harding, F-A- and Weinreb, S.L- (1986) Teratogen metabolism: thalidomide 
activation is mediated by cytochrome P-450. To.ricoZogy & Applied Pharmacology, 82, 175-9. 

Braun, A.G. and Weinreb, S.L. (1984) Teratogen metabolism: activation of thalidomide and 
thalidomide andogues to products that inhibit the attachent of cells to concanavalin A coated 
plastic surfaces. Biochem Pharmacol, 33, 147 1-7. 

Braun, A.G. and Weinreb, S.L. (1985) Teratogen metabolism: spontaneous decay products of 
thalidomide and thalidomide analogues are not bioactivated by liver microsomes. Teratogenesis. 
Carcinogenesis, & Mutagenesis, 5, 149-5 8. 

Breder, CD., Dewitt, D. and Kraig, R.P. (1995) Characterization of inducible cyc!ooxygenase in 
rat brain. J Comp Neurol, 355,296-3 1 5. 

Breder, C.D. and Saper, C.B. (1996) Expression of inducible cyclooxygenase rnRNA in the 
mouse brain after systemic administration of bacterial lipopolysacch~de. Brain Res, 713,64-9. 

Brent, R.L. and Holmes, L.B. (1988) Clinical and basic science lessons from the thaiidornide 
tragedy: what have we learned about the causes of limb defects? Terarologv, 38,241 -5 1. 

Brewer, G. (1 991) An A + U-rich element RNA-binding faftor regulates c-rnyc mRNA stability 
in vitro. Moleadar & Cellular Biology, 11,2460-6. 



Bucher, P. (1990) Weight matrïx descriptions of four eukaryotic RNA polyrnerase II promoter 
elernents derived fiom 502 unrelated promoter sequences. JMol  BioZ, 212,563-78. 

Buehler, B.A., Delimont, D., van Waes, M. and Finnell, R.H. (1990) Prenatal prediction of risk 
of the fetal hydantoin syndrome [see comments]. N Engl JMed, 322, 1567-72. 

Buters, J-T., Sakai, S- ,  Richter, T,, Pineau, T., Alexander, DL., Savas, U., Doehmer, J., Ward, 
J-M., Jefcoate, C.R. and Gonzalez, F.J. (1999) Cytochrome P450 CYPlBl determines 
susceptibility to 7, 1 2-dhethylbenz[a] anthracene-induçed lyrnphomas. Proc Nat1 Acad Sci U S 
A, 96, 1977-82. 

Byczkowski, J.Z. and Kulkarni, A.P. (1989) Lipoxygenase-catalyzed epoxidation of 
benzo(a)pyrene-7,8-dihydrodiol. Biochern Biophys Res Commun, 159, I 199-205. 

Caivano, M. and Cohen, P. (2000) Role of mitogen-activated protein kinase cascades in 
mediating lipopolysaccharide-stimuIated induction of cyclooxygenase-2 and IL-1 beta in 
RAW264 macrophages. Jlrnrnunol, 164,301 8-25. 

Capdevila, J.H., Morrow, J.D., Beloshdtsev, Y.Y., Beauchamp, D.R-, DuBois, R.N. and Faick, 
J.R. (1995) The catalytic outcornes of the constitutive and the mitogen inducible isoforms of 
prostaglandin HZ spthase are markedly af3ected by glutathione and glutathione peroxidase(s). 
Biochem istry, 34,3 325-3 7. 

Caput, D., Beutler, B., Hartog, K., Thayer, R., Brown-Shimer? S. and Cerami, A. (1986) 
Identification of a common nucleotide sequence in the 3'-untranslated region of rnRNA 
molecules specieing inflammatory mediators. Proc Nat1 Acad Sei USA, 83, 1670-4. 

Carpenter, S.P., Lasker, J.M. and Raucy, J.L. (1 996) Expression, induction, and catalytic activity 
of the ethanol-inducible cytochrome P450 (CYP2E1) in human fetal liver and hepatocytes. MOI 
Pharmacol, 49,260-8. 

Castilla, E.E., Ashton-Prolla, P., Barreda-Mejia, E., Brunoni, D,, Cavalcanti, D.P., Correa-Neto, 
J., Delgadillo, J.L., Dutra, M.G., Felix, T., Giraldo, A., Juarez N., Lopez-Carnelo, J.S., Nazer, 
J., Orioli, LM., Paz, J.E., Pessoto, M.A., Pina-Neto, J.M., Quadrelli, R., Rittler, M., Rueda, S-, 
Saitos, M., Sanchez, 0. and Schuler, L. (1996) Thalidomide, a current teratogen in South 
America. TeratoIogy, 54,273-7. 

Cathcart, R., Schwiers, E., Sad, R.L. and Ames, B.N. (1984) Thymine glycol and thyrnidice 
glycol in hurnan and rat urine: a possible assay for oxidative DNA damage. Proc Natl Acad Sci 
USA, 81,5633-7. 

Catterall, H., Davies, ML, Gilbert, B.C. and Polack, N. (1993) EPR spin-trapping studies of  the 
reaction of the hydroxyl radical with pyrimidine nucleobases. Nucleosides and nucleotide, 
polynucleotides and RNA. Direct evidence for sites of initial attack for strand breakage. J Chem 
Soc Perkin Tram 11,2039-47. 



Cavalieri, E.L., Devanesan, P.D. and Rogan, E.G. (1988) Radical cations in the horseradish 
peroxidase and prostagiandin H synthase mediated metabolism and binding of benzo[a]pyrene to 
deoxyribonucleic acid. Biochern Phmmucol, 37,2 1 83-7. 

Cerutti, P.A. ( 1 994) Oxy-radicds and cancer. Lancer, 344, 862-3. 

Chakraborty, I., Das, S.K, Wang, J- and Dey, S.K. (1996) Developmental expression of  the 
cyclo-oxygenase-1 and cyclo-oxygenase-2 genes in the pen-implantation mouse uterus and their 
differentid regulation by the blastocyst and ovarim steroids. J Mol Endocrinul, 16, 107-22. 

Chen, C.Y., Del Gatto-Konczak, F., Wu, 2. and Karïn, M- (1998) Stabilization of interleukin-2 
niRNA by the c-Jun NID-terminai kinase pathway. Science, 280,1945-9. 

Cheng, K.C., Cahill, D.S., Kasai, H., Nishimura, S. and Loeb, L.A. (1992) 8-Hydroxyguanine, 
an abundant fonn of oxidative DNA damage, causes G----T and A----C substitutions. J Biol 
Chem, 267, 1 66-72. 

Cheng, K C ,  Preston, B.D., Cahill, D.S., Dosanjh, M.K., Singer, B. and Loeb, L.A. (1991) The 
vinyl chloride DNA denvative N2,3-ethenoguanine produces G---A transitions in Escherichia 
coli. Proc Natl Acad Sci USA, 88,9974-8. 

Chigliottie, G., Repetto, T., Farris, A., Roy, M.T. and De Marchi, R, (1993) Thalidomide: 
Treatrnent of choice for aphthous ulcers in patients seropositive for hurnan ixnmunodeficienyc 
virus. Journal of American Acaderny of Dermatology, 28,27 1-272. 

Chock, S.P., Schmauder-Chock, E-A., Cordella-Miele, E., Miele, L, and Mukherjee, A.B. (1994) 
The locdization of phospholipase A2 in the secretory granule. Bioche.% J, 300,6 19-22. 

Chow, S.A., Charkowski, D.M. and Fischer, L.J. (1980) Separation of phenytoin and its 
metabolites by high-performance Iiquid chromatography. Lzye Sci, 27,2477-82. 

Chow, SA.  and Fischer, L.J. (1982) Phenytoin metabolism in mice. h g  Metab Dispos, 10, 
156-60. 

Chow, Y.L. and Naguib, Y.M.A. (1984) Recent controversy on imidyl radical chemistry. 
Reviews of Chernical Intermediates, 5,325-345. 

Chow, Y.L. and Zhao, D.A. (1987) Photodecomposition of N-bromosuccinimide: Radical chah  
carriers and their interrelations. J Org Chem, 52? 193 1 - 1 939. 

Chow, Y.L. and Zhao, D.A. (1989) The presence of two reactive intermediates in the photolysis 
of N-bromosuccinimide: Kinetic proofs. J Org Chern, 54, 530-534. 

Chung, J.H. and Kroll, R.B. (1988) Two-step activation of valproic acid (VPA) by hepatic 
cytochrome P-450. Med Hypotheses, 25,227-9. 



Clarke, A.R., Purdie, C.A., Han-ison, D.J., Morris, R.G., Bird, C C ,  Hooper, M.L. and Wyllie, 
A.H. (1993) Thymocyte apoptosis induced by p53-dependent and independent pathways [see 
comments]. Nature, 362,84942, 

Clayson, D.B-, Mehta, R. and Iverson, F. (1994) International Commission for Protection 
Against Environmental Mutagens and Carcuiogens. Oxidative DNA damage--the effects of 
certain genotoxic and operationally non-genotoxic carcinogens M a  Res, 3 l7,25-42. 

Clayton-Smith, J. and Donnai, D. (1995) Fetai valproate syndrome. JMed Genet, 32,724-7. 

Coffey, J.W., Fiedler-Nagy, C., Nemzak, R., Batula-Bernardo, C .  and Sullivan, A.C. (1982) The 
anti-inflarnmatory activity of nordihydroguaiaretic acid (NDGA) and 5,8,11,14-eicosatetraynoic 
acid (ETYA) in adjuvant arthritis. Fed Proc, 41, 155 1. 

Copeland, R.A., Williams, J.M., Giannaras, J-, Nurnberg, S., Covington, M., Pinto, D., Pick, S. 
and Trzaskos, J-M. (1994) Mechanism of selective inhibition of the inducible isofonn of 
prostaglandin G/H synthase. Proc h s t  Mech Eng (Y), 91, 1 1202-6. 

D'Amato, R.J.? Loughnan, M.S., Flynn, E. and Folkman, J. (1994) Thdidomide is an inhibitor of 
angiogenesis. Proceedings of the Institution of Mechanical Engineei-s Part H, Journal of 
Engineering in MedicineA, 91,4082-5. 

D'Arcy, P.F. and Grifin, J.P. (1994) Thalidomide revisited. Adverse Drzrg Renctions & 
Toxico logical Reviews, 13,65-76. 

Danielsson, B.R., Danielson,M., Rundqvist, E., Reiland, S. (1 992) Identical phaiangeai defects 
induced by phenytoin and nifedipine suggest fetal hypoxia md vascular disruption behind 
phenytoin teratogenicity. Tei-atology. 15, 247-58. 

Datta, K. and Kuikarni, A.P. (1994) Oxidative metabolism of aflatoxin BI by lipoxygenase 
purified fiom hurnan term placenta and intrauterine conceptal tissues. TerutoZogy, 50,3 1 1-7. 

Datta, K. and Kulkcîrni, A.P. (1996) Co-oxidation of ail-trans retinol acetate by hurnan term 
placental lipoxygenase and soybean lipoxygenase. Repmd Toxicol, 10, 105- 12. 

Davies, K.J. (1987) Protein damage and degradation by oxygen radicals. 1. general aspects. J 
Biol Chem, 262,9895-90 1. 

Davies, K.J. and Delsignore, M.E. (1987) Protein damage and degradation by oxygen radicals. 
III. Modification of secondary and tertiary structure. J Biol Chem, 262,9908- 13. 

Davies, K.J., Delsignore, M.E. and Lin, S.W. (1987) Protein darnage and degradation by oxygen 
radicals. II. Modification of amino acids. J Biol Chem, 262,9902-7. 

Davies, M. J., Gilbert, B.C. and Haywood, R.M. (1 99 1 ) Radical-induced damage to proteins: 
e.s.r. spin-trapping studies. Free Rad Res Commun, 15, 1 1 1-27. 



Davies, M.J., Gilbert, B.C. and Norman, R.O.C. (1 983) EIectron spin resonance studies, part 64. 
The hydroxyi radical induced decarboxyIation o f  methionine and some related compunds. J 
Chem Soc Perkin Tram 11,73 1-8. 

de la Torre, J-C. (1997) Cerebromicrovascular pathology in Alzheimer's disease compared to 
normal aging. Gerontology, 43,26-43. 

de Roos, K., Sonneveld, E., Compaan, B., ten Berge, D., Durston, A.J. and van der Saag, P.T. 
(1999) Expression of retinoic acid Chydroxylase (CYP26) during m o w  and Xenopus laevis 
embryogenesis- Mech Dev, 82,205-1 1, 

Delahunt, C.S., Kiss, N., Feldman, E, and Oakes, M. (1965) Some comparative pharmacologicaI 
studies in man and the monkey cvith thalidomide- Toxicol Appl Pharmacol, 7,48 1. 

Denison, M.S. and Whitiock, J.P., Jr. (1 995) Xenobiotic-inducible transcription of cytochrome 
P450 genes. J Biol Chem, 270, 1 8 175-8. 

Denison, M.S. and Yao, E.F- (1991) Characterization of the interaction of transformed rat 
hepatic cytosolic Ah receptor with a dioxin responsive transcriptional enhancer. Arch Biochern 
Biophys, 284,158-66. 

DeSesso, J.M., ScialIi, AR. and Goeringer, G.C- (1994) D-mannitol. a specific hydroxyl free 
radical scavenger, reduces the developmental toxicity of hydroxyurea in rabbits. TeratoZogy, 49, 
248-59. 

DeWitt, D.L., el-Harith, E.A., Kraerner, S.A., Andrews, M.J., Yao, E.F-, Armstrong, R.L. and 
Smith, W.L- (1990) The aspirin and heme-bïnding sites of ovine and murine prostaglandin 
endoperoxide qnthases. J Biol Chem, 265, 5 192-8- 

Diaz* A., Chepenik, K.P., Korn, J.H., Reginato, A.M. and J i m e n e ~  S.A. (1998) Differential 
regulation of cyclooxygenases 1 and 2 by interleukin-1 beta, turnor necrosis factor-alpha, and 
transfoiming growth factor-beta 1 in human lung fibroblasts. Exp CeZl Res, 241,222-9- 

Dinchuk, J.E., Car, B.D., Focht, R.J., Johnston, J.J., Jaffee, B.D., Covington, M.B., Contel, 
N.R., Eng, V.M., Collins, R.J., Czerniak, P.M. and et ai. (1995) Rend abnomalities and an 
altered inflamrnatory response in mice lacking cyclooxygenase II. Nature, 378,406-9. 

Dipple, A. and Moschel, R.C. (1990) Chemistry of DNA alkylation and aiylation. Ln 
Mendelsohn, M. and Albertini, R.J. (eds.), Mtrtatioïz and the Environment., Par-t A. Basic 
Mechanisms. Wiley-Liss, New York, pp. 7 1-80. 

Dipple, A., Oschel, R.C. and Bigger, C.A.H. (1984) Polycyclic aromatic carcinogenesis. In 
Searle, S.E. (ed.) Chernical Carcinogens. American Chernical Society, Washington, D.C., pp. 
41-163, 



Dizdaroglu, M. (1993) Chemistry of free radical darnage to DNA and nucleoproteins. In 
Halliwell, B. and Amorna, 0.1. (eds.), DNA and Free Radicds. Ellis Harwwod, Chicester, pp. 
19-39. 

Doecke, C.J., Veronese, M.E., Pond, S. M., Miners, J. O., Birkett, D. J., Sansom, L. N., 
McManus, M. E. (1991) Relationship between phenytoin and tolbutamide hydroxylations in 
human liver microsomes. British Journal of CZirzical PI'~armacoIogv, 3 1, 125-30. 

Downing, D.T., Barve, J-A., Gunstone, F.D., Jacobsberg, F.R. and Jie, M.L. (1972) Stnrctural 
requirements of acetylenic fatty acids for inhibition of soybean lipoxygenase and prostaglandin 
synîhetase. Biochim Biophys Acta, 280,343-7. 

Drazen, J.M., Israel, E. and O'Byme, P.M. (1999) Treatment of asthrna with drugs modifj6ng the 
leukotriene pathway Cpublished erratum appears in N Engl J Med 1999 Feb 25;340(8):663]. N 
Engl J Med, 340, 197-206. 

Dubois, R-N., Abramson, SB., Crofford, L., Gupta, R.A., Simon, L X ,  Van De Putte, L.B. and 
Lipsky, P.E. (1998) Cyclooxygenase in biology and disease [see comments]. FASEB J. 12, 
1063-73. 

DuBois, R.N., Shao, J., Tsujii, M., Sheng, H. and Beauchamp, RD. (1996) G1 delay in celIs 
overexpressing prostaglandin endoperoxide synthase-2. Cancer Res, 56, 733-3 7. 

Eatock, M.M., Schatzlein, A. and Kaye, K.B. (2000) Tumour vasculature as target for anticancer 
therapy. Cancer Trent Rev. 26, 1 9 1 -204. 

el-Hage, S. and Singh, S M -  (1990) Temporal expression of genes encoding free radical- 
metabolizing enzymes is associated with higher mRNA levels during in utero development in 
mice. Dev Genet, 11, 149-59. 

Elmazar, M.M., Thiel, R. and Nau, H. (1992) Effect of supplementation with folinic acid, 
vitamin B6, and vitamin B12 on valproic acid-induced teratogenesis in mice. Fundurn Appl 
Toxicol, 18,389-94. 

Endo, T,, Ogushi, F., Sone, S., Ogura, T., Taketani, Y., Hayashi, Y., Ued- N. and Yamamoto, 
S. (1 995) Induction of cyclooxygenase-2 is responsible for interleukin- 2 beta-dependent 
prostaglandin E2 synthesis by human lung fibroblasts. Arnerican Journal of Respiratory Ce/[& 
Molecular BioZogy, 12,3 58-65, 

Engels, F. and Nijkamp, F.P. (1 998) Phamacological inhibition of leukotriene actions. Pharm 
World Sei, 20,60-5. 

Epilepsy-Canada. (1 991) Your medication for epilepcy. Epilepcy Canada. 

Espinasse, M., Manouvrier, S., Boute, 0. and Famiaux, J.P. (1996) Embryofetopathy due to 
valproate: a pathology only little known. Apropos of 4 cases (see comments)]. Arch Pediafr, 3, 
896-9. 



Eykholt, R.L., Hansen, W.R., Potter, S., Marvin, K.W. and Mitchell, M.D. (1999) Cytokines 
regulate prostaglandin H synthase-l transcription in human amnion-derived ceUs. 
Pros faglandins Leukotrienes & Essential Faw A ci&, 61,3 23 -9. 

Fabro, S., Smith, R-L- and Williams, R.T. (1965) Thalidomide as a possible biological acylating 
agent- Nature, 208, 1208-9. 

Fan, X.C. and Steitz, J.A. (1998) Overexpression of HuR, a nuclear-cytoplasrnic shuttling 
protein, increases the in vivo stability of ARE-containing mRNAs. EMBO J, 17,3448-60. 

Fantel, A.G. (1996) Reactive oxygen species in developmental toxicity: review and hypothesis. 
Teratology, 53, 1 96-2 1 7. 

Fantel, A.G., Barber, C.V., Carda, M.B., Tumbic, R.W. and Mackler, B. (1992) Studies of the 
role of ischemiakeperfusion and superoxide anion radical production in the teratogenicity of 
cocaine. TeratoZogy, 46,293-300. 

Favreau, L.V. and Pickett, C.B. (1991) Transcriptional regulation of the rat NAD(P)H:quinone 
reductase gene. Identification of regdatory elements controlling basal level expression and 
inducible expression by plana aromatic compounds and phenolic antioxidants. J BioZ Chem. 
266,4556-6 1, 

Feng, L., Sun, W., Xia, Y., Tang, W.W., Chanrnugarn, P., Soyoola, E., Wilson, C.B. and 
Hwang, D. (1993) Cloning two isoforms of rat cyclooxygenase: differential regulation of their 
expression. Archives of Biochemishy & Biophysics, 307,36 1-8. 

Fessenden, R.J. and Fessenden, J.S. (1 986a) AlQl halides: substitution and elimination reaction. 
Organic Chemistry. BrooksKole Publishing Company, California, pp. 294-98. 

Fessenden, R.J. and Fessenden, J.S. (1986b) Alkyl halides: substitution and elirnination reaction. 
Organic Chemishy. Brooks/Cole Publishing Company, California, pp. 175-98. 

Finnell, R.H., Bennett, G.D., Slattery, J.T., Amore, B.M., Bajpai, M. and Levy. R.H. (1995) 
Effect of treatment with phenobarbital and stiripentol on carbarnazepine-induced teratogenicity 
and reactive metabolite formation. TeratoZog):, 52, 324-32. 

Fimeil, R.H. and Chemoff, G.F. (1984) Variable patterns of malformation in the mouse fetal 
hydantoin syndrome. Am J Med Genet, 19,463-7 1. 

Finnell, R.H., Kerr, B.M., van Waes, M., Steward, R.L. and Levy, R.H. (1994) Protection fiom 
phenytoin-induced congenitai malformations by coadministration of the antiepileptic dmg 
stiripentol in a mouse mode!. Epilepsia, 35, 14 1-8. 

FimeIl, R.H., Shields, H.E., Taylor, S.M. and Chemoff, G.F. (1987) Strain differences in 
phenobarbital-induced teratogenesis in mice. Teratology, 35, 1 77-85. 



Firestein, G S  ., Panayi, G.S. and Wollheim, F.A. (eds.) (2000) Rheumafoid Arthifis. New 
Frontiers in Pathogenesis and Treatrnent- Oxford University Press, London. 

Fischer, V., Haar, LA., Greiner, L., Lloyd, R-V. and Mason, R.P. (1 99 1) Possible role of £iee 
radical formation in clozapine (clozad)-induced agranulocytosis. Moi Pharmacoi, 40,846-53. 

Fletcher, B.S., Kujubu, D.A., Perrin, D.M. and Herschman, KR. (1 992) Structure of the 
rnitogen-inducible TIS 10 gene and demonstration that the TIS 1 O-encoded protein is a functional 
prostaglandin G/H synthase. JBiol Chem, 267,4338-44. 

Floyd, R.A. (1 990) The roIe of 8-hydroxyguanine in carcinogenesis. Carcinogenesis, 1 1, 1 447- 
50. 

Floyd, R.A., Watson, J.J., H-s, J., West, M. and Wong, P.K- (1986) Formation of 8- 
hydroxydeoxyguanosine, hydroxyl fiee radical adduct of DNA in granulocytes exposed to the 
tumor promoter, tetradecanoylphorbolacetate. Biochemical & Biophysical Research 
Communications, 137, 841 -6. 

Forman, B.M., Chen, J. and Evans, R.M. (1 996) The peroxisome proliferator-activated 
receptors: ligands and activators. Ann N Y Acad Sci, 804,266-75. 

Fort, D.J., Stover, E.L., Bantle, J.A. and Finch, R.A. (2000) Evaluation of the developmental 
toxicity of thalidomide using frog embryo teratogenesis assay-xenopus (FETAX): 
biotransformation and detoxification. Teratog Carcinog Mutagen, 20,3547. 

Frenkel, K. (1989) Oxidation of DNA bases by tumor promoter-activated processes. Environ 
Henlth Perspect, 81,45-54. 

Fnling, R.S., Bensirnon, A., Tichauer, Y. and Daniel, V. (1990) Xenobiotic-inducible 
expression of murine glutathione S-transferase Ya subunit gene is controlled by an electrophile- 
responsive dement- Proc NntI Acad Sci U S  A, 87,6258-62. 

Fujii, H., Sato, T., Kaneko, S., Gotoh, O., Fujii-Kuriyarna, Y., Osawa, K., Kato, S. and Hamada, 
K. (1997) Metabolic inactivation of retinoic acid by a novel P450 differentially expressed in 
developing mouse embryos. EMBO J, 16,4163-73. 

Funk, C.D. (1996) The molecular biology of marnrnalian lipoxygenases and the quest for 
eicosanoid functions using lipoxygenase-deficient mice. Biochim Biophys Acta, 1304,65-84. 

Gabbita, S.P., Robinson, KA., Stewart, C.A., Floyd, R.A. and Hensley, K. (2000) Redox 
regulatory mechanisms of cellular signal transduction, Arch Biochem Biophys, 376, 1 - 1 3. 

Gamberini, M. and Leite, L.C. (1993) Carbon-centered fiee radical formation during the 
metabolism of hydrazine derivatives by neutrophils. Biochem Pharmacol, 45, 1913-9. 

Gilbert, R.S., Reddy, S-T., Kujubu, D.A., Xie, W., Luner, S. and Herschman, H.R. (1994) 
Transforming growth factor beta 1 augments mitogen-induced prostaglandin synthesis and 



expression of the TISlO/prostaglandin synthase 2 gene both in Swiss 3T3 cells and in murine 
embryo fibrobtasts. J CeZZ PhysioZ, 159,67-75. 

Gillis, P. and Malter, J.S. (1991) The adenosine-uridine binding factor recognizes the AU-nch 
elements of cytokine, lymphokine, and oncogene mRNAs. JBiol Chem, 266,3 1 72-7. 

Giovannucci, E., Egan, K.M., Hunter, D.J., Starnpfer, M.J., Colditz, GA., Willett, WC. and 
Speizer, F.E. (1 995) Aspirio and the risk of colorectal cancer in women [see comments]. N Engl 
J Med, 333,609-1 4. 

Glover, S., de Carvalho, M.S., Bayburt, T., Jonas, M., Chi, E., Leslie, CC.  and Gelb, M.H. 
(1995) Translocation of the 85-kDa phospholipase A2 from cytosol to the nuclear envelope in 
rat basophilie leukemia cells stimulated with calcium ionophore or [gE/antigen [published 
erratum appears in J Bi01 Chem 1995 Sep 1;270(35):20870]- J Biol Chem, 270, 15359-67. 

Gordon, G.B-, Spielberg, S.P., Blake, D.A- and Balasubrarnanian, V. (1981) Thalidomide 
teratogenesis: evidence for a toxic arene oxide metabolite. Proc Nati Acad Sci USA, 78,2545-8. 

Green, S. and Wahli, W. (1994) Peroxisome proliferator-activated receptors: fmding the orphan 
a home. Molecular & Cellular Endocrinology, 100, 149-53. 

Gregus, 2. and Klaassen, C.D. (1996) Mechanisms of toxicity. In: Ccrsarett and Doull's 
ToxicoZo~ The Basic Science of Poisons, Klaassen, C.D., Amdur, M.O. and DouIl, J. (eds.) 
Toronto, MacGraw-Hill, 3 5-75 

Griswold, D.E. and Adams, J.L. (1996) Constitutive cyclooxygenase (COX-1) and inducible 
cyclooxygenase (COX-2): rationale for selective iahibition and progress to date- Med Res Rev, 
16, 18 1-206. 

Gronert, K., Gewirtz, A., Madara, J.L. and Stsrhan, C.N. (1998) Identification of a human 
enterocyte lipoxin A4 receptor that is regulated by interleukin (IL)-1 3 and interferon gamma and 
inhibits ttimor necrosis factor alpha-induced IL-8 release. JErp Med, 187, 1285-94. 

Guan, Z., Buckman, S.Y., Springer, L.D. and Morrison, A.R. (1999) Regulation of 
cyclooxygenase-2 by the activated p38 MAPK signahg pathway. Advances in Experimental 
Medicine & Biology, 469,9- 1 5. 

Guengench, F.P. (1987) Cytochrome P450 enzymes and dmg metabolism. Progress in Drug 
Metabolisrn, 10, 1-54. 

Guengerich, F.P. and Liebler, D.C. (1985) Enqmatic activation of chemicals to toxic 
metabolites- Crit Rev Toxicol, 14,259-307. 

Guengerich. F.P. and Shimada, T. (1991) Oxidation of toxic and carcinogenic chemicals by 
human cytochrome P-450 enzymes. Chem Res Toxicol, 4, 39 1-407. 



Gupta, R.C. (1984) Nonrandom binding of the carcinogen N-hydroxy-2-acetyIaminofluorene to 
repetiûve sequences of rat Liver DNA in vivo. Proc Nat2 Acad Sci USA, 81,6943-7. 

Guroff, G., Daly, LW., Jerina, D-M., Renson, J., Witkop, B. and Udenfiend. S. (1967) 
Hydroxylation-induced migration: The NM sift. Science, 157, 1524-30. 

Gutteridge, LM. (1993) Free radicals in disease processes: a compilation of cause and 
consequence. Free Rad Res Commun, 19,141-58- 

Habib, A., Creminon, C., Frobert, Y., Grassi, J., Pradelles, P. and Maclouf, J. (1993) 
Demonstration of an inducible cyclooxygenase in human endothelid cells using antibodies 
raised against the carboxyl-terminal region of the cyclooxygenase-2. J Bi02 Chem, 268, 23448- 
54. 

Hageman, W-E., Rose, M.P. and Persico, F.J. (1986) Antagonism by ETYA of the effects of 
leukotrienes on ileum and lung parenchymal sû-ips independent of effects on arachidonic acid 
metabolism. Prostaglandins, 32,563-78. 

Hakkola, J., Pasanen, M., Pelkonen, 0.: Hukkanen, J.: Evisalmi, S., Anttila, S,, Rane, A,, 
Mantyla, M., Purkunen, R-, Saarikoski, S., Tooming, M. and Raunio, H. (1997) Expression of 
CYP 1 B 1 in human adult and fetal tissues and differential inducibility of CYP 1 B 1 and CYP 1 AI 
by Ah receptor ligands in human placenta and cultured cells- Carcin~genesis~ 18.391-7. 

Hakkoia, J., Pelkonen, O.' Pasanen, M. and Raunio, H. (1998) Xenobiotic-rnetabolizing 
cytochrome P450 enzymes in the human feto-placenta1 unit: role in intrautenne toxicity. Crit 
Rev Toxicol, 28,35-72. 

HalIiwetl, B. and Amorna, 0.1. (1991) DNA darnage by oxygen-denved species. Its mechanism 
and measurement in mamrnalian systems. FEBS Lert, 281,9- 19. 

Halliwell, B. and Cross, C.E. (1994) Oxygen-derived species: their relation to hurnan disease 
and environmental stress. Environ HeaZth Perspect, 102 Suppl IO, 5-12. 

Halliwell, B. and Guttendge, J.M.C. (eds.) (1989) Free Radicals in Biology and Medicine. 
Oxford University Press, London. 

Hamasaki, Y.? Kitzler, .Je? Hardman, R., Nettesheim, P. and Eling, T.E. (1993) Phorbol ester and 
epidermal growth factor enhance the expression of hvo inducible prostaglandin H synthase 
genes in rat tracheal epithelial cells. Archives of Biochernisfry & Biophysics, 304,226-34. 

Hamberg, M., Svensson, J., Wakabayashi, T. and SamueIsson, B. (1974) Isolation and structure 
of two prostaglandin endoperoxides that cause platelet aggregation. Proc Nad Acad Sci USA, 71, 
345-9. 

Harnrnarstrom, S. and Falardeau, P. ( 1977) Resolution of prostaglandin endoperoxide synthase 
and thromboxane synthase of human platelets. Proc Nad Acad Sci USA, 74,369 1-5. 



Hansen, D.K. (1991) The embryotoxicity of phenytoin: an update on possible mechanisms. 
Proceedings of the Society for ExperimenfaZ BioZogy & Medicine, 197,36 1 -8. 

Hansen, D.K., Branham, W.S., Sheehan, D.M. and Holson, R-R. (1992) Embryotoxicity of 
phenytoin in adrenalectomized CD-1 mice. Proceedings of the Society for ExperimentaZ Biology 
& Medicine, 199,501 -8. 

Hansen, J.M., Carney, E.W. and Hanis, C. (1999) Differential alteration by thalidomide of the 
ghtathione content of rat vs. rabbit conceptuses in vitro. Reprod Toxicol, 13,547-54. 

Hanson, J.W., Myrianthopoulos, N.C., Harvey, M.A. and Smith, D.W. (1976) Risks to the 
offspring of women treated with hydantoin anticonvulsants, with emphasis on the fetal 
hydantoin syndrome. J Pedi~îr ,  89,662-8. 

Hanson, J.W. and Smith, D.W. (1 975) The fetal hydantoin syndrome. J P e d i a ~ ,  87,285-90. 

Harbison, R.D. and Becker, B.A. (1970) Effect of phenobarbital and SKF 525A pretreatment on 
diphenyihydantoin teratogenici~ in mice. J Pharmacol Ecp Ther, 175,283-8. 

Harris, R.C., McKanna, J.A-, Akai, Y., Jacobsen, H.R., Dubois, R.N. and Breyer, M.D. (1994) 
Cyclooxygenase-2 is associated with the macula densa of rat kidney and increases with salt 
restriction- J Clin Invest, 94,2504- 1 0- 

Hatfill, S.J., Fester, E.D., de Beer, D.P. and Bohm, 1;. (1991) Induction of  morphoIogica1 
differentiation in the human leukemic ce11 line KS62 by exposure to thalidomide metabolites, 
Leuk Res, 15, 129-36, 

Haurand, M. and Ullrich, V- ( 1 985) Isolation and characterization of thromboxane synthase 
fiom human platelets as a cytochrome P-450 enzyme, JBiol  Chem, 260, 15059-67. 

Hemminki, K. (1994) DNA adducts of nitrogen mustards and ethylene irnines. U R C  Sci Publ, 
125, 313-21. 

Hempel, S.L., Monick, M.M. and Hunninghake, G.W. (1994) Lipopolysaccharide induces 
prostaglandin H synthase-2 protein and rnRNA in human alveolar macrophages and blood 
monocytes. J Clin Invest, 93,3 9 1 -6. 

Herschman, H.R. (1 994) Regulation of prostaglandin synthase- 1 and prostaglandin synthase-2. 
Cancer & Metastasis Reviews, 13, 241 -56. 

Herschman, H.R. (1 996) Prostaglandin synthase 2. Biochim Biophys Acta, 1299, 125-40. 

Herschman, H.R., Kujubu, D.A., Fletcher, B.S., Ma, Q., Varnum, B.C., Gilbert, R.S. and Reddy, 
S.T. (1994) The tis genes, primary response genes induced by growth factors and turnor 
promoters in 3T3 cells. Progress in Nucleic Acid Research & Molecular Biology, 47, 1 1 3 -48. 



Herschman, H.R., Xie, W. and Reddy, S. (1995) Inflammation, reproduction, cancer and al1 
that .... The regdation and role of the inducible prostaglandin qmthase. BioEssays, 17, 103 1-7. 

Hiranniengchok, R and Harris, C .  (1993) Glutathione oxidation and embryotoxicity elicited by 
diamide in the developing rat conceptus in vitro. Tuxicol AppI Pharmacol, 120,62-71. 

HIa, T. and Neilson, K. (1992) Human cyclooxygenase-2 cDNA. Proc Natl Acad Sci USA, 89, 
73 84-8. 

Hlavica, P., Golly, 1. and Mietaschk, J. (1983) Comparative studies on the cumene 
hydroperoxide- and NADPH-supported N-oxidation of 4-chloroaniline by cytochrorne P-450. 
Biochern J, 212,53947- 

Ho fstra, A.H. and Uetrecht, J.P. ( 1 993) Myeloperoxidase-mediated activation of xeno biotics by 
hurnan leukocytes- Tuxicology, 82,22 1-42, 

Hrycay, E.G., Gustafsson, J.A., Ingelman-Sundberg, M. and Emster, L. (1976) The involvement 
of cytochrome P450 in hepatic rnicrosomal steroid hydroxylation reactions supported by 
sodium periodate, sodium chlorite, and organic hydroperoxides. Eur JBiochern, 61,4342. 

Hrycay, E.G. and O'Brien, P.J. (1971a) Cytochrome P-450 as a rnicrosomal peroxidase in steroid 
hydroxylations, Biuchem J? 125, 12P. 

Hrycay, E.G. and O'Brien, P.J. (1971b) The peroxidase nature of cytochrome P-420 utilizing a 
lipid peroxide substrate. ArcArchives of Biochemishy and Biophysics, 147,28-3 5. 

Hsieh, L.L. and Hsieh, T.T. (1 993) Detection of afiatoxin B 1 -DNA adducts in human placenta 
and cord blood- Cancer Res, 53, 1278-80. 

Hsu, W., Kerppola, T.K., Chen, P.L., Curran, T. and Chen-Kiang, S. (1994) Fos and Jun repress 
transcription activation by NF-IL6 through association at the basic zipper region. Mol Cell Biol, 
14, 268-76, 

Huang, P.H. and McBnde, W.G. (1 997) Interaction of [glutarimide-2-14C]-thalidomide with rat 
embryonic DNA in vivo [see comments]. Teratogenesis, Carcinogenesis, & Mzrtagenesis, 17, 1 - 
5. 

Huang, R.P. and Adamson, E.D. (1 993) Characterization of the DNA-binding properties of the 
early growth response-1 (Egr-1) transcription factor: evidence for modulation by a redox 
mechanism. DNA Cell Biol, 12,265-73. 

Ichihara, S., Tomisawa, H., Fukazawa, H., Tateishi, M., Joly, R. and Heine  R. (1989) 
Oxidation of tenoxicarn by leukocyte peroxidases and H202 produces novel products. Drug 
Merab Dispos, 17,463-8. 



Ide, M.L., Kaneko, M. and Cerutti, P A .  (1983) Benzo[a]pyrene and ascorbate-CuS04 induced 
damage in human cells by indirect action. In McBrien, D C H -  and Slater, T.F. (eds.), Protectfve 
agents In Cancer. Academic Press, New York, pp. 125-140. 

houe, H., Yokoyarna, C., Hara, S., Tone, Y. and Tanabe, T. (1995) Transcriptional replation of 
human prostaglandin-endoperoxide synthase-2 gene by lipopolysaccharide and phorbol ester in 
vascular endothelid cells. Involvement of both nuclear factor for interleukin-6 expression site 
and CAMP response element. J Biol Chem, 270,24965-71 - 

Israel, N., Gougerot-Pocidalo, M.A., Aillet, F. and Virelizier, J.L. (1992) Redox status of cells 
influences constitutive or induced NF-kappa B translocation and HIV long terminal repeat 
activity in hurnan T and monocytic ce11 lines. JImrnunoZ, 149,3386-93. 

Iwanaga, M., Mori, K., Iida, T., Urata, Y-, Matsuo, T., Yasunaga, A., Shibata, S. and Kondo, T, 
(1 998) Nuclear factor kappa B dependent induction of gamma gIutamylcysteine synthetase by 
ionizing radiation in T98G human glioblastoma celb. Free Radic Biol Med, 24- 1256-68. 

Jacobs, A.L., Hwang, D., Julian, J. and Carson, D.D. (1994) Regulated expression of 
prostaglandin endoperoxide synthase-2 by u t e ~ e  stroma. Endocrinologv, 135, I 807- 1 5. 

Jakeman, P. and Smith, W.C. (1994) Thalidomide in leprosy reaction [see comrnents]- Lancer, 
343,432-3. 

Janssen, Y.M., Van Houten, B.? Borm, P.J. and Mossman, B.T. (1993) Ce11 and tissue responses 
to oxidative damage. Lnb Invest. 69,26 1-74, 

Johnson, J.L.? Wimsatt, J., Buckel, S.D., Dyer, R.D. and Maddipati, K.R. (1995) Purification 
and characterization of prostaglandin H synthase-2 fiom sheep placental cotyledons. Archives of 
Biochemistry & Biophysics, 321,26-34. 

Jones, D.A., Carlton, D.P., Mchtyre, T.M., Zimmerman, G.A. and Prescott, S.M. (1993) 
Molecular cloning of human prostaglandin endoperoxide synthase type II and demonstration of 
expression in response to cytokines. JBiol  Chem, 268,9049-54. 

Jones, K.L. and Smith, D.W. (1975) The fetal alcohol syndrome. Teratology, 12, 1-10. 

Jonsson, N.A. j 1 W2a) Chernical structure and teratogenic prcperties. 3. A review of avaiiable 
data on structure-activity relationships and mechanism of action of thalidomide analogues. Acta 
Pharmaceutica Suecica, 9,52 1-43, 

Jonsson, NA. (1972b) Chemicai structure and teratogenic properties. IV. An outline of a 
chernical hypothesis for the teratogenic action of thalidomide. Acta Pharmaceutica Suecica, 9, 
543-62, 

Joseph, P. and Jaiswal, A.K. (1994) NAD(P)H:quinone oxidoreductasel (DT diaphorase) 
specifically prevents the formation of benzo[a]pyrene quinone-DNA adducts generated by 
cytochrorne P4501A1 and P45O reductase. Proc Narl AcadSci USA, 91, 8413-7. 



Jucha,  M.R. (1981) Enzyrnatic bioactivation and inactivation of chemical teratogens and 
transplacental carcinogens/mutagens. The Biochernical Basis of Chernical Teratogenesis. 
Elsevier, New York, pp. 63-94. 

Juchau, M.R., Boutelet-Bochan, H. and Huang, Y. (1998) Cytochrome-P450-dependent 
biotransformation of xenobiotics in hurnan and rodent embryonic tissues. Drug Metab Rev, 30, 
54 1-68. 

Juchau, M.R., Fantel, A.G., Harris, C. and Beyer, B.K. (1986) The potential role of redox 
cycling as a mec hanism for chemical teratogenesis. Environ Health Perspect, 70, 1 3 1-6. 

Juchau, M.R., Lee, Q.P. and Fantel, A.G. (1992) Xenobiotic biotransfonnatio~ioactivation in 
organogenesis-stage conceptual tissues: implications for embryotoxicity and teratogenesis. Drug 
Metab Rev, 24, 195-23 8. 

Jun, S.S., Chen, Z., Pace, M.C. and Shaul, P.W. (1999) Glucocorticoids downregulate 
cyclooxygenase-l gene expression and prostacyclin synthesis in fetd pulmonary artery 
endotheiium. Circ Res, 84, 193-200, 

Kadlubar, F.F., Morton, K.C. and Ziegler, D.M. (1973) Microsornai-catalyzed hydroperoxide- 
dependent C-oxidation of amines. Biochern Biophys Res Commun, 54, 1255-6 1. 

Kaminsky. L.S. and Fasco, M.J. (1991) SrnaIl intestinal cytochromes P450. Crit Rev Toxicol, 21, 
407-22. 

Kang, R.Y., Freire-Moar, J., Sigal, E. and Chu, C.Q. (1996) Expression of cyclooxygenase-2 in 
human and an animal mode1 of rheumatoid arthritis- Br J Rheurnatol, 35, 7 1 1-8. 

Kappus, H. (1 986) Overview of enzyme systems involved in bio-reduction of dmgs and in redox 
cycling. Biochem Pharmacoi, 35, 1-6. 

Karin, M. and Hunter, T. (1 995) Transcriptional control by protein phosphorylation: signal 
transmission fiom the cell surface to the nucleus. Curr Biol, 5,747-57. 

Karthein, R., Dietz, R., Nastainczyk, W. and Ruf, H.H. (1988) Higher oxidation states of 
prostaglandin H synthase. EPR study of a transient tyrosyl radical in the enzyme during the 
peroxidase reaction. Eur J Biochem, 1 'il, 3 1 3 -20. 

Kasai, H., Crain, P.F., Kuchino, Y., Nishimura, S., Ootsuyama, A. and Tanooka H. (1986) 
Formation of 8-hydroxyguanine moiety in cellular DNA by agents producing oxygen radicds 
and evidence for its repair. Carcimgenesis, 7, 1849-5 1. 

Katzung, B.G. (ed.) (1989) Basic and Clinical Phurmucology. Appleton-Century Crofts, 
Connecticut. 



Kaufînann, W.E., Worley, P.F., Pegg, J., Bremer, M. and Isakson, P, (1996) COX-2, a 
qmapticaily induced enzyme, is expressed by excitatory neurons at postsynaptic sites in rat 
cerebral cortex. Proc Nat[ Acad Sei USA, 93,23 17-2 1 - 

Kawata, R., Reddy, S.T., Wolner, B. and Herschman, H.R (1995) Prostaglandin synthase 1 and 
prostaglandin synthase 2 both participate in activation-induced prostaglandin D2 production in 
mast ceils- J lmrnunol, 155,8 1 8-25- 

Kedderis, GL-, Dwyer, L-A-, Rickert, D.E. and Hollenberg, P.F. (1983) Source of the oxygen 
atom in the product of cytochrome P-450-catdyzed N-demethylation reactions. Mol Pharmacol, 
23,758-60. 

Keller, R.J., Halmes, N.C., Hinson, J.A. and Pumford, N-R. (1 993) Immunochemïcal detection 
of oxidized proteins. Chern Res ToxicoZ, 6,430-3, 

Kelley, D.J., Mestre, J.R., Subbaramaiah, K-, Sacks, P.G., Schantz, S.P., Tanabe, T., houe, H., 
Ramonetti, J.T. and Dannenberg, A.J. (1997) Benzo[a]pyrene up-regulates cycIooxygenase-2 
gene expression in oral epithelial cells. Cnrcinogenesis, 18, 795-9. 

Kelly, F.J., Rodgers, W., Handel, J-, Smith, S., Hall, M.A. (1 990) Time course of vitarnin E 
repletion in the premature infant. Br JNutr, 63,63 1-8. 

Kerppola, T-K. and Curran. T. (1994) A conserved region adjacent to the basic domain is 
required for recognition of an extended DNA binding site by Maf/Nrl farnily proteins, 
Oncogene, 9 .3  1 49-5 8. 

Kim, P.M., DeBoni, U. and Wells, P.G. (1997a) Peroxidase-dependent bioactivation and 
oxidation of DNA and protein in benzotalpyrene-initiated micronucleus formation. Free Radical 
B ioZo~  & Medicine, 23,579-96. 

Kim, P.M. and Wells. P.G. (1 996a) Genoprotection by UDP-glucuronosyltransferases in 
peroxidase-dependent, reactive oxygen species-mediated micronucleus initiation by the 
carcinogens 4-(rnethylnitrosarnino)-l-(3-pyridy1)- 1 -butanone and benzo[a]pyre~e- Cancer Res, 
56, 1526-32. 

Kim, P.M. and Wells, P.G. (1996b) Phenytoin-initiated hydroxyl radical formation: 
characterization by enhanced salicylate hydroxylation. Mol Pharmacol, 49, 172-8 1. 

Kim, P.M., Wim, L.M., Parman, T. and Wells, P.G. (1997b) UDP-glucuronosy~biansferase- 
mediated protection against in vitro DNA oxidation and micronucleus formation initiated by 
phenytoin and its embryotoxic metabolite 5-(p-hydroxypheny1)-5-phenylhydantoin. Journal of 
PharmacoZogy & Experimentd Therapeutics, 280,200-9. 

King, G.T.G. and Kendrkk, F.J. (1962) Teratogenic effects of thalidomide in the sprague- 
Dawley rat. Lancet, 2, 1 1 1 6. 



Kitada, M, and Kamataki, T. (1994) Cytochrome P450 in hurnan fetal liver: significance and 
fetal-specific expression. Dmg Metab Rev, 26, 305-23. 

Kitada, M,, Kamataki, T-, Itahaslü, K-, Rikihisa, T. and Kanakubo, Y. (1987) P-450 WFLa, a 
f o m  of cytochrorne P450 purified fiom human fetal livers, is the 16 alpha-hydroxylase of 
dehydroepiandrosterone 3-sulfate. JBiol Chem, 262, 13534-7- 

Klausner, J-D., Makonkawkeyoon, S., AkarasewX, P., Nakata, K., Kasinrerk, W., Corral, L., 
Dewar, R.L., Lane, H.C., Freedman, V.H. and Kaplan, G. (1996) The effect of thalidomide on 
the pathogenesis of hurnan immunodeficiency virus type 1 and M. tuberculosis infection. J 
Acquir Immune Defic Syndr Hztm RetroviroZ, 11,247-57. 

Klebanoff, S. J. (1 99 1) Myeloperoxidase: occurrence and biological function. In Everse, J., 
Everse, K.E- and Grisham, M.B. (eds.), Peroxidases in Chernisrgr and Biology. CRC, Boca 
Raton, p. 1. 

Klebanoff, S I  (1 999) Myeloperoxidase. Proc Assoc Am Physicians, 1 11,3 83-9, 

Klein, K.L-, Clark, K-E- and Scott, W.J,, Jr. (1984) Prostaglandin synthesis in rat embryo tissue: 
the effect of non-steroidal anti-inflammatory h g s  in vivo and ex vivo. Prostaglandins, 27, 
659-72. 

Klein, N., Curatola, A.M. and Schneider, R.J- (1 999) Calcium-induced stabilization of AU-nch 
short-lived mRNAs is a comrnon default response. Gene Expr, 7,357-65, 

Koch, H.P, (1965) Thalidomide and congeners as anti-inflammatory agents. In Ellis, P. and 
West, G.G. (eds,), Progress in Medical Chernistry- Elsevier Science, Amsterdam, Vol- 22, pp. 
165-242. 

Kosaka, T., Miyata, A., Ihara, H., Hara, S., Sugimoto, T., Takeda, O., Takahashi, E. and Tanabe, 
T. (1994) Characterization of the human gene (PTGS2) encoding prostaglandin-endoperoxide 
synthase 2. Eur J Biochem, 221,889-97. 

Kotake, Y., Sang, H., Miyajirna, T. and Wallis, G.L. (1998) Inhibition of NF-kappaB, N O S  
rnRNA, COX2 mRNA, and COX catalytic activity by phenyl-N-tert-butylnitrone (PBN). 
Biochim Biophys Acta, 1448,77434. 

Kraemer, S.A., Arthur, KA., Denison, M-S., Smith, W.L. and DeWitt, DL. (1996) Regulation 
of prostaglandin endoperoxide H synthase-2 expression by 2,3,7,8,-tetrachlorodibenzo-p-dioxin. 
Archives of Biochernistry & Biophysics, 330,3 1 9-28. 

Kraemer, S.A., Meade, E.A. and DeWitt, D.L. (1 992) Prostaglandin endoperoxide synthase gene 
structure: identification of the transcriptional start site and 5'-flanking regulatory sequences. 
Archives ofBiochernistry & Biophysics, 293, 3 9 1 -400. 



h s e ,  F.E., Joussen, A.M., Rohrschneider, K., Becker, M.D. and Volcker, H.E. (1998) 
Thaiidornide inhibits corneal angiogenesis induced by vascular endothelid growth factor. 
Graefes Arch Clin Exp Ophihalmol, 236,46 1 -6. 

Kubow, S., Dubose, CM., Jr., Janzen, E.G., Carlson, J.R. and Bray, T.M. (1 983) The spin- 
trapping of enzymatically and cbemically catalyzed fiee radicais fiom indohc compounds. 
Biochern Biophys Res Commun, 1 14, 1 68-74. 

Kubow, S. and Wells, P.G. (1986) In vitro evidence for prostaglandin synthetase-catalysed 
bioactivation of phenytoin to a fiee radical intermediate. Pharmacologist, 28, 195. 

Kubow, S. and Wells, P.G. (1 988) In vitro evidence for lipoxygenase-catalysed bioactivation of 
phenytoin. Pharmacologist, 30, A74- 

Kubow, S I  and Wells, P-G. (1 989) In vitro bioactivation of phenytoin to a reactive fiee radicai 
intermediate by prostaglandin synthetase, horseradish perosidase, and thyroid peroxidase. Mol 
Pharmacol, 35,504- 1 1, 

Kuhn, H. and Thiele, B.J. ( 1  999) The diversity of the lipoxygenase family- Many sequence data 
but Iittle information on biologicd significance. FEBS Let?, 439.7-1 1. 

Kujubu, D.A., Fletcher, B.S., Varnum, B.C., Lim, R.W. and Herschrnan, KR,  (!991) TIS10, a 
phorbol ester tumor promoter-inducible mRNA from Swiss 3T3 cells, encodes a novel 
prostaglandin synthase/cyclooxygenase homologue. J Biol Chem, 266, 12866-72. 

Kukreja, R.C., Kontos, H.A., Hess. M L -  and Ellis, E.F. (1986) PGH synthase and lipoxygenase 
generate superoxide in the presence of NADH or NADPH. Cire Res. 59,6 12-5. 

Kulkarni, A.P.' Cai, Y. and Richards. I.S. (1992) Rat pulmonary Iipoxygenase: dioxygenase 
activity and role in xenobiotic metabolism. in& JBiochern, 24,255-61. 

Kulmacz, R.J. and Lands, W.E. (1985) Stoichiometry and kinetics of the interaction of 
prostaglandin H synthase with anti-inflammator- agents. J BioloIogial Chenzistry, 260, 12572- 
8. 

Kulmacz, R.J. and Wang, L.H. (1995) Cornparison of hydroperoxide initiator requirements for 
the cycIooxygenase activities of prostaglandin H sythase-1 wid -2. JBiol Chern, 270,240 19-23. 

Kupfer, A., Desmond, P., Roberts, R., Shel?kzr, S. and Branch, R.A. (1 979a) The different roots 
of metabolism of d- and 1-mephenytoin in man. Clinfcd Resemch, 27,235A. 

Kupfer, A., Desmond, P., Roberts, R., Shenker, S. and Branch, R.A. (1979b) Stereospecific 
metabolism of the enantiorners of mephenytoin in man. Fed Proc, 38, 742. 

Kurumbail, R.G., Stevens, A.M., Gierse, J.K., McDonald, JJ., Stegeman, R.A., Pak, J.Y., 
Gildehaus, D., Miyashiro, J.M., Peming, T.D., Seibert, K., Isakson, P.C. and Stallings, W.C. 



(1996) Structural basis for selective inhibition of cyclooxygenase-2 by anti-uinammatory agents 
Cpublished erratwn appears in Nature 1997 Feb 6;3 85(66 l6):55S]. Nature, 384,644-8. 

Lai, W.G., Zahid, N. and Uetrecht, J.P. (1999) Metabolism of trirnethoprim to a reactive 
iminoquinone methide by activated hurnan neutrophils and hepatic microsomes. J Pharrnacol 
Exp The& 291,292-9. 

Lander, H.M. (1997) An essential role for fiee radicals and denved species in signai 
transduction. FASEB J ,  11, 1 1 8-24. 

Laneuville, O., Breuer, D.K., Dewitt, D.L., Hla, T., Funk, C.D. and Smith, W.L. (1994) 
Differential inhibition of human prostaglandin endoperoxide H synthases-l and -2 by 
nonsteroidal anti-inflanmatory drugs. Journal of Pharmacology & Experirnenral Therupeutics, 
271,927-34, 

Laneuville, O., Breuer, D.K., Xu, N., Huang, Z.H., Gage, D.A., Watson, J.T., Lagarde, M., 
DeWitt, DL. and Smith, W.L. (1995) Fatty acid substrate specificities of buman prostaglandin- 
endoperoxide H synthase-1 a d  -2. Formation of 12-hydroxy-(9Z, L3E/Z, 152)- octadecaû-ienoic 
acids from alpha-linolenic acid. JBiol Chem, 270, 19330-6. 

Luigenbach, R., Loftin, C., Lee, C. and Tiano, H. (2999) Cyclooxygenase knockout mice: 
models for elucidating isoform-specific functions. Biochem Pharmacol. 58. 1237-46. 

Langenbach, R,, Morharn, S-G., Tiano, H.F., Loftin. C.D., Ghanayem, B.I.. Chulada, P.C., 
Mahler, J.F., Lee, C.A., Goulding, E H ,  Kluckrnan, K.D. and et al. (1995) Prostaglandin 
synthase 1 gene disruption in mice reduces arachidonic acid-induced inflammation and 
indomethacin-induced gastric ulceration. Cell, 83,483-92. 

Langouet, S., Mican, A.N.. Muller, M., Fink, S.P., Mamett, L.J.. Muhle, S.A. and Guengerich, 
F.P. (1998) Misincorporation of nucleotides opposite £ive-membered exocyclic ring guanine 
derivatives by escherichia coli polyrnerases in vitro and in vivo: 1,N2-ethenoguanine, 5,6,7,9- 
tetrahydro-9-oxoimidazo[l, 2-a]purïne, and 5,6,7,9-tetrahydro-7-hydroxy-9-oxoimidaz[l 2- 
a] purine [published eïratum appears in Biochemistry 1 998 Jun 1 6;j 7(24):88 1 61. Biochernistry, 
37, 5 1 84-93. 

Lanza, F. (1998) Clinical manifestation of myeloperoxidase deficiency. J Moleczdar Medicine, 
76, 676-8 1. 

Laposa, R.R., Chan, K.C., Wiley, M.J. and Wells, P.G. (1996) Enhanced phenytoin 
embryopathy in p53-deficient mice: characterization of embryonic p53 genotype and p53. pz! 
and Bax DNA darnage response proteins. Fundam Appl Toxicol, 30' 195. 

Laposa, R.R and Wells, P.G. (1995) Preliminary evaluation of phenytoin teratogenicity in 
transgenic mice dificient in the p53 tumor suppressor gene. Toxicologiit? 15, 16 1. 

Laroia, G., Cuesta, R., Brewer, G. and Schneider, R.J. (1 999) Control of mRNA decay by heat 
shock-ubiquitin-proteasorne pathway. Science, 284,499-502. 



Lecomte, -M., Laneuville, O., Ji, C., DeWitt, D.L- and Smith, W.L. (1994) Acetylation of human 
prostaglandin endoperoxiàe synthase-2 (cyclooxygenase-2) by aspirin. J Biol Chem, 269, 13207- 
15. 

Lee, M., Aldred, K-, Lee, E-, Prince, M.D. and Feldrnan, M. (1992a) Importance of gastric acid 
in gastric ulcer formation in rabbits with antibody-induced prostaglandin defrciency. 
Gastroenterology, 103, 1467-74, 

Lee, S.H., SoyooIa, E., Chanmugam, P., Hart, S., Sun, W., Zhong, H., Liou, S., Simmons, D. 
and Hwang, D. (1992b) Selective expression of mitogen-inducibIe cyclooxygenase in 
macrophages stimulated with 1ipopoIysaccharide. JBid  Chern, 267,25934-8. 

Lenz, W. (1 988) A short history of thalidomide embryopathy. Terarology, 38,203-25. 

Levine, R.L., Garland, D., Oliver, C-N-, Amici, A., Climent, I., Lenz, AG., Ahn, B.W., Sbaltiel, 
S. and Stadtman, E-R- (1990) Detennination of carbonyl content in oxidatively modified 
proteins. Methods Enzyrnol, 186: 464-78- 

Li, Y., Srith,  T.? Grabski, S. and DeWitt, D.L. (1998) The membrane association sequences of 
the prostaglandin endoperoxide qmthases-2 and -2 isozymes. J Bi01 Chem. 273.29830-7. 

Lim, H., Gupta, R.A., Ma, W.G., Paria, B.C., Moller, D.E., Morrow? J.D., DuBois, R.N., 
Trzaskos, J.M. and Dey, S.K- (1999) Cyclo-oxygenase-2-derived prostacyclin mediates ernbryo 
implantation in the mouse via PPARdelta. Genes & Development, 13. 1561 -74. 

Lim, H.. Paria, B.C-, Das, S.K., Dinchuk, J.E., Langenbach, R., T z a s k o ~ ~  J.M. and Dey, S.K. 
(1997) Multiple female reproductive faiIures in cyclooxygenase 2-deficient mice. Cell, 91, 197- 
208. 

Lin, A.H., Bienkowski, M.J. and Goman, R-R- (1989) Regulation of prostaglandin H synthase 
mRNA leveIs and prostaglandin biosynthesis by platelet-derived growth factor. J Biol Chem, 
264, 1 73 79-83. 

Lind. J., Jonsson, M., Eriksen, T.E., Merenyi, G. and Eberson, L. (1993) One electron reduction 
potential and ring opening of the succinirnidyl radical in water, J Phys Chem. 97, 16 10- 16 14. 

Liu, L. and Wells, P.G. (t994a) In vitro and in vivo cytochromes P450- and peroxidase- 
catalyzed formation of phenytoin-DNA adducts in murine maternal hepatic and embryonic 
tissues. Proceedings of the 10th International Symposium on Microsomes and Drug Oxidations, 
Toronto, Canada, p. 556. 

Liu, L. and Wells, P.G. (1994b) In vivo phenytoin-initiated oxidative darnage to proteins and 
Iipids in murine maternal hepatic and embryonic tissue organelles: potential molecular targets of 
chernical teratogenesis. Toxico Iogy & Applied Pharmacology, 125,247-5 5.  



Liu, L. and Wells, P.G. (1995a) DNA oxidation as a potential molecular mechanism mediating 
hg-induced birth defects: phenytoin and stnicturally related teratogens initiate the formation of 
8-hydroxy-2'-deoxyguanosine in vitro and in vivo in murine maternal hepatic and embryonic 
tissues, Free Radical BioIogy & Medicine? 19,639-48. 

Liu, L. and Wells, P-G. (1995b) Potential molecular targets rnediating chernical teratogenesis: in 
vitro peroxidase-catalyzed phenytoin metabolism and oxidative darnage to proteins and lipids in 
murine matemal hepatic microsomes and embryonic 9000g supernatant. Toxicology & AppZied 
PharmacoZogy, I34,71-80. 

Lo, Y.Y.C., Wong, J.M.S., Cheung, W.F. and Cruz, T.F. (2000) Reactive oxygen species and 
the regulation of metalloproteinase expression. In Winyard, P.G., Blake, D.R. and Evans, C H ,  
(eds,), Free Radicals and Inflammation. Rirkhauser Verlag, Boston, pp. 133-53. 

Lorentzen, R.J, and Ts'o, P.O. (1977) Benzo[a]yrenedione/benzo[a]pyrenediol oxidation- 
reduction couples and the generation of reactive reduced molecular oxygen. Biochernïstry, 16, 
1467-73- 

Lu, L.J., Anderson, L,M,? Jones, A-B., Moskal, T.J., Salazar, J.J., Hokanson. J.A. and Rice, J.M, 
(1993) Persistence, gestation stage-dependent formation and interrelationship of 
benzo[a]pyrene-induced DNA adducts in mothers, placentae and fetuses of Erythrocebus patas 
monkeys. Carcinogenesis, 14,1805- 1 3. 

Luning, U. and Skell, P.S. (1 985) h i d y l  Radicals. Tetrahedron, 41,42894302. 
Macdonald, R.L. and Kelly. K.M. (1993) Antiepileptic drug mechanisms of action. EpiIepsia. 
34, S1-8. 

Maeda, M., Nushi, K, and Kawazoe, Y. (1974) Studies on chernical alterations of nucleic acids 
and components VII. C-Alkylation of purine bases through fiee radical process catalyzed by 
ferrous ion. Tetrahedron, 30,2677-82- 

Maguire, J.H. (1988) Quantitative estimation of catechol/methylcatechol pathways in human 
phenytoin metabolism. Epilepsia, 29, 753-9. 

Maguire, J.H., Kraus, B.L., Butler, T.C. and Dudley, K.H. (1979) Determination of 5-(3,4- 
Dihydroxy- l ,5-cyclohexadien- 1 -yl)-5-phenylhydantoin (Dihydrodiol) and quantitative studies of 
phenytoin metabolism in man. Ther Drug Mon* 1,359-70. 

Mahboubi, K., Young, W. and Ferreri, N.R. (1998a) Tumour necrosis factor-alpha-dependent 
regulation of prostaglandin endoperoxide synthase-2. Cytokine, 10, 1 75-84. 

Mahboubi, K., Young, W. and Ferreri, N.R. (1998b) Tyrosine phosphatase-dependenthyrosine 
kinase-independent induction of nuclear factor-kappa B by tunor necrosis factor-alpha: effects 
on prostaglandin endoperoxide synthase-2 rnRNA accumulation. Journal o f  Pharrnacology & 
EXperimental Therapeutics, 285,8 62-8. 



Makonkawkeyoon, S., Limson-Pobre, R.N., Moreira, A.L., Schauf, V. and Kaplan, G. (1993) 
Thalidomide inhibits the replication of human immunodeficiency virus type 1. Proc Nutl Acod 
Sci USA, 90,5974-8. 

Manson, LM. and Kang, Y.J. (1994) Test methods for assessing female reproductive and 
developmental toxicology. In Hayes, A. W. (ed.) Principles and Methodr of ToxicoZogv. k e n  
Press, New York, Vol. 3, pp. 989-1 03% 

March, J- (1 WZa) Advanced organic chemistry : Reactions, mechanisms, und structures. John 
Wiley and Sons hc., New York. 

March, J. (1992b) Aliphatic nucleophilic substitution. Advanced organic chemishyr Reactions, 
Mechanisms, and Shuctures. John Wiley and sons Inc., New York, pp. 294-98. 

Marnett, L.J. (1 990) Prostaglandin synthase-mediated rnetabolism of carcinogens and a potential 
rote for peroxyl radicals as reactive intermediates. Environ HeaZth Perspect, 88, 5-12. 

Marnett, L.J. (1999) Lipid peroxidation-DNA damage by malondialdehyde. khtat Res, 424, 83- 
95. 

Marnett, L. J. (2000) Oxyradicals and DNA damage. Carcinogenesis, 2 1 ,36  1 -70. 

Marnea. L.J. and Eling, T.E. (1983) Cooxidation during prostaglandin biosynthesis: A 
metabolic activation of xenobiotics. Reviews in BiochernicaZ TmicoZogy. ElsevierNorth 
Holland, Biomedicd Press, New York, pp. 135-1 72. 

Marnett, L.J., Reed, G.A. and Demison, D.J. (1978) Prostaglandin synthetase dependent 
activation of 7,8-dihydro-7,8-dihydroxy-geno (a) pyrene to mutagenic derivativies. Biochenzical 
& BiophysicaZ Research Communications, 82,2 1 0-6. 

Marnett? L.I., Reed, G.A. and Johnson, J.T. (1977) Prostaglandin synthetase dependent 
benzo(a)pyrene oxidation: products of the oxication and inhibition of their formation by 
antioxidants. Biochernical & Biophysical Research Communications, 79, 569-76. 

Mamett, L.J., Wlodawer, P. and Sarnuelsson, B. (1975) Co-oxygenation of  organic substrates by 
the prostaglandin synthetase of sheep vesicular gland. JBiol Chern, 250, 85 10-7. 

Marshall, P.J., Kulmacz, R.J. and Lands, W.E. (1987) Constraints on prostaglandin biosynthesis 
in tissues. JBiol Chern, 262,35 10-7. 

Marshbum, PB., Shabanowitz, RB. and Clark, M.R. (1990) Immunohistochemical localization 
of prostaglandin H synthase in the embryo and uterus of the mouse fkorn ovulation through 
implantation. Molecular Reproduction & Development, 25,3 09- 16. 

Martz, F., Failinger, Cd .  and Blake, D.A. (1977) Phenytoin teratogenesis: correlation between 
embryopathie effect and covalent binding of putative arene oxide metabolite in gestational 
tissue. J Pharmacol Exp Ther, 203,23 1-9. 



Masferrer, J.L., Leahy, KM., Koki, A-T-, Zweifel, B.S., Settie, S.L., Woerner, B.M., Edwards, 
DA., Flickinger, A.G., Moore, R.J. and Seibert, K. (2000) Antiangiogenic and antitumor 
activities of cyclooxygenase-2 inhibitors, Cancer Res, 60, 1306- 1 1. 

Maslinska, D., Kaliszek, A., Opertowska, J., Toborowicz, J., Deregowski, K- and Szukiewicz, 
D. (1999) Constitutive expression of cyclooxygenase-2 (COX-2) in developing brain. A. 
Choroid plexus in human fetuses. Folia Neuropafhol, 37,287-91. 

Matijevic-Aleksic, N., McPhedran, P. and Wu, K.K. (1 996) Bleeding disorder due to platelet 
prostaglandin H synthase-1 (PGHS-1) deficiency. Br J Haematol, 92,2 12-7, 

Maynert, E.W. (1960) The metabolic fate of diphenyihydantoin in the dog, rat and man. J 
Pharmacol Exp 2lher, 130,275-84- 

McBride, W.G. (1979) The pathogenesis of thalidomide embryopathy. Advances in Studies of 
Birth Defects, 1, 1 1 3 - 127. 

McKanna, J.A., Zhang, M.Z., Wang, J.L., Cheng, H. and Harris, R.C. (1998) Constitutive 
expression of cyclooxygenase-2 in rat vas deferens. Am J PhysioZ, 275, R227-33. 

Mead, J.F., Alfin-Slater, R.B., Howton, DR. and Popjak, G. (1986) Prostaglandins, 
throm boxanes, and prostacyclin. In Mead, J.F. (ed.) Lipfds: Chemistty, Biochemistry. and 
Nutrition. Plenum Press, New York, pp. 149-2 16. 

Mehmet, H., Miliar, J.B., Lehmann, W., Higgins, T. and Rozengurt, E. (1990) Bombesin 
stimulation of c-fos expression and mitogenesis in Swiss 3T3 cells: the role of prostaglandin E2- 
mediated cyclic AMP accumulation- E ~ D  Cell Res, 190,265-70- 

Meneghini, R. (1997) Iron homeostasis, oxidative stress, and DNA darnage. Free Radie Bioi 
Med, 23, 783-92. 

Merritt, H.H. and Putnam, T.J. (1984) Landmark article Sept 17, 1938: Sodium diphenyl 
hydantoinate in the treatment of convulsive disorders. By H. Houston Memtt and Tracy J. 
Putnam. J A M ,  251, 1062-7. 

Meyer, M., Caselmann, W.H., Schluter, V., Schreck, R., Hofschneider, P H  and Baeuerle, P.A. 
(1992) Hepatitis B virus transactivator MHBst: activation of NF-kappa B, selective inhibition by 
antioxidants and integral membrane iocalization. EMBO J, 11,299 1-300 1. 

Meyrick, B. and Magnuson, M.A. (1 994) Identification and füncticlnal characterization of the 
bovine manganous superoxide dismutase promoter. Am J Respir CelZ Mol Biol, 10, 1 13-2 1. 

Miller, M.S., Juchau, M.R., Guengerich, F.P., Nebert, D.W. and Raucy, S.L. (1996) Dmg 
metabolic enzymes in developmental toxicology. Fundam Appl ToxicoZ, 34, 165-75. 



Miller, M,T. and Stromiand, K- (1999) Teratogen update: thdidomide: a review, with a focus on 
ocular fhdings and new potential uses. Teratology, 60,3 06-2 1. 

Min, Y.K., Rao, Y., Okada, Y., Raisz, L.G. and Pilbeam, C.C. (1998) Regulation of 
prostaglandin G/H synthase-2 expression by interleukin-1 in human osteoblast-like cells. 
Journal of Bone & Mineral Research, 13, 1066-75. 

Ming, XE., Kaiser, M. and Moroni, C .  (1998) c-jun N-tennînal kinase is involved in AUUUA- 
mediated interleuIUn-3 mRNA turnover in mast cells. EMBO J ,  17, 6039-48. 

Minghetti, L. and Levi, G. (1995) Induction of prostanoid biosynthesis by bacterial 
Iipopo~ysaccharide and isoproterenol in rat microglial cultures. J-?Veurochern, 65,2690-8. 

Minghetti, L., Polazzi, E,? Nicolini, A., Creminon, C. and Levi, G. (1996) Interferon-gamma and 
nitric oxide dom-regulate lipopolysaccharide-induced prostanoid production in cultured rat 
microglial cells by inhibiting cyclooxygenase-2 expression. JNeurochem, 66, 1963-70- 

Mino, Y., Mimsawa, H. and Shiota, K. (1994) Effects of uiticonvulsant drugs on fetal mouse 
palates cultured in vitro. Reprod Toxico- 8,225-30. 

Miranda, A.F., Wiley, M.J. and Wells, P.G. (1994) Evidence for embry-onic peroxidase- 
catalyzed bioactivation and glutathione-dependent cytoprotection in phenytoin teratogenicity: 
modulation by eicosatetraynoic acid and buthionine suIfoximinc in murine tmbryo culture. 
Toxicology & &lied Pharmacoloay, 124,230-4 1. 

Mirkes, P.E., Little, S.A., Beland, F-A., Huitfeldt, H.S. a d  Poirier, MC.  (1991) Quantitation 
and immunohistochemical IocaIization of DNA adducts in rat embryos and associated yok sac 
membranes exposed in vitro to N-zcetoxy-2-acety1amir:ofluorene (N-Ac-AAF). Terntog 
Carcinog Mzitagen, 1 1, 93 - 1 02. 

Mitchell, J.A. and Warner, T.D- (1 999) Cyclo-oxygenase-2: pharrnacology, physiology, 
biochemistry and relevance to NSAID therapy. Br JPharmacol, 128, 1 12 1-33. 

Mitchell, M.D., Brennecke, S.P., Saeed, S.A. and Strickland, D.M. (1 985) Arachidonic acid 
metabolism in Lhe fetus and neonate. In Cohen, M.M. (ed.) BioZogical Protection With 
Prostaglandins. CRC Press Inc., Boca Raton, Vol. 1, pp. 27-44. 

Miyamoto, S. and Verma, 1.M. (1995) Rem-kappa BA kappa B story. Adv Cancer Res, 66. 
255-92. 

Mizuno, H., Sakarnoto, C., Matsuda, K., Wada, K., Uchida, T., Noguchi, H., Akamatsu, T. and 
Kasuga, M. (1997) Induction of cyclooxygenase 2 in gastric mucosal lesions and its inhibition 
by the specific antagonist delays heaiing in mice [see comrnents]. GasîroenteroZogy, 112, 387- 
97, 

Moore, K.L. (1 988) The Developing fiman. ClinicaZly Oriented EmbryoZogy. W.B. Saunders 
Company, Toronto. 



Morham, SG.,  Langenbach, R., Loftin, CD., Tiano, H.F., Vouloumanos, N-, Jemette, J-C., 
Mahler, J.F., Kiuckman, K.D., Ledford, A., Lee, C.A. and et al- (1995) Prostaglandin synthase 2 
gene disruption causes severe renal pathology in the mouse. CeZZ, 83,473-82. 

Morita, L, Schlndler, M., Regier, M K ,  Otto, J-C., Hori, T., DeWitt, DL. a d  Smith, W.L. 
(1995) Different htracellular locations for prostaglandin endoperoxide H synthase-1 and -2. J 
Biol Chern, 270, 10902-8- 

Moriya, M., Zhang, W., Johnson, F. and Grollman, A.P. (1994) Mutagenic potency of exocyclic 
DNA adducts: marked differences between Escherichia coli and sirnian kidney cells. Proc Nat1 
Acad Sci USA, 91,11899-903. 

Morris, J-K- and Richards, J.S. (1993) Hormone induction of Iuteinization and prostaglandin 
endoperoxide synthase-2 involves multiple cellular signaling pathways. Endocrinology. 133, 
770-9. 

Morris, J.K. and Richards, I.S. (1 995) Luteinizing hormone induces prostaglandin endoperoxide 
synthase-2 and luteinization in vitro by A-kinase and C-kinase pathways. Endocrinology, 136, 
1549-58. 

Morris, J.K. and Richards, J.S. (1996) An E-box region within the prostaghdin endoperoxide 
synthase-2 (PGS-2) promoter is required for transcription in rat ovarian grariulosa cells. J Biol 
Chern, 271,1643343. 

Moschel, R.C. (1994) Reaction of aralkyl halides with nucleic acid components and DNA. 
IIA RC Scientzjic Pztblications, 125,25-3 6.  

Mounier, C., Faili, A., Vargaftig, B.B., Bon, C. and Haîmi, M. (1993) Secretory phospholipase 
A2 is not required for arachidonic acid liberation during platelet activation. Eur J Biochern, 216, 
169-75. 

Muindi, J.F. and Young, C.W. (1993) Lipid hydroperoxides greatly increase the rate of oxidative 
catabolism of dl-irans-retinoic acid by human cell culture microsornes genetically enriched in 
specified cytochrome P-450 isoforms. Cancer Res, 53, 1226-9. 

Muller, A. and Sies, H. (1984) Assay of ethane and pntane f?om isolated organs and celis. 
Methods Elymol, 105,3 i 1 -9. 

Murakami, M., Matsumoto, R., Austen, K.F. and Arm, J.P. (1994) Prostaglandin endoperoxide 
synthase-1 and -2 couple to digerent trammembrane stimuli to generate prostaglandin D2 in 
mouse bone marrow-derived mast cells. JBiol Chem, 269,22269-75- 

Murata, H., Kawano, S., Tsuji, S., Tsuji, M., Sawaoka, H., Kimura, Y., Shiozaki, H. and Hori, 
M. (1999) Cyclooxygenase-2 overexpression enhances lymphatic invasion and metastasis in 
human gastric carcinoma. Am J Gustroenterol, 94,45 1-5. 



Murthy, S., Gupta, M. and Murthy? N.S. (1997) Implication of reactive oxygen metabolites in 
idammatory bowel disease- In Thomas, C.E. and kalyanaraman, B. (eds.), Oxygen Radicals 
and the Diseuse Process. Harwood Academic Publishers, pp. 1 0 1 -26. 

Mutsaers, J.H., van Halbeek, H., Kamerling, J-P- and Vliegenthart, J.F. (1985) Determination of 
the structure of the carbohydrate chains of prostaglandin endoperoxide synthase fkom sheep. Eur 
J Biochern, 147,569-74. 

Naidu, A.K. and Kulkami, A.P. ( 1  99 1)  Aidrin epoxidation. Catalytic potentid of lipoxygenase 
coupled with linoleic acid oxidation. Drug Metab Dispos, 19,758-63. 

Naidu, A.K. and Kulkami, A.P. (1992) Dioxygenase and hydroperoxidase activities of rat brain 
cytosolic lipoxygenase. Res Commun Chem Parhol Pharmacol, 75,347-56. 

Narnkung, M.J., Pombek, D L ,  Nelson, S.D. and Juchau, M.R. (1985) Regulation of aromatic 
oxidation of estradiol- 17 beta in materna1 hepatic, fetal hepatic and placental tissues: 
comparative effects of a senes of inducing agents. JSteroid Biochem, 22,563-7. 

Nelson, D.R., Koyrnans, L., Kamataki, T., Stegeman, J.J., Feyereisen, R-, Waxman, DI, 
Waterman, M-R-, Gotoh, O., Coon, M.J., Estabrook, RN., Gunsalus, 1.C- and Nebert, D.W. 
(1996) P450 superfamily: update on new sequences, gene mapping, accession numbers and 
nomenclature. Pharmacogenerics, 6, 1 -42- 

Nelson, S.D. and Pearson, P.G. (1990) Covalent and noncovalent interactions in acute lethal ce11 
injury caused by chemicals. Annu Rev Phamtacol Toxicol. 30' 169-95. 

Neubert, D. (1997) Never-ending tales of the mode of the teratogenic actioti of thalidomide 
[comment]. Teratogenesis, Carcinogenesis, & Mutagenesis, 17, i-ii . 

Nicol, C.J.. Harrison, M.L., Laposa, R.R., Gimelshtein, LL. and Wells, P.G. (1995) A teratologic 
suppressor role for p53 in benzo[a]pyrene-treated transgenic p53-deficient mice Cpublished 
erratum appears in Nat Genet 1995 Sep; 1 l(1): 1041. Nar Genet, 10, 1 8 1-7. 

Nicol, C.J., ZieIenski, J., Tsui, L.C. and Wells, P.G. (2000) An embryoprotective role for 
glucose-6-phosphate dehydrogenase in developrnental oxidative stress and chernical 
teratogenesis. FASEB J ,  14, 1 1 1-27. 

Nicotera, P., Hartzell, P., Baldi, C., Svensson, S.A., Bellorno, G. and Orrecius, S. (1986) 
Cystamine induces toxicity in hepatocytes through the eievation of cytosolic Ca2+ and the 
stimulation of a nonlysosomal proteolytic system. J Biol Chem, 261, 24628-35. 

Nicotera, P., Moore, M., Mirabelli, F., Bellomo, G. and Orrenius, S. (1985) Inhibition of 
hepatocyte plasma membrane Ca2+-ATPase activity by menadione metabolism and its 
restoratinn by thiols. FEBS Lett, 181, 149-53. 

Nugteren, D.H. and HazeIhoc E. (1973) Isolation and properties of intermediates in 
prostaglandin biosynthesis. Biochim Biophys Acta, 326,448-6 1. 



Nulman, I., Scolnik, D., Chitayat, D., Farkas, L.D. and Koren, G. (1997) Findings in children 
exposed in utero to phenytoi. and carbamazepine monotherapy: independent effects of epilepsy 
and medications. Am J Med Genet, 68,18-24. 

OtBanion, M.K., Sadowski, H.B., Winn, V. and Young, D.A. (1991) A senim- and 
glricocorticoid-regulated 4-kilobase mRNA encodes a cyclooxygenase-related protein. J Bi02 
Chem, 266,2326 1-7. 

O'Banion, M.K., Wuin, V.D. and Young, D.A. (1992) cDNA cloning and functional activity of a 
glucocorticoid-regulated inflarnmatory cyclooxygenase. Proc Natl Acud Sci USA, 89,4888-92. 

Oesch, F. (1973) Mammalian epoxide hydrases: inducible enzymes catalysing the inactivation of 
carcinogenic and cyto toxic metabolites derived fiom aromatic and olefinic compounds. 
Xenobiotica, 3,305-40. 

Ogino, N., Miyamoto, T., Yamamoto, S. and Hayaishi, 0. (1977) Prostaglandin endoperoxide E 
isomerase fiom bovine vesicular gland microsomes, a glutathione-requiring enzyme. J Bi01 
Chern, 252, 890-5. 

Ohki, S., Ogino, N., Yamamoto, S. and Hayaishi. 0. (1979) Prostaglandin hydroperoxidase, an 
integral part of prostaglandin endoperoxide synthetase fiom bovine vesicular gland microsomes. 
J Biol Chem, 254,829-3 6. 

Okada, T., Tomoda, T., Hisakawa, H. and Kurashige, T. (1995) Fetal vaiproate syndrome uith 
reduction deformity of limb. Acta Paediatr Jpn, 37,58-60- 

O'Neill, G.P. and Ford-Hutchinson, A.W. (1 993) Expression of mRNA for cyclooxygenase-1 
and cyclooxygenase-2 in hurnan tissues. FEBS Lett, 330, 156-60. 

Ornoy, A. and Cchen, E. (1996) Outcome of children bom to epileptic modiers treated with 
carbamazepine during pregnancy. drch Dis ChiZd, 75, 5 1 7-520. 

Ortiz de Montellano, P.R. (1986) Oxygen activation and transfer. In Oaiz de Montellano, P.R. 
(ed.) Cytochrome P-lSO: Structure, Mechanism and Biochemistry- Pelnurn, New York, pp. 21 7- 
271 - 

Osbome, M.R. and Crosby , N.T. (1987) Carcinogenesis. In Osbome, M.R. and Crosby, N.T. 
(eds.), Betzzopyrenes. Cambridge University Press, pp- 198-22 1. 

Oshima, M., Dïnchuk, JE., Kargman, S.L., Oshima, H., Hancock, B., Kwong, E., Trzaskos, 
J.M., Evans, J.F. and Taketo, M.M. (1996) Suppression of intestinal polyposis in Apc delta7 16 
knockout rnice by inhibition of cyclooxygenase 2 (COX-2). C d ,  87,803-9. 

O'Sullivan, M.G., Huggins, E.M., Jr., Meade, E.A., DeWitt, D.L. and McCall, C.E. (1992) 
Lipopolysaccharide induces prostaglandin H synthase-2 in alveolar macrophages. Biochemical 
& Biophysical Research Communications, 187, 1 1 23 -7. 



Otto, J-C., DeWitt, D.L. and Smith, W.L. (1993) N-glycosylation of prostaglandin endoperoxide 
synthases-1 and -2 and their orientations in the endoplasrnic reticdurn. J Biol Chern, 268, 
18234-42. 

Otto, J.C. and Srnith, W.L. (1996) Photolabeling of prostaglandin endoperoxide H synthase-1 
with 3-trifluoro-3-(m-[125rJiodophenyl)diazirhe as a probe of membrane association and the 
cyclooxygenase active site. JBiol  Chern, 271,9906-10. 

Ozolins, T.R., Siksay, DL. and Wells, P.G. (1996) Modulation of embryonic glutathione 
peroxidase activity and phenytoin teratogenicity by dietary deprivation of selenium in CD-1 
rnice. Journal of PharmacoZogy & Euperimental Therapeutics, 277,945-53. 

Ozotins, T.R., Wiley, M.J. and Wells, P.G. (1995) Phenytoin covalent binding and embryopathy 
in mouse embryos co-cultured with materna1 hepatocytes fiorn mouse, rat, and rabbit. Biochern 
Pharmacol, 50, 183 1-40. 

Pacifici, R.E- and Davies, K.J. (1991) Protein, lipid and DNA repaïr systems in oxidative stress: 
the f7ee-radical theory of aging revisited. GerontoZo~, 37, 1 66-80. 

Palmer, H.J. and Paulson, K.E. (1997) Reactive oxygen species and antioxidants in signal 
transduction and gene expression. Nutr Rev, 55,353-61. 

Pandya, G.A. and Moriya, M. (1996) 1,N6-ethenodeoxyadenosine, a DNA adduct highly 
mutagenic in mamaiian cells. Biochernisfry, 35, 1 1487-92. 

Pantarotto, C., Arboix, M., Sezzano, P. and Abbnizzi, R. (1982) Studies on 5,s- 
diphenylhydantoin irreversible binding to rat liver rnicrosomal proteins. Biochern Phcrrmacol, 
31, 1501-7. 

Pantopoulos, K. and Hentze, M. W. (1 998) Activation of iron regulatory protein-1 by oxidative 
stress in vitro. Proc Nat! Acad Sci USA, 95,10559-63 - 

Park, J.M., Yang, T., Arend, L.J., Smart, A.M., Schnermann, J.B. and Bnggs, J.F. (1997) 
Cyclooxygenase-2 is expressed in bladder during fetal development and stimulated by outlet 
obstruction. Am J Physiol, 273, F538-44. 

Park, M. (1995) Oncogenes: genetic abnormalities of ce11 growth. In Scriver, DR., Bezudet, 
A.L., Sly, WS. and Valle, D. (eds.), The Metabolic and Mûlecular bases of Inherited Disease, 
McGraw-HiII, Inc., New York, Vol. 1, pp. 589-613. 

Parman, T., Chen, G. and Wells, P.G. (1998a) Free radical intermediates of phenytoin and 
related teratogens. Prostaglandin H synthase-catalyzed bioactivation, electron paramagnetic 
resonance spectrometry, and photochemical product analysis. JBiol Chern, 273,25079-88. 

Parman, T., Kim, D. and Wells, P.G. (1998b) Teratogenicity of benzaalpyrene in PHS-2 
deficient rnice. Toxicological Sciences, 42, 12 1. 



Parman, T., Wiley, M.J. and Wells, P.G. (1999) Free radical-mediated oxidative DNA damage 
in the mechanism of thalidomide teratogenicity [see comments]. Nat Med, 5, 582-5. 

Pasinetti, G.M. (1 998) Cyclooxygenase and inflammation in Alzheimer's disease: experimental 
approaches and clinical interventions. JNeurosci Res, 54, 1 -6. 

Pasinetti, G.M. and Aisen, P.S. (1998) Cyclooxygenase-2 expression is increased in fiontai 
cortex of Alzheimer's disease brain. Neuroscience, 87,3 19-24. 

Pearson, P.G., Slatter, J.G., Rashed, M.S., Han, D.H. and Baillie! T.A. (199 1) Carbamoylation 
of peptides and proteins in vitro by S-(N-methylcarbamoyl)glutathione and S-(N- 
methylcarbamoyl)cysteine, two electrophilic S-linked conjugates of methyl isocyanate. Chem 
Res Tuxicol, 4,436-44. 

Percival, M.D., Ouellet, M., Vincent, C.J., Yergey, J.A., Kennedy, B.P. and O'Neill, G.P. (1994) 
Purification and characterization of recombinant human cyclooxygenase-2. Arch Biochern 
Biophys, 315, 11 1-8. 

Phillips, D.H. (1983) Fi@ years of  benzo(a)pyrene. Nature, 303,468-72. 

Phillips, T.A., Kujubu, D.A., MacKay, R.J., Herschman, H.R., Russell, S.W. and Pace, J.L. 
(1993) The mouse macrophage activation-associated marker protein, p71/73? is an inducible 
prostaglandin endoperoxide synthase (cyclooxygenase). JLeukoc Biol, 53,411-9. 

Piazza, G.A., R h ,  A.L., Knitzsch, M., Sperl, G., Paranka, N.S., Gross, P.H., Brendel, K.? 
Bu* R.W., Albeas, D.S., Pamukcu, R. and et ai. (1995) Antineoplastic drugs sulindac sulfide 
and sulfone inhibit ce11 growth by inducing apoptosis. Cancer Res. 55. 3 110-6. 

Picot, D. and Garavito, R.M. (1994) Prostaglandin H synthase: implications for membrane 
structure, FEBS Letf, 346,2 1-5. 

Picot, D., Loll, P.J. and Garavito, R.M. (1994) The X-ray crystd structure of the membrane 
protein prostaglandin HZ synthase-1 [see comments]. Nature, 367,243-9. 

Platzek, T. and Bochert, G. (2000) DNA alkylation studies of combined treatment with 
methylnitrosourea and ethylmethanesulfonate in rnice. Teratog Carcinog Mutagen, 20,27-34. 

Platzek, T., Bochert, G., Meister, R. and Neubert, D. (1993) Embryotoxicity induced by 
alkylating agents: 7. Low dose prenatal-toxic risk estimation based on NOAEL risk factor 
approach, dose-response relationships, and DNA adducts using methyinitrosourea as a mode1 
compound. Teratog Carcinog Mutagen, 13, 10 1-25, 

Platzek, T-, Schwabe, R., Rahm, U. and Bochert, G. (1994) DNA modification induced by 6- 
mercaptopurine riboside in murine embryos. Chem Biol Interact, 93, 59-71. 



Pottenger, L.H- and Jefcoate, C.R. (1 990) Characterïzation of a novel cytochrome P450 fiom the 
transfomiable ce11 line, C3WI OT1/2- Carcinogenesis, 11,321 -7. 

Poulos, T-L. 2nd Raag, R. (1992) Cytochrome P450cam: crystallography, oxygen activation, and 
electron transfer. FASEB J,  6,674-9. 

Price, A.H. and Fletcher, M. (1 990) Mechanisms of NSAID-induced gastroenteropathy. Drugs, 
40, 1-11. 

Pritchard, KA., Jr., O'Banion, M.K., Miano, J.M., Vlasic, N,, Bhatia, U.G., Young, D.A. and 
Stemerman, M.B. (1994) Induction of cyclooxygenase-2 in rat vascular smooth muscle ceiis in 
vitro and in vivo. J Biol Chern, 269,8504-9. 

Pryor, W.A. (1988) Why is the hydroxyl r a d i d  the only radical that commonly adds to DNA? 
Hypothesis: it has a rare combination of high electrophilicity, high themochemical reactivity, 
and a mode of production that c m  occur near DNA. Free Rade Biol bledI 4,2 19-23. 

Rahimtula, A.D- and O'Brien, P.J. (1974) Hydroperoxide catalyzed liver microsomal aromatic 
hydroxylation reactions involving cytochrome P-4.50- Biochem Biophys Res Comrnzin, 607 440-7- 

Rahimtula, A.D. and O'Brien, P.J. (1975) Hydroperoxide dependent O-dealkylation reactions 
catalyzed by liver microsomd cytochrome P450. Biochern Biophys Res Commun, 62,268-75. 

Rahimtula, A.D. and O'Brien, P.J. (1977) The role of cytochrome P-450 in the hydroperoxide- 
catalyzed oxidation of alcohols by rat-liver microsomes. Ezir JBiochern, 77,201-8. 

Rahimtula, A.D., O'Brien, P.J., Seifried, H.E. and Jerina, D.M. (1978) The mechanism of action 
of cytochrorne P-450. Occurrence of the 'NM shift' during hydroperoxide-dependent arornatic 
hydroxylations. Ezir J Biochem, 89, 133-41. 

Rajadhyaksha, A.V., Reddy, V., Hover, C.G. and Kulkarni, A.P. (1999) N-demethylation of 
phenothiazines by lipoxygenase ficorn soybean and human term placenta in the presence of 
hydrogen peroxide. Terarog Carcinog Mutagen, 19,2 1 1-22. 

Rajagopalan, L.E. and Malter, J.S. (1 994) Modulation of granulocyte-macrophage colony- 
stimulating factor mRNA stability in vitro by the adenosine-uridine binding factor. J Biol Chem, 
269,23882-8. 

Rao, G.N. (1 996) Hydrogen peroxide induces complex formation of SHC-Grb2-SOS with 
receptor tyrosine kinase and activates Ras and extracellular signal-regulated protein kinases 
group of mitogen-activated protein kinases. Otzcogene, 13,7 13-9. 

Raucy, J.L. and Carpenter, S.J. (1993) The expression of xenobiotic-metabolizing cytochromes 
P450 in fetal tissues. J Pharmacol Toxicol Methods, 29, 12 1-8. 

Ray, W.J., Bain, G., Yao, M. and Gottlieb, D.I. (1997) CYP26, a novel marnrnalian cytochrorne 
P450, is induced by retinoic acid and defines a new family. JBiol Chern, 272, 18702-8- 



Reddy, S.T. and Herschman, H-R (1994) Ligand-induced prostaglandin synthesis requires 
expression of the TIS 1 O f f  GS-2 prostaglandin synthase gene in murine fibroblasts and 
macrophages. J Biol Chem, 269, 15473-80- 

Reddy, S.T. and Herschman, H,R. (1996) Transcellular prostaglandin production following mast 
cell activation is mediated by proximal secretory phospholipase A2 and distal prostaghdin 
synthase 1. J Biol Chem, 271, 1 86-9 1. 

Reddy, S.T. and Herschman, H.R. (1 997) Prostaglandin s ynthase- l and prostaglandin synthase-2 
are coupled to distinct phospholipases for the generation of prostaglandin D2 in activated mast 
cells. JBiol Chem, 272,323 1-7. 

Reed, G.A. (1988) Oxidation of environmental carcinogens by prostaglandin H synthase. 
Environ Carinog Rev (J Environ Sci Heakh), C6,223-259. 

Reese, J., Brown, N., Paria, B-C., Morrow, J. and Dey, S.K. (1999) COX-2 compensation in the 
uterus of COX-1 deficient rnice during the pre-implantation period [published erratum appears 
in Mol Cell Endocrinol 1999 Aug 20; I%(l-2): 1951, Mol Cell Endocrinol, 150,23-3 1 .  

Reiger, M.K., DeWitt' D-LI, Schindler, M.S. and Smith, W.L. (1993) Subcellular localization of 
prostaglandin endoperoxide synthase-2 in murine 3T3 cells. Archives of Biocherpzishy & 
Biophysics, 30 1,43 9-44. 

Reinke. L.A., Moore, D.R., Hague, C M .  and McCay, P.B. (1994) Metabolism of ethanol to 1- 
hydroxyethyl radicais in rat liver microsomes: comparative studies with three spin trapping 
agents, Free Radie Res, 21,2 13-22. 

Reynolds. J.E.F. (ed.) (1993) Martindale The E,rtra Pharmacopoeia. The Parrnaceuticd Press, 
London. 

Richter, C., Park, J.W. a d  Ames, B.N. (1988) Normal oxidative darnage to mitochondrial and 
nuclear DNA is extensive. Proc Narl Acad Sci USA, 85,6465-7. 

Riley, R.J., Roberts, P., Kitteringham, N.R. and Park, B.K. (1990) Formation of cytoto?tic 
metabolites from phenytoin, imipramine, desipramine, arnitriptyline and mianserin by mouse 
and human hepatic microsomes. Biochern Pharmacol, 39, 195 1-8. 

Rimarachin, J.A., Jacobson, J.A., Szabo, P., Maclouf, J., Creminon, C. and Weksler, B-B. 
(1 994) Regdation of cyclooxygenase-2 expression in aortic smooth muscle celIs. 
Arteriosclerosis & Thrombosis, 14, 1 02 1-3 1. 

Rintala, M.C., Parman, T. and Wells, P.G. (1999) Phenytoin teratogenicity in prostaglandin H 
synthase-l knockout mice. Society qf Toxicology of Canada. Society of Toxicology of Canada, 
Montreal- 



Ristimaki, A., GarfinkeI, S., Wessendorf, J., Maciag, T. and Ma, T. (1994) Induction of 
cyclooxygenase-2 by interleukin-1 aipba. Evidence for post-transcriptional regulation. J Biol 
Chem, 269,11769-75. 

Ristimaki, A., Narko, K. and Hla, T. (1996) Down-regdation of cytokine-induced cyclo- 
oxygenase-2 transcript isoforms by dexamethasone: evidence for post-transcriptional regulation. 
Biochern J: 318,325-3 1. 

Roberts, C.J. and Lowe, CR. (1975) Where have al1 the conceptions gone? Lancet, 1,498-99. 

Rogan, E.G., RamaKrishna, N.V., Higginbotham, S., Czvalieri, E.L., Jeong, H., Jankowiak, R. 
and Small, G.J. (1990) Identification and quantitation of 7-(benzo[a]pyren-6-y1)guanine in the 
urine and feces of rats treated with benzo[a]pyrene. Chem Res Toxicol, 3,441-4. 

Roife, B-E, (1982) Detection of fetal wastage. Fertil Steril, 37, 655-60. 

Rome, L.H. and Lands. W.E. (1975) Structural requirements for time-dependent inhibition of 
prostaglandin biosynthesis by anti-inflarnmatory dnigs. Proc Nntl Acad Sei USA, 72,4863-5. 

Roy, D., Bernhardt, A., Strobel, H.W. and Liehr, J.G. (1992) Catalysis of the oxidation of 
steroid and stilbene estrogens to estrogen quinone metabolites by the beta-naphthoflavone- 
inducible cytochrome P450 IA family. Arch Biochem Biophys, 296, 450-6. 

Roy, D. and Snodgrass, W.R. (1990) Covaient binding of phenytoin to protein and modulation 
of phenytoin metabolism by thiols in A/J mouse liver microsomes. JPhnrmacol Exp Ther, 252, 
895-900. 

Roy, S.K. and Kulkarni, A.P. (1991) Lipoxygenase: a new pathway for 2-aminofluorene 
bioactivation. Cancer Lett, 60,33-9. 

Roy, S.K., Mi- A.K., Hilbelink, DR., Dwornik, J.J. and Kulkarni, A.P. ( 2  993) Lipoxygenase 
activity in rat embryos and its potential for xenobiotic oxidation. Biol Neonate, 63,297-302. 

Rudd? N.L. and Freedom, R.M. (1979) A possible primidone embryopathy. JPediatr, 94,835-7. 

Rushore, T H ,  King, R.G., Paulson, K.E. and Pickett, C.B. (1990) Regdation of glutathione 
S-transferase Ya subunit gene expression: identification of a unique xenobiotic-responsive 
element controlling inducible expression by planar aromatic compounds. f r o c  Narl Acad Sci U 
S A ,  87,3826-30, 

Ryseck, R.P., Raynoschek, C., Macdonald-Bravo, H., Dorfinan, K., Mattei, M.G. and Bravo, R. 
(1992) Identification of an immediate early gene, pghs-B, whose protein product has 
prostaglandin synthase/cyclooxygenase activity. CeZZ Groivth & Dzfferentiation, 3,443-50. 

Saeed, S.A. and Mitchell, M.D. (1982) Formation of arachidonate lipoxygenase metabolites by 
human fetal membranes, utenne decidua vera and placenta. ProstagZandins Leukot Me4 8, 635- 
40. 



Safe, S. and Knshnan, V. (1995) Cellular and molecular biology of aryl hydrocarbon (Ah) 
receptor-mediated gene expression. Arch Toxicol SuppZ, 17,99- 1 15. 

Sauer, H., Gunther, J., Hescheler, J. and Wartenberg, M. (2000) Thalidomide inhibits 
angiogenesis in embryoid bodies by the generation of hydroxyl radicals. Am J PathoZ, 156. 15 1 - 
8. 

Sayo, H. and Saito, M. (1990) The mechanism of myeloperoxidase-catalysed oxidation of 
aminopyrine. XenobiotÏcu, 20,957-65. 

Schenk, P.W. and Snaar-Jagalska B.E. (1999) Signal perception and transduction: the role of 
protein kinases. Biochim Biophys Acta, 1439, 1 -24. 

Schievella, A.R., Regier, M-K., Smith, W.L. and Lin, L.L. (1995) Calcium-mediated 
translocation of cytosolic phospholipase A2 to the nuclear envelope and endoplasmic reticulum. 
JBiol Chem, 270,30749-54. 

Schiff, E., Friedman, S.A., Starnpfer, M., Kao, L., Barreq P. H., Sibai, B. M. (1996) Dietary 
consurnption and plasma concentrations of vitamin E in pregnancies complicated by 
preeclarnpsia. Am J Obsrer Gynecol, 175, 1024-8. 

Schreck, R., Rieber, P. and Baeuerle, P.A. (1991) Reactive oxygen intermediates as apparentiy 
widely used messengers in the activation of the NF-kappa B transcription factor and HIV-1. 
EMBO J ,  10.2247-58. 

Schuetz, J.D., Beach, DL.  and Guzelian, P.S. (1994) Selective expression of cytochrome P450 
CYP3A mRNAs in embryonic and adult human liver. Pharmacogenetics. JI 1 1-20. 

Schulze-Osthoff, K., Los. M. and Baeuerle, P.A. (1995) Redox signalhg by transcription 
factors NF-kappa B and AP-1 in lymphocytes. Biochem Pharmacol, 50,735-41. 

Schurnacher! H., Smith, R.L. and Williams, R.T. (1965) The metabolism of thalidomide: The 
fate of thalidomide and some of its hydrolysis products in various species. Br JPhnrmacoZ, 25, 
338-35 1. 

Scolnik, D., Nulman, L, Rovet, J., Gladstone, D., Czuchta, D., Gardner, H.A., Gladstone, R., 
Ashby, P., Weksberg, R., Einanon. T. and et ai. (1994) Neurodevelopment of children exposed 
in utero to phenytoin and carbarnazepine monotherapy [published erratum appears in JAMA 
1994 Jun 8;27 l(22): 1 7451 [see comrnents]. JAltt4,271. 767-70. 

Seibert, K., Zhang, Y., Leahy, K., Hauser, S., Masferrer, J., Perkins, W., Lee, L. and Isakson, P. 
(1991) Pharmacological and biochemical demonstration of the role of cycIooxygenase 2 in 
inflammation and pain. Proc Nat/ Acad ScÏ USA, 9 1, 120 13 -7. 

Seip, M. (1976) Growth retardation, dysmorphic facies and minor maiformations following 
massive exposure to pheno barbitone in utero. Acta Paediarrica Scandinavica, 65,6 1 7-2 1. 



Seko, Y., Tobe, K., Ueki, K., Kadowaki, T. and Yazaki, Y. (1996) Hypoxia and 
hypoxiakeoxygenation activate Rd-1,  rnitogen-activated protein kinase kinase, mitogen- 
activated protein kinases, and S6 kinase in cultured rat cardiac myocytes. Circ Res, 78, 82-90. 

Serahi,  M.T., Arola, L. and Romey A. (1991) Glutathione and related enzyme activity in the 
1 l-day rat embryo, placenta and perinatd rat Iiver. Biol Neonate, 60,236-42. 

Serhan, C.N- (1997) Lipoxins and novel aspirin-triggered 15-epi-Iipoxins (ATL): a jungle of 
cell-ce11 interactions or a therapeutic opportunity? Prostaglandins, 53, 107-37. 

Shaw, G. and Kamen, EL (1986) A conserved AU sequence fkom the 3' untranslated region of 
GM-CSF mRNA mediates selective mRNA degradation. Cell, 46,659-67. 

Sheng, W., Shao, J., Dixon. D.A., Williams, C.S., Prescott, SM., DuBois, R.N. and Beauchamp, 
R.D. (2000) Transforming growth factor-betal enhances Ha-ras-induced expression of 
cyclooxygenase-2 in intestinal epithelial cells via stabilization of mRNA. J Biol Chem, 275, 
6628-35. 

Sheng, H., Shao, J., Hooton. E.B., Tsujii, M., DuBois, R.N. and Beauchamp, R.D. (1997) 
Cyclooxygenase-2 induction and transforming growth factor beta growth inhibition in rat 
intestinal epithelial cells, CeZZ Growth & Dzfferentiation, 8,463-70. 

Sheng, H., Williams, CS., Shao, J., Liang, P., DuBois, R.N. and Beauchamp, R.D. (1998) 
Induction of cyclooxygenase-2 by activated Ha-ras oncogene in Rat4 fibroblasts and the role of 
mitogen-activated protein kinase pathway. J Biol Chem, 273, 22 120-7. 

Shi, W., Hoganson, C.W.? Matthew, E,, Bender, C.S., Babcock, G-T,, Palmer, G., Kulrnacc R.J. 
and Tsai, A.4. (2000) Electron paramagnetic resonance and electron nuclear double resonance 
spectroscopic identification and characterization of the tyrosyl radicals in prostaglandin H 
synthase 1. Biochemistry, 39,4 1 12-4 12 1 - 

Shi. S.J., Koutsos, M.I., Qiao, L. and Rigas, B. (1996) Nonsteroidal antiinflarnrnatory dmgs 
inhibit the proliferation of colon adenocarcinorna cells: effects on ce11 cycle and apoptosis. Exp 
Cell Res, 222, 179-88. 

Shigenaga, M.K. md Ames, B.N. (1 991) Assays for 8-hydroxy-2'-deoxyguanosine: a biomarker 
of in vivo oxidative DNA darnage. Free Radical B b Z o ~  & Medicine, 10,2 1 1-6. 

Shimada, T., Hayes, C.L., Yarnazaki, H,, Amin, S., Hecht, S.S., Guengerich, F.P. and Sutter, 
T.R. (1 996) Activation of chemically diverse procarcinogens by human cytochrome P-450 1 8  1. 
Cancer Res, 56,3979-84. 

Shirnada, T., h, C.H., Yarnazaki, H., Gautier, J-C., Beaune, P.H. and Guengerich, F.P. (1992) 
Characterization of human !ung microsomal cytochrome P-450 1Al and its role in the oxidation 
of chernical carcinogens. Mol Pharmacol, 41, 856-64. 



Shimokawa, T., Kuimacz, R.J., DeWitt, D.L. and Smith, W L  (1990) Tyrosine 385 of 
prostaglandin endoperoxide synthase is required for cyclooxygenase catdysis. J Biol Chem, 265, 
20073-6. 

Shriner, R.L., Fuson, R.C. and Curtin, D.Y. (eds.) (1964) î7ze qvstematic identification of 
organic cornpounds. A laboratmy manual. John Wiiey and Sons Inc., New York. 

Shuker, D.E. and Bartsch, H- (1994) DNA adducts of nitrosamines. L4RC Sei Publ, 125,73-89. 

Shull, G.E. (1984) Differentiai inhibition of protein synthesis: a possible biochemicd 
mechanism of thalidomide teratogenesis. J Theor Biol, 110,46 1-86, 

Shum, S., Jensen, N-M- and Nebert, D.W- (1979) The murine Ah locus: in utero toxicity and 
teratogenesis associated with genetic differences in benzo[a]pyrene metabolism. TeratoZogy, 20, 
365-76. 

Silver, R-M., Edwin, S-S,, Trautman, M.S., Simmons, D-L., Branch, D.W., Dudley, D.J. and 
Mitchell, M.D. (1995) Bacterial lipopolysaccharide-mediated fetal death. Production of a newly 
recognized form of inducible cyclooxygenase (COX-2) in murine decidua in response to 
Iipopolysaccharide. J Clin invesî, 95,725-3 1. 

Simic, M.G., Bergtold, D.S. and Kararn, L.R. (1989) Generation of oxy radicals in biosystems. 
Murat Res, 2 14, 3- 1 2. 

Simonson, M.S., Herman, W.H. and Dunn, M.J. (1997) Distinct signaling pathways mediate 
induction of c-fos by PGE2 in glomerular mesangial cells. Advancos in Experimental Medicine 
& Biologv, 4OOA. 279-86. 

Sirenko, O.I.? Lofquist, A.K., DeMaria, C.T., Morris, J.S., Brewer, G. and Haskill, J.S. (1997) 
Adhesion-dependent regulation of an A+U-rich element-binding activity associated with AUF 1 
Molecttlar & Cellular Biology, 17, 3 898-906. 

Sirois, J., Levy, L.O., Sirnmons, D.L. and Richards, J.S. (1993) Characterization and hormonal 
regulation of the promoter of the rat prostaglandin endoperoxide synthase 2 gene in granulosa 
cells. Identification of functional and pr~tein-binding regions. J Biol C'hem, 268, 12 199-206. 

Skell, P.S. and Day, J-C, (1 978) Ground-state and excited-state chemistry of succinimidoyl 
radical and its congeners. Acc Chem Res, 11, 38 1-387. 

Slatter, J.G., Rashed, M.S., Pearson, P.G., Han, D.H. and Baillie, T.A. (1 99 1) Biotransforrnation 
of methyl isocyanate in the rat. Evidence for glutathione conjugation as a major pathway of 
metabolism and implications for isocyanate-mediated toxicities. Chem Res Toxicol, 4, 157-6 1. 

Smalley. W.E. and DuBois, RN. (1997) Colorectaï cancer and nonsteroidal anti-inflammatory 
drugs. Adv Pharmacol, 39, 1-20. 



276 

Smith, R.G., Daves, G.D., Jr., Lynn. RK. and Gerber, N. (1977) Hydantoin ring 
glucuronidation: characterïzation of a new metabolite of 5,s-diphenylhydantoin in man and the 
rat. Biomed Mass Spectrom, 4,275-9. 

Smith, W.L. and DeWitt, D.L. (1995) Biochemisûy of prostaglandin endoperoxide H synthase-1 
and synthase-2 and their differential susceptibility to nonsteroidal anti-inflammatory h g s .  
Semin Nephrol, 15, 1 79-94. 

Smith, W.L. and Mamett, L.J. (1991) Prostaglandin endoperoxide synthase: structure and 
catalysis. Biochim Biophys Acta, 1083, 1-1 7- 

Smith, W.L. and Marnett, L.J. (1994) Prostaglandin endoperoxide synthases. In Sigel, If. and 
Sigel, A. (eds.), Metal Ions in Biologzëal Systems. Marcel dekker, New York, pp. 163-199. 

Sorners, G.G. (1 962) Thalidomide and congenitd anomalie. Lancet, 1 ,9  12. 

Sonoda, T., Ohdo, S., Ohba, K., Okishima, T. and Hayakawa, K. (1990) Teratogenic effects of 
sodium valproate in the Jcl: ICR mouse fetus. Acta Paediatr Jpn, 32,502-7. 

Spector, A., Kleirnan, N.J., Huang, R.R. and Wang, R.R. (1989) Repair of H202-induced DNA 
damage in bovine lens epithelial ce11 cultures- Exp Eye Res, 49,685-98. 

Speidel, B.D. and Meadow, S R .  (1 972) Matemal epilepsy and abnormalities of the fetus and 
newborn. Lancet, 2,839-43. 

Spitz, D.R., Dewey, W C  and Li, G.C. (1987) Hydrogen peroxide or heat shock induces 
resistance to hydrogen peroxide in Chinese hamster fibrobIasts. J CeZZ Physiol, 131, 364-73. 

Stadtman, E.R. (1 990) Metal ion-catalyzed oxidation of proteins: biochernical mechanism and 
biological consequences [published erratum appears in Free Radic Bi01 Med 199 1 ; 1 O(3-4):249]. 
Free Radic Biol Med, 9 , 3  1 5 -25 - 

Stephens, T.D. (1 988) Proposed mechanisms of action in thalidomide embryopathy. Terarology, 
38,229-39. 

Stephens, T.D., Bunde, C.J. and Fillmore, B.J. (2000) Mechanism of action in thalidomide 
teratogenesis. Biochern Pharmacol, 59, 1489-99. 

Stephens, T.D. and Fillmore, B.J. (2000) Hypothesis: thalidomide embryopathy-proposed 
mechanism of action. Terarology, 61, 189-95. 

Strïckler, S.M., Dansky, L X ,  Miller, M.A., Seni, M.H., Andermann, E. and Spielberg, S.P. 
(1 985) Genetic predisposition to phenytoin-induced birth defects. Lancet, 2,746-9. 

Subbararnaiah, K., Altorki, N., Chung, W.J., Mestre, J.R., Sarnpat, A. and Dannenberg, A.J. 
(1 999) Inhibition of cycIooxygenase-2 gene expression by p53. JBiol Chern, 274, 109 1 1-5. 



Sugiyama, K., Correia, M.A., Thummel, K.E., Nagata, K., Darbyshire, J.F., Osawa, Y. and 
Gillette, J.R. (1 994) pH-dependent one- and two-electron oxidation of 3,5-dicarbethoxy-2,6- 
dimethyl-4-ethyl- 1.4-dihydropyridine catalyzed by horseradis h peroxidase. Chem Res Toxicol, 7, 
633-42- 

Sun, D,, McDonnell, M., Chen, X.S., Lakkis, M.M., Li, H-Y Isaacs, SN., Elsea, S.H., Patel, P.I. 
and Funk, C.D. (1998) Human 12(R)-lipoxygenase and the mouse ortholog. Molecular cloning, 
expression, and gene chromosornai assignment. JBioI Chem, 273, 33540-7. 

Sun, F.F., McGuire, J-C., Morton, D.R., Pike, J.E., Sprecher, H. and Kunau, W.H. (1981) 
Inhibition of platelet arachidonic acid 124ipoxygenase by acetylenic acid compounds. 
Prostaglana'ins, 2 1 , 3  3 3 -43. 

Swimey, D.C., Mak, A.Y., Barnett, J. and Rarneshq C S -  (1997) Differential allosteric 
regulation of prostaglandin H synthase 1 and 2 by arachidonic acid. J Biol Chem, 272, 12393-8- 

Tazawa, R., Xu, X.M., Wu, K.K. and Wang, L.H. (1994) Characterization of the genomic 
structure, chromosomal location and promoter of h u m a .  prostaglandin H synthase- gene. 
Biochernical& Biophysical Research Communications, 203, 190-9. 

Timbrell, J.A. ( 199 1 ) Toxic response to foreign compounds. In Timbrell, J.A. (ed.) Principles of 
Biochemicd Toxicology- Taylor and Francis, London, pp. 2 17-8. 

Tjandrawinata, RA. and Hughes-Fulford, M. (1 997) Up-regulation of cyclooxygenase-2 by 
product-prostaglandin E?. Advances in Experimental Medicine & i3ioIog-y. 407, 1 6; -70. 

TopIey, N., Petersen, M.M., Mackenzie, R., Neubauer, A., Stylianou, E.. Kaever, V., Davies, 
M., Coles' G.A., Jorres, A. and Williams, J-D- (1994) Human peritoneal mesothelial ce11 
prostaglandin synthesis: induction of cyclooxygenase mRNA by peritoneal macrophage-derived 
cytokines. Kidney Inr, 36,900-9. 

Trofmova-Griffin, M.E. and Juchau, M.R. (1 998) Expression of cytochrome P450RAI (CYP26) 
in human fetal hepatic and cephalic tissues. Biochern Biophys Res Comrnzin, 252,487-9 1. 

Tsai, A., Kulmacz, R.J. and Palmer, G. (1995) Spectroscopie evidence for reaction of 
prostaglandin H synthase-1 tyrosyl radical with arachidonic acid. J B i d  C'hem, 270, 10503-8. 

Tsai, A,, Palmer, G,, Xiao, G., Swinney, D.C. and Kulmacz, R.J. (1998) Structural 
characterization of arachidonyl radicals formed by prostaglandin H synthase-2 and prostaglandin 
H synthase-1 reconstituted with mangano protoporphyrin K. J Biol Chem, 273, 3888-94. 

Tsai, A., Wu, G., Palmer, G., Bambai, B., Koehn, J.A., Marshall, P.J. and Kulmacz, R.I. (1999) 
Rapid kinetics of tyrosyl radical formation and heme redox state changes in prostaglandin H 
synthase-1 and -2, J Biol Chem, 274,2 1695-700, 



Tsujii, M-, Kawano, S., Tsuji, S., Sawaoka, H., 
Cyclooxygenase regulates angiogenesis induced by 
appears in Ce11 1998 Jul24;94(2):following 2711. Cell, 

Hori, M. and DuBois, R.N-- (1998) 
colon cancer celis Cpublished erratum 
93,705-16. 

Tucker, O.N., Dannenberg, A.J., Yang, E-K-, Zhang, F., Teng, L., Ddy, J.M., Soslow, R-A., 
Masferre- J.L., Woemer? B.M., Koki, A-T- and Fahey. T.J., 3rd. (1999) Cyclooxygenase-2 
expression is up-regulated in hurnan pancreatic cancer. Cancer Res, 59,987-90. 

Turk, BE., Jiang, H. and Liu, J.O. (1996) Binding of thalidomide to alpha 1-acid glycoprotein 
may be involved in its inhibition of tumor necrosis factor-alpha production. Proceding of 
National Academy of Science of United States of America, 93, 7552-56. 

Turner, M.J.d., Fields, C.E. and Everman, D.B. (1991) Evidence for superoxide formation 
during hepatic metabolism of tamoxifen. Biochem Pharmacol, 41, 1 70 1-5. 

Uetrecht, J. and Zahid, N. (1988) N-chlorination of phenytoin by myeIoperoxidase to a reactive 
metabolite. Chem Res Toxicol, 1 ,  148-5 1. 

Uetrecht? J., Zahid, N- and Rubin, R. (1988a) Metabolism of procainamide to a hydroxylamine 
by human neutrophils and mononuclear Ieukocytes. Chem Res Toxicol. 1,74-8, 

Uetrecht, J., Zahid, N., Shear. N.H. and Biggw W.D. (1988b) Metabolism of dapsone to a 
hydroxylarnine by human neutrophils and rnononuclear cells. J Pharmacol Erp Ther. 24S1 274- 
9 * 

Uetrecht, J.P. and Zahid, N. (1991) N-Chlorination and oxidation of procainamide by 
myeloperoxidase: toxicological implications. Chem Res ToxicoC, 1,2I 8-22. 

Vaca, C.E., Wilhelm, J. and Kamis-Ringdahl, M. (1988) Interaction of lipid perosidation 
products with DNA. A review. Mutnt Res, 195, 137-49. 

Van Dyke, D.C.? Hodge, S.E., Heide, F. and Hill. L.R. (1988) Family studies in fetal phenytoin 
exposure. J Pediaa, l l3,3O 1-6. 

Van Wauwe, J. and Goossens, 1. (1983) Effects of antioxidants on cyclooxygenase and 
lipoxygenase activities in intact human platelets: comparison with indomethacin and ETYA. 
ProstagZandins, 26, 725-3 O. 

van Zyl, J.M-, Basson, K., Kriegler, A, and van der Walt, B.J. (1990) Activation of 
chlorpromazine by the myeloperoxidase system of the human neutrophil. Biochem Pharmacol. 
40,947-54. 

Veronese, M.E., Mackenzie, P.I., Doecke, C.J., McManus, M-E., Miners, J.O. and Birkett, D.J. 
(1991) Tolbutamide and phenytoin hydroxylations by cDNA-expressed human liver cytochrome 
P4502C9 Cpublished erratum appears in Biochem Biophys Res Commun 1991 Nov 
14; 180(3); 15271. Biochem Biophys Res Commun. 175, 1 1 1 2-8. 



Vogel, C., Schuhrnacher, US., Degen, G-H., Bolt, H.M., Pineau, T. and Abel, J. (1998) 
Modulation of prostataglandin H synthase-2 mRNA expression by 2,3,7,8-tetrachlorodibenzo-p- 
dioxin in mice. Archives of Biochernistry & Biophysics, 351,265-7 1. 

Wadleigh, D.J., Reddy, S.T., Kopp, E., Ghosh, S. and Herschman, H.R. (2000) Transcriptionai 
activation of the cyclooxygenase-2 gene in endotoxin-treated RAW 264.7 macrophages. J Biol 
Chern, 275,6259-66. 

Waldhauser, L. and Uetrecht, J. (1 931) Oxidation of propylthiouracil to reactive metabolites by 
activated neutrophils. Implications for agranulocytosis. Dmg Metab Dispos, 19, 354-9. 

Waienga, R.W., Wall, S.F., Setty, B.N. and Stuart, M.J. (1986) Tirne-dependent inhibition of 
platelet cyclooxygenase by indomethacin is slowly reversible. PrastagIandins, 31, 625-37. 

Wallace, J.L., Bak, A., McKnight, W., Asfaha, S.' Sharkey, KA. and MacNaughton, W.K. 
(1998) Cyclooxygenase 1 contributes to intlarnmatory responses in rats and mice: implications 
for gastrointestinal toxicity [see comments] . Gastruenterology, 1 15, 1 0 1 -9. 

Wang, L.H., Hajibeigi, A., Xu, X.M., Loose-Mitchell. D. and Wu, K.K. (1993) Characterization 
of the promoter of human prostaglandin H synthase-1 gene. Biochernical & Biophysical 
Research Cornrnzrnications, 190,406- 1 1.  

Ward, N.E., Gravitt, KR.  and O'Brian, C.A. (1 995) Lrreversible inactivation of protein kinase C 
by a peptide-substrate analog. JBiol Chem? 270, 8056-60. 

Warnock, L.J. and Hunninghake, G.W. (1995) Multiple second messenger pathways regulate IL- 
1 beta-induced expression of PGHS-2 mRNA in normal hurnan skin fibroblasts. J Cell Physiol, 
163, 172-8. 

Wells, P.G., Davidovich, 0. and Mark, T.M- (1991) Inhibition of murine phenytoin 
teratogenicity by the iron chelator deferoxamine. Toxl'cologist, 11, 1 13 1. 

Wells, F.G. and Gesicki, J.B. (1984) Modulation of phenytoin teratogenicity by exogenous and 
endogenous inhibitors of oxidative dmg metabolism. 9th International Congress of 
Pharrnacology, p. 1772. 

Wells, P.G., Kim, P.M., Laposa, R.R., Nicol, C.J., Parman, T. and Winn, L-M. (1997a) 
Oxidative darnage in chemicd teratogenesis. Mutnt Res, 396: 65-78. 

Wells, P.G., Kim, P.IM-, Nicol, C.J., Parman, T. and Wim, L.M, (1997b) Reactive 
Intemediates. In Kavlock, R.J. and Daston, G-P. (eds.), Handbook of Experimental 
PharmacoZogy. Springer-Verlag, Heidelberg Vol. Z 24, pp. 453-5 18. 

Wells, P.G., Kupfer, A., Lawson, J.A. and Harbison, RD. (1982) Relation of in vivo dmg 
metabolism to stereoselective fetal hydantoin toxicology in rnouse: evaluation of mephenytoin 
and its metabolite, nirvanol. Journal of Pharmacology & Ex-perimental Therupeutics, 22 1,  228- 
34. 



Wells, P-G., Leader, J.S. and Winn, L.M. (1 994) Phenytoin-initiated protein oxidation in murine 
embryo culture: a poteda( molecular mechanism mediating phenytoin teratogenicity. 
T'cologist, 15,276. 

Wells, P.G., Leeder, J.S. and W h ,  L.M- (1995) Phenytoin-initiated protein oxidation in murine 
embryo culture: A Potentid molecular mechanisrn mediating phenytoin teratogenicity. 
Toxicologist~ 15,276. 

Wells, P.G., Nagai, M.K. and Greco, G.S. (1989a) Inhibition of bimethadione and dimethadione 
teratogenicity by the cyclooxygenase inhibitor acetylsalicylic acid: a unifying hypothesis for the 
teratologic effects of hydantoin anticonwlsants and stnicturally related compounds. To.ricology 
& Applied PharmacoZogy, 97,406- 14. 

Wells, P.G-, Obilio. F.C. and de Morais, S.M.F. (1989b) Benzo[aJpyrene embryopathy in rats 
geneticaliy deficient in biiirubin UDP-glucuronyl transferase. FASEB J, 3, A 1025. 

Wells, P.G. and Vo, H.P. (1989) Effects of the tumor promoter 12-O-tetradecanoylphorbol-13- 
acetate on phenytoin-induced embryopathy in mice. ToxicoZogy & Applied Pharmncology, 97, 
398-405. 

Wells, P.G. and Winn, L.M. (1 996) Biochernical toxicology of chernical teratogenesis. Crit Rev 
Biochenz Mol Biol, 31, 1-40. 

Wells, P.G. and Winn, L.M. (1997) The role of biotransformation in developmental toxicity. ln 
Sipes, I.G., McQueen, C.A. and Gandolfi, A.J. (eds.), Comprehensive ToxicoZogy. Pergarnon 
Elsevier Sciences Ltd.. Vol. 10, pp. 489-507. 

WelIs, P.G., Zubovits, J.T., Wong, S.T-, Molinari, L.M. and Ali, S. (1 98%) Modulation of 
phenytoin teratogenicity and embryonic covalent binding by acetylsalicylic acid, c&eic acid, 
and alpha-phenyl-N-t-butylnitrone: implications for bioactivation by prostaglandin synthetase. 
Toxicology & Applied PharmacoZogy, 97, 1 92-202. 

White, J-A., Beckett-Jones, B., Guo, Y.D., Dilworth? F.J., Bonasoro, J., Jones, G. and Petkovich, 
M. (1997) cDNA cloning of human retinoic acid-metabolizing enzyme (hP450RAI) identifies a 
novel farnily of cytochromes P450. JBiol Chem, 272, 18538-41. 

White, R.E. and Coon, M.J. (1980) Oxygen activation by cytochrome P-450. Anntz Rev 
Biochem, 49,3 15-56. 

Whitlock, J.P., Jr., Denison, M.S., Fisher, LM. and Shen, ES. (1989) induction of hepatic 
cytochrome P450 gene expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Mol Biol Med, 6,  
169-78. 

Wilborn, J., DeWitt, D.L. and Peters-Golden, M. (1 995) Expression and roIe of cyclooxygenase 
isoforms in alveolar and peritoneal macrophages. Am J Physiol, 268, L294-30 1 - 



Williams, G.M. and Weisburger, J.H. ( 1 99 1 ) Chernical carcinogenesis. In Amdur, M.O., Doull, 
5. and Klaassen, C.D. (eds.), Cassaretf and Doull's Toxicologyr The Basie Science of Poisons. 
McGraw-Hill, New York, pp. 127-200. 

Wm, L.M. and Wells, P.G. (1994) Benzolalpyrene-initiated DNA and protein oxidation in 
murine embryo culture: a potential molecular mechanism mediating benzo[a]pyrene 
teratogenicity. Proceedings of the 27th annual symposium of the Society of Toxicology of 
Canada, 

Wim, L.M. and Wells, P.G. (1995a) Free radical-meciiated mechanisms of ami-convulsant 
teratogenicity. Ezrrop JNeurol, 2, 5-29. 

Winn, L.M. and Wells, P.G. (1995b) Phenytoin-initiated DNA oxidation in murine embryo 
culture. and embryo protection by the antioxidative enzymes superoxide dismutase and catalase: 
evidence for reactive oxygen species-mediated DNA oxidation in the molecular mechanism of 
phenytoin teratogenicity. Mol Pharmacol, 48, 1 12-20. 

Wim, L.M. and Wells, P.G. (1 997) Evidence for embryonic prostaglandin H synthase-catalyzed 
bioactivation and reactive oxygen species-rnediated oxidation of cellular macromolecu1es in 
phenytoin and benzo[a] pyrene teratogenesis. Free RadicaZ Biology & Medicine, 22.607-2 1 . 

Wim, L.M. and Wells, P.G. (1999) Maternai administration of superoxide dismutase and 
catalase in phenytoin teratogenicity. Free Radic Biol Med, 26,266-74. 

Winzen, R., Kracht, M., Ritter, B., Wilhelrn, A., Chen, C.Y., Shyu. A.B., Muller. M.. Gaestel. 
M., Resch, K. and Holtmann, H. (1999) The p38 MAP kinase pathway siwals for cytokine- 
induced mRNA stabilization via MAP kinase-activated protein kinase 2 and an AU-rich region- 
targeted mechanism. EMBO J, 18,4969-80. 

Wong, M. and Wells. P.G. (1988) Effects of N-acetylcysteine on fetal development and on 
phenytoin teratogenicity in mice. Teratogenesis. Carcinogenesis. & h.lutagenesis, 8.65-79. 

Wong, M. and Wells, P.G. (1989) Modulation of embryonic glutathione reductase and phenytoin 
teratogenicity by 1,3-bis(2-chloroethy1)-1 -nitrosourea (3CNI-J). Journal of Phaimaco[ogy & 
Experirnental Therapeutics, 250, 3 3 6-42. 

Woods, LW., Coffey, M L ,  Brock, T.G., Singer. II and Peters-Golden, M. (1995) 5- 
Lipoxygenase is located in the euchromatin of the nucleus i~ resting human alveolar 
macrophages and transiocates to the nuclear envelope upon ce11 activation. JJourna! gfClinical 
Investigation, 95,203 5-46. 

Woolman, D.H.M. (1962) Thalidomide and the mouse. Br MedJ, 2,920. 

Wrighton, S.A. and Stevens, J-C. (1 992) The human hepatic cytochrornes P450 invdved in dmg 
metabolism. Crit Rev Toxicol, 22, 1 -2 1. 



Wu, K.K. (1997) Regdation of prostaglandin H synthase-1 gene expression- Advances irr 
Experimental Medicine & BioZogy, 400A, 12 1-6. 

Wuest, H.M., Fox, R.R. and Crary, D.D. (1968) Relationship between teratogeny and structure 
in the thalidomide field. Experientia, 24, 993-4. 

Wuest, H.M., Sigg, E.B. and Fratta, 1. (1964) Pharmacological properties and teratogenic action 
of 2-[hexahydrophthalimido] glutarimide and 2-phthalimido-N-methylglutarimide. Life Sei, 3, 
72 1 -724. 

Xanthoudakis, S., Miao, G.G. and Curran, T. (1994) The redox and DNA-repair activities of 
Ref-1 are encoded by nonoverlapping domains. Proc Nu11 Acad Sci USA, 9 1,23-7. 

Xie, W., Fletcher, BS., Andersen, R.D. and Herschman, K R -  (1994) v-src induction of the 
TIS IOPGSZ prostaglandin synthase gene is mediated by an ATF/CRE transcription response 
elernent. MolecuIar & Cellular Biology, 14,653 1-9. 

Xie, W. and Herschman, H.R. (1995) v-src induces prostaglandin synthase 2 gene expression by 
activation of the c-Jun N-terminal kinase and the c-Jun transcription factor- J Biot Chem, 270, 
27622-8. 

Xie, W., Memll, LR., Bndshaw, W.S. and Simmons, D.L. (1993) Structural determination and 
promoter analysis of the chicken mitogen-inducible prostaglandin G/H synthase gene and 
genetic mapping of the murine homolog. Archives of Biochemisny & Biophysics, 300, 247-52. 

Xie, W.L., Chipman, J.G., Robertson, D.L., Erikson, RL. and Simrnons, D.L. (1991) 
Expression of a mïtogen-responsive gene encoding prostaglandin synthase is regulated by 
mRNA splicing, Proc Narl Acad Sei USA, 88,2692-6. 

Xu, N., Chen, C.Y. and Shyu, A.B. (1 997a) Modulation of the fate of cytoplasmic mRNA by 
AU-rich elements: key sequence features controlling mRNA deadenylation and decay- 
Molecular & Cellular BioIogy, 17,46 1 1-2 1. 

Xu, X.M., Tang, J.L., Chen, X., Wang, L.H. and Wu, K.K. (1997b) Involvement of two Spl 
elements in basal endothelial prostaglandin H synthase- 1 promoter activity. J Bi01 Chen?, 272, 
6943-50. 

Xu, X.M., Tang, J.L., Hajibeigi, A., Loose-Mitchell, D.S. and Wu, K-K. (1996) Transcriptional 
regulation of endothelial constitutive PGHS-1 expression by phorbol ester. Am J Physiol, 270, 
C259-64. 

Yamagata, K., Andreasson, K.I., Kaufhann, W.E,, Barnes, C.A. and Worley, P.F. (1993) 
Expression of a mitogen-inducibie cyclooxygenase in brain neurons: regulation by synaptic 
activity and glucocorticoids. Neuron, 11, 3 7 1-86. 



Yamamoto, K., Arakawa, T., Ueda, N. and Yamamoto, S. (1995) Transcriptionai roles of 
nuclear factor kappa B and nuclear factor-interIeukin-6 in the tumor necrosis factor alpha- 
dependent induction of cyclooxygenase-2 in MC3T3-E 1 cells. J Biol Chem, 270,3 13 15-20. 

Yamamoto, S., Ohki, N., Ogino, T., Shimizu, T., Yoshimoto, K.W- and Hayaishi, 0. (1980) 
Enzymes involved in the formation and M e r  transformations of prostaglandin endoperoxides. 
In Sâmuelsson, B., RamwelI, P.W. and Paoletti, R. (eds.), Advances in ProstagZandin and 
Thromboxane Research. Raven Press, New York, Vol. 6, p. 27. 

Yamamoto, T. and Nozaki-Taguchi, N. (1 996) Analysis of the effects of cycIooxygenase 
(C0X)-1 and COX-2 in spinal nociceptive transmission using indomethacin, a non-selective 
COX inhibitor, and NS-398, a COX-2 selective inhibitor. Brain Res, 739, 104-10. 

Yan, Z., Subbaramaiah, K., Camilli, T., Uiang, F., Tanabe, T., McCafiey, T.A., Dannenberg, 
A.J. and Weksler, B.B. (2000) BenzoCaIpyrene induces the transcription of cyclooxygenase-2 in 
vascular smooth muscle cells. Evidence for the involvement of extracellular signal-rcgulated 
kinase and NF-kappaB, JBiol Chern, 275,494945- 

Yang, H X ,  Lee, Q-P,, Rettie, A.E. and Juchau, M-R. (1994) Functional cytochrome P4503A 
isoforms in huma. embryonic tissues: expression during organogenesis. Mol Pharmacol, 46, 
922-8. 

Yin, M.J., Yamamoto, Y. and Gayno- R.B. (1998) The anti-infiammatory agents aspirin and 
salicylate inhibit the activity of I(kappa)B kinase-beta [see cornments]. Nnture. 396, 77-80. 

Yoneyama, M. and Ichikawa, H. (1986) lrreversible in vivo and in vitro binding of 
thiabendazole to tissue protein of pregnant rnice. Food Chem Toxicol, 24, 1 283-6. 

Yoshirnotol T., Yamamoto, S., Okuma, M. and Hayaishi, 0. (1977) Solubilization and 
resolution of thromboxane synthesizïng system fiom microsornes of bovine blood platelets. J 
Biol Chem, 252,5871 -4. 

Yu, W.K. and Wells, P.G. (1995) Evidence for lipoxygenase-catalyzed bioactivation of 
phenytoin to a teratogenic reactive intermediate: in vitro studies using IinoIeic acid-dependent 
soybean lipoxygenase, and in vivo studies using pregnant CD-1 mice. ToxicoZogy & Applied 
Pharmacology, 131' 1-12. 

Zhmg, W., Wagner, B.J., Ehrenrnan, K., Schaefer, A.W., DeMaria, C.T-, Crater, D., DeHaven, 
K., Long, L. and Brewer, G. (1993) Purification, characterization, and cDNA cloning of an AU- 
rich element RNA-binding protein, AUFI. MoZecular & CelluZar Biology. 13,7652-65. 

Zhang, Y.H., Dong, M.H., Jiang, X.K- and Chow, Y.L. (1990) The chah carriers of 
intermolecular hydrogen abstraction in the photobromination with N-bromosuccinirnide; 
modifications of the chain carriers. Canadian Journal of Chernistv, 68, 1 668- 16 14. 

Zimmerman, E.F., Potturi, R.B., Resnick, E. and Fisher, LE. (1994) Role of oxygen fiee radicais 
in cocaine-induced vascular disruption in rnice. Teratology, 49, 192-20 1. 



Zimmermann, K.C., Sarbia, M., Weber, A.A., Borchard, F., Gabbert, H.E. and Schror, K. (1 999) 
Cyclooxygenase-2 expression in human esophageai carcinoma Cancer Res, 59, 198-204. 





1. Al1 photographs were taken md prepared by Toufan Parman. 



Left: Normal mouse fetus. Fetus 
w2s exposed N? zitero to corn oil. 

Right: Mouse fetus with club foot. 
Fetus was exposed in zctero to B[a]P. 

Left: Normal rnouse fetus. Fetus 
was exposed in utero to corn oil. 

Right: Mouse fetus with kinky tail. 
Fetus was exposed in utero to B[a]P. 

Left: Normal mouse palate. Fetus 
was exposed in trtero to saline. 

Right: Mouse fetus with cleft 
palate. Fetus was exposed in trtero 
to phenytoin. 



APPENDIX 2: UDP-GLUCURONOSYL TRANSFERASE-MEDIATED PROTECTION 
A G ~ T  IN VITRO DNA OXIDATION, R~~CRONUCLEUS FORMATION AND 

EMBRYOTOXIC~IY I r u r r i [ A ~ ~ ~  BY ~ N Y T O ~ N  AND ITS MAJOR METABOLITE 5- 
(P-HMROXWHEN~)-~-PHENYLHYDANTOIN ( H P P ~  l 

Perry M. Kim, Louise, M. Winn, Toufan parman2 and Peter G. Wells 

Faculty of Pharmacy ( P M ,  LMW, TP, PGW) and Department of Pharmacology (PGW) 
University of Toronto, Toronto, Ontario, Canada 

1. This manuscript was published in The Journal of Pharmacotogy and Experimental 
Thercrpeufics 280: 200-209, 1999 and is reproduced \ + t h  permission. 

2. The mass spectrornetry (MS) studies for detection of phenytoin N-glucuronide and analysis of 
MS fragmentation patterns were canied out by Toufan Parman. 



Vd- 280. No. 1 
Anrcd in U S A  

UDP-Glucuronosyltransferase-mediated Protection Against 
In Vitro DNA Oxidation and Micronucleus Formation 
lnitiated by Phenytoin and Its Em bryotoxic Metabolite 
5-@-~ydroxypheny1)-5-phenylhydantoin' 

PEARY M. KIM, LOUISE M. WINN, TOUFAN PARMAN and PETER G. WELLS 

Facutîy of Pharmacy (PM-K-. LM. W., %P.. P.G. W.) and Department of Pharmawlogy (P.G. W.). University of Toronto, Toronto, 
Ontario. Canada 
Accepted for publication September 3. 1996 

ASSTRACT 
UDP-Glucuronosyltransferases (UGTs) are important in the 
elimination of most xenobiotics. including 5-@-hydroxypheny1)- 
5-phenylhydantoin (HPPH), the major, reputedly nontoxic, me- 
tabolite of the anticonvulsant drug phenytoin. However, HPPH 
alternatively may be bioactivated by peroxidases, such as pros- 
taglandin H synthase, to a reactive intermediate that initiates 
DNA oxidation (reflected by 8-hydroxy-2'-deoxyguanosine), 
genotoxicity (reflected by micronuclei) and embryopathy. This 
hypothesis was evaluated in skin fibroblasts cultured from het- 
erozygous ii-13 and homozygous Ci/] UGT-deficient Gunn rats 
and in rnouse ernbryo culture, with confirmation of direct N3- 
glucuronidation of phenytoin in Gunn rats in vivo. HPPH (80 

increased rnicronuclei by 2.0-, 4.8- and 4.6-fold in +/+ 
UGT-normal cells (P = -03) and +/j and j/j UGT-deficient cells 
(P = .0001), respectiveIy. HPPH-initiated micronucleus forma- 
tion was increased 33-  and 3.4-fold in +/j (P = -02) and j'/j(P = 
-04) UGT-deficient cells. respectively, vs. +/+ UGT-normal 
cells. Micronuclei were not initiated by 10 pM HPPH in +/+ 
UGT-normal cells but were increased by 4- and 3.8-fold in +/j 
and j/j UGT-deficient cells (P = .0001), respectively, and were 

increased 2-7- and 3.0-fold in +/j (P = -007) and j/j (P = -0002) 
UGT-deficient cells, respectively. vs- +/+ UGT-normal cells- 
8-Hydroxy-2'-deoxyguanosine was increased in j4  UGT-defi- 
cient but not +/+ UGT-normal cells treated with 80 pM HPPH 
(P c -05)- The ernbryopathic potency of a0 pM HPPH in ernbryo 
culture, reflected by decreases in anterior neuropore c!osure. 
tuming, yolk sac diameter and crown-rump length (P c -05). 
was equivalent to that reportd for phenytoin. Phenytoin (80 
,xM) enhanced micronucleus formation 7 -7-, 4-4- and 3.8-fold in 
+/+ celIs (P = -03) and +/j and jfj UGT-deficient cells (P = 
.0001), respectively. Phen ytoin-initiated micronucleus forna- 
tion was increased about 4-fold in both +/j (P = .006) and j/j 
(P = -009) UGT-deficient cells vs. +/t UGT-normal cells, pro- 
viding the first evidence that the bioactivation and oxidative 
toxicity of phenytoin itself may be avoided by direct N-glucu- 
mnidation, which was confirmeci by tandem mass spectrome- 
try. These results further indicate that. with UGT deficiencies, 
HPPH potentially is a potent mediator of phenytoin-initiated 
genotoxicity and embryopathy, which may be relevant to tera- 
togenesis and other adverse effects of phenytoin. 

The glucuronidation and elimination of endogenous com- 
pounds te-g-, bilirubin) and xenobiotics, including HPPH, the 
major, pam-hydroxylated metabolite of the anticonvdsant 
drug phenytoin (diphenylhydantoin) (Butler, 19571, are cat- 
aiyzed by a supe~amily of membrane-bound isozymes known 
coIlectively as UGTs (Dutton, 1980). UGTs catalyze the con- 
jugation of xenobiotics to UDP-glucuronic acid, aUowing the 
conjugated product to be excreted in the urine and feces. The 

Received for publication June IO. 1996. 
' A preliminnry report of thîs research wm presented nt the 35th Annual 

Meeting of the Soaety of ToPcoIogy Wells and Kim. 1996)- This research was 
supported by o grant fmm the Media1 Reseairh Councit of Canada. 

teratogenicity of phenytoin and reiated xenobiotics in ani- 
mals and humans is thought to be due to their bioactivation 
to embryotoxic reactive intermediates (for reviews, see Han- 
sen, 1991; Juchau et al., 1992; Winn and Wells, 1995a; Wells 
and Winn, 1996)- UGT-catalyzed glucurunidation and elimi- 
nation may prevent cornpethg bioactivation of such xenobi- 
otics to toxïc reactivc intermediates that can initiate a spec- 
trum of toxicological sequelae (fig. 1). In animals and 
humans, UGTs have been shown to be important cytoprotec- 
tive modulators in 1) BlalP-initiated micronucleus formation 
(Vienneau e t  al., 1995), ernbryotoxicity (Wells et al., 1989), 
molecular darnage and cytotoxicity (Hu and Wells, 1992, 

ABBREYlATIONS: B[a]P. benzo[a]pyrene; DMSO. dimethylsuifoxide; FBS. fetai bovine smm; HESS. Hanks' balanceci sait solution: HPLC. 
high-performance liquid chromatography; HPPH. 5-@-hydroxyphenyl)-5-phenylhydantoin; MS, mass spectrornetry; NNK, 4-(rnethylnitrosmino)- 
I-(3-pyidyl)-1-bvtanone: WH-2'-dG. 8-hydroxy-2'-deoxygumine; P450. cytochrome P450; PBS. phosphate-buffered saline; PHS, prosta- 
cilandin H synthase: UGT. UDP-cilucurono~ansferaçe. 
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Fig. 1. Postulated genoprotective and cytoprotective rotes of UGTs in peroxidase-catalyzed phenytoin and HPPH bioactivation and toxicily. 
Hereditary UGT deficiencies rnay allow greater bioactivation to free radicaI rezctive intermediates that can initiate the formation of reactive oxygen 
species. These reactive intermediates and reactive oxygen species c m  irreversibiy damage DNA, proteins and lipids via covalent binding and 
oxidation. potentially initiating teratogenesis and other toxicities. Similarly. UGTs also may protect against P450-catalyred bioactivation of 
phenytoin to an electrophilic. arene oxide. reactive intemediate (not shown), which. partîcularly postnatally. may resuk in hepatotoxicity and other 
toxicities (Winn and Wells, 7995a; Wells and Winn, 7996). The contribution of molecular target oxidation to idiosyncratic dnig reactions and 
reversible lymphoma initiated by phenytoin is speculative- Gluc. glucuronide conjugate; UDPGA UDP-glucuronic acid; GSH. glutathione. 

1993, 1994); 2) micronucleus formation initiated by the to- 
bacco carcinogen NNK (Kim and Wells, 1996a); and 3) in vivo 
bioactivation (de Morais et al-, 1992a,b), hepatotoxicie and 
nephrotoxicity (de Morais et al., L992a) of the analgesic drug 
acetaminophen. 

UGTs exist a s  h o  families, UGTl and UGT2, which are 
Iocated on separate chromosomes (Moghrabi et al., 1992; 
Monaghan et al., 1992) and are regulated by distinctly dif- 
ferent mechanisms. UGTl isozymes are produced by alter- 
native spiicing of the UGTl gene complex (Brierly and 
Burchell, 1993). The UGTl gene complex exists a s  multiple 
isozyme-specific exons that  are located a t  the 5'-variable/ 
specific region and that  are  spliced with a group of four exons 
a t  the 3'-constant region, the latter being common to a l  
UGTI isozymes. Converçely, UGT2 isozymes are  produced 
from separate and complete genes located on various chro- 
mosomes. 

Gîibert's syndrome, a moderate hereditary bilirubin-UGT 
deficiency due to UGT1*1 gene mutations, is estimated to 
occur in 6% to 13% of the population (Odell and Childs, 1980; 
Monaghan et al., 1996). The Cxigler Najar syndromes (types 
I and il), which are more severe forms of bilimbin-UGT 
deficiency, have been suggested to occur in 0-1% of the pop- 

ulation in a heterozygous form (Bosrna et al., 1995). UGT 
deficiencies in both humans (Bosrna et al., 1992; Moghrabi et 
al., 1993a,b) and rats (Iyanagi, 1991) are  due to vanous 
mutations in either the variable or constant exon regions. 
People who have deficient UGTs for catalyzing the glucu- 
ronidation and elimination of bilirubin (UGTl*l) phenoSp 
i c d y  express abnomally elevated b i h b i n  blood concentra- 
tions and thus appear jaundiced (Moghrabi et al., 1993a,b). 
Hekrozygous and homozygous mutations in other specific 
UGT exons, such as UGT1*4, have been reported with re- 
spective hquencies  of 16% and 6% (Burchell et al., 1994). 

Hereditary UGT deficiencies in rats and hurnans have 
been shown to decrease the glucuronidation of the analgesic 
drug acetaminophen and the environmental carcinogenltera- 
togan B[a]P, resulting in enhanced bioactivation, molecdar 
target damage and various toxicities. With acetaminophen, 
enhanced bioactivation was evident in UGT-deficient hu- 
mans (de Morais et al., 1992a) and enhanced hepatotoxicity 
and nephrotoxicity in several strains of UGTdeficient rats 
(de Morais et al., 1992b). In human lymphocytes, decreased 
UGT activity for B[alP metaboiites correlated with enhanced 
cytotoxicity (Hu and Wells, 1993), whereas in vivo anci in 
vitro studies with UGT-deficient rats showed reduced glucu- 



202 Kim et aL Vol. 280 

roaidation of B[a]P metabolites, resulting in enhanceci B[a]P 
bioactivation, molecular target damage and, in pregnant an- 
imal~,  embryotoxicity (Wells et al-, 1989; Hu and Wells, 1992, 
1994)- 

Recent in vitro studies showed + h t  B[a]P- and NNR-initi- 
ated mkrctnucleus formation, a form of genobxicity thought 
to reflect carcinogenic initiation, was higher in celis cultured 
from UGT-deficient RHA or Gunn rats, compared with UGT- 
normal congenic controls (Vienneau et al., 1995; Kim and 
Wells, 1996a)- A similar study in cdtured Wistar rat s h  
fibroblasts, using inducers and inhibitors of both P450s and 
peroxïdases and exogenous addition of superoxïde dismutase, 
suggested that reactive oxygen species-mediated DNA oxida- 
tion produced by peroxidase- and/or P45O-catdyzed B[aIP 
bioactivation was a potentiai rno1ecuIa.r mechanisa in micro- 
nudeus formation (Kim and Wells, 1994,1995,1996a1, which 
is thought to reflect the potential for the initiation of cancer 
and may similarly reflect teratological initiation, 

Sirnilarly to B[a]P, a number of studies suggest that both 
phenytoin and HPPH are bioactivated by peroxidases, such 
as PHs, to free radical intermediates, the former of which 
can oxidize lipids, proteins and DNA (W~M and Wells, 1995a; 
Parman et  al,, 1996) (fig. 1). Phenytoin also has been shown 
in vivo to initiate the production of hydroxyl radicals, mea- 
sured by salicylate hydroxylation (Kim and WeIls, 1996b). 
Although HPPH was reported to be nonteratogenic in preg- 
nant mice after in vivo administration (Harbisoa and Becker, 
1974), this may have been due to maternal glucuronidation 
preventing HPPH from reaching the embryo- Because UGTs 
catalyze the glucuronidation and elimination of HPPH (Vore 
et al,, 1979), we hypothesized that UGT deficiencies may 
increase susceptibility to various phenytoin toxicities via 
HPPH-initiated genotoxicity, reflected in this study by mi- 
cronucleus formation. This mechankm might be relevant not 
ody  to the teratogenic effects of phenytoin (Winn and Wells, 
1995a) but also to other potential consequaces of phenytoin 
genotoxicity (fig. 1). For example, the mechanisms underly- 
ing the idiosyncratic drug reactions (fever, rash, etc-) and 
rwersibIe lymphoma caused by phenytoin (Porter, 1989) 
have yet to be established. 

In thïs study, we evaluated the potential for UGT-cata- 
lyzed genoprotection against phenytoin- and HPPH-initiated 
micronucleus foimation in skin fibroblasts cultured from het- 
erozygous (+/J1 and homozygous G//3 UGT-deficient Gunn 
rats us. congenic UGT-normal controls (+/+). Although in 
viuo metabolis= for most pathways occurs p r i m d y  in the 
h e r ,  this in vitro skin fibroblast system has proven usefd for 
characterizing the genoprotective role of UGTs for other ter- 
atogens and carcinogens, such as BkaIP Wienneau ei al., 
1995) and NNK (Kim and Wells, 1996a). The ernbryopathic 
potential and potency of HPPH were determined directly in a 
mouse embryo culture mode1 that has been well character- 
ized for phenytoin embryopathy (Winn and Wek, 1995a,b) 
and avoids the confounding effect of maternal glucuronida- 
tion- The increased genotoxicity of phenytoin in UGT-defi- 
cient celIs provides the f i t  evidence that direct P-glucu- 
ronidation of phenytoin, confirmed in this study in viuo by 
tandem M S ,  appears to constitute an important and hereto- 
fore unrecognized cytoprotective reaction, in addition to the 

HPPH, as well as phenytoin, in even heterozygouç UGT- 
deficient c a s  suggest that human UGT deficiencies may be 
i m p o r t t t  determinants of susceptibility to the toxîcity and 
terztogenicity initiated by phenytoin and related xenobiotics, 

Materials and Methods 
Animals 

Maie EisdB1u:Gunn rats (180-200 g; Harlan Sprague Dawley Inc., 
Indianapolis, IN,  and age-rnatched Wistar rats (200-250 g, Charles 
River Canada Ltd., St. Constant, Quebec), the UGT-normal parent 
strain of the GUM rat, were housed in separate plastic -es. V i i  
femaie CD-1 mice (Charles River Canrda) were housed in pIastic 
cages with gmund corn cob bedding (Beta Chip; Northeaetem Pmd- 
ucts Corp., W-burg, NY). Three females were housed with one 
male breeder fi-om 5:00 P.M. to 9:00 AM. The presence of a vaginal 
plug in a femde mouae was considered as gestational dzy 1, and tSe 
pregnant females were separated h m  the colony and housed to- 
gether in groups of five or fewer nnimnlci per cage, 

AL1 * ' were kept in a temperature-controlied roorn with a 
12-hr Lightdark cycle (autamatically maintaineci). Food (Labotabry 
Rodent Chow 5001; PMI Feeds Inc., St. Louis, MO) and tap wakr  
were provided ad libitum. Animals were acclimatized for a minimum 
of 1 week AU animal atudies were approved by the University 
Anima1 Care Committee, in accordance with the standards of the 
Canadian Cauncil on Animai Care. 

Chernicals 
Phenybin, HPPH, 4',6-diamidino-2-phenylindole, ribonuclease A, 

n i n u c l e a s e  Tl and Escherichia coli alkaline phosphatase were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). 8-OH-2'dG was 
purchased fkom Cayman Chemical Co. (Ann Arbor, MI). Al1 other 
reagent. used were of analyticai or HPLC grade- Dulbecco's modifled 
Eagle medium, FBS, lyophilized peniciiiïn/streptomycin, HBSS 
(without calcium chloride, magnesiurn chlonde and magnesiurn SUI- 
fate), Waymouth's MB 75211 medium, sodium bicarbonate sohtion, 
4x2-hydroxyethy1)-1-piperazineethanesuMo&c acid, L-glutamine and 
025% îrypsin were purchased fron Gibco BRL (Toronto, Ontario]. 

Cell Culture Shtdies 

The ceii culture methods have b e n  described in detail elçewhere 
(Vienneau et al., 1995). 

Ceïi culture method. Briefiy, rats were sacrificed by CO2 as- 
phyxiation and bathed in 70.6 ethanol, and two 4- x 4-cm pieces of 
skin were removed h m  the dorsal surface and placed in HBSS with 
2% penicillin/streptomycin. Skin was cultured frnmediatdy. 

Al1 foiIowing steps were conducted in a laminar flow hood. The 
slün was minced into 1-mm3 pieces, stored in 20 ml of HBSS (with 
2% peni&-dstreptomycin), transferred to steriie 100-mm polysty- 
rene tissue culture dishes (Coming) and arranged to fit under 18- 
mm2 caverslips- Medium (500 ml of Dulbecco's moditied Eagle me- 
dium with 75 ml of FBS and 5 mi of penicillidstreptomycin) was 
added at the margin of the coverslip and ailowed h move across by 
capillary action, and then an additional 5 ml of medium was added to 
the dish. AU dishes were then incubated at 37°C in a humidined 
incubator with 5% CO2 in air and were left undisturbed for 10 days. 
The dishes were examineci with an inverted phase*ontrast micro- 
scope to confïrm the formation of an epithelial layer a t  the margins 
ofthe skin pieces. Thereafter, 5 ml of medium was changed twice per 
week After 2 months, the cultures were confluent, defied as a 
single layer of ce119 covering the bottom of the dish. 

Subcnlture method. Briefly, medium was removed fiom the 
dishes and the cells were washed three times with 5 ml of fresh 
HESS. Celis were detached with 3 ml of 0.25% t r v ~ s i n  (Gibco) and 



min. The supernatant was removed, and cells were resuspended in 5 
ml of medium and transferred ta 150-cm2 culture flash coneaining 
20 mi of medium- Flasks were incubated for 1 to 2 weeks until 
cultures became confinent. 

-paration of fibroblast homogenates Bn'efly, ta detach 
ce&, c o d u e n t  cultures (6-ûkreatment group) were incubated with 
12 ml of trypsin for 4 to 6 min a t  37°C and then stopped math l2 ml 
of FBS. The celk were pelieted by centrifugation as described above, 
resuspended in 1 mi of PBS and hand-homogenized usîng a glass 
5-ml tissue grinder (Mandel Scientific Ltd., Guelph, Ontario, Cana- 
da). Homogenates were separated into 100-pl aliquots, frozen in 
Iiquid nitrogen and  stored a t  -80°C until DNA waç isolated. 

Micronucleus Formation 

Ttie celh were incubated wi+& either phenytoin a t  80 a or HFPR 
a t  I O  or  80 pM for 5 hr, a t  which point the ceUs were washed three 
t h e s  with 5 ml of HBSS- Fresh medium (5 ml) was then added, and 
cells were aiiowed ta undergo one camplete mitatic cycle (26 hr) 
(Vienneau et cd., 1995). after which the medium was aspiratmi off 
and the cells were washed th-ee h e s  with 5 ml of HBSS to remove 
aü residual medium. The 5-hr phenytoin o r  HPPH incubation was 
incIuded as part of the mïtotic cyde. To fix the cells, 5 ml of formalin 
solution (37% formaldehyde solutiodPBS, 1:9, vhr) was added to the 
celis. After 30 min, the formalin solution was aspiratecl off and the 
ce& were washed three times with 5 mi of PBS. Control cells were 
treated mith the HPPH and phenytoin vehicle DMSO. Once hed ,  
the cells were stained w i t h  5 ml of 4',6-diamidino-2-phenylindole 
fluorescent stain (2 &ml in water), and 2000 mononudeated cells 
were counted for the formation of mimnuclei, using an inverted 
microscope with a 4 0 ~  objective. 

DNA Oxidation 
To determine the potential d e  of DNA oxidation as a mokcular 

mechanism in HPPH-initiated micronucleus formation, +/+ or +/j 
fibroblasts were incubated with or without HPPH (80 PM), as de- 
scribed above for the micronucleus studies- The ceIls were harvested 
and homogenized aRer one mitotic cycle, stored a t  -80°C, prepared 
and analyzed as described below. 

Fibroblast DNA isolation. A modiEed method of Gupta (1984) 
was used to isolate DNA fmm rat skin fibroblasts. Briefly, fibroblast 
homogenates were incubated overnight with protehase K a t  55°C. 
Tris-HCI Il mM) a t  a volume of 25 was added, and DNA was 
extracted with 1 volume of chloroformlisoamyl alcohoVphenol(24:l: 
25) and then twice with 1 volume of c h l o r o f o d ~ ~ ~ a m y l  dcohol 
(245)- At each stage, mixtures were vortex-mixed for 30 sec and 
microcentrifbged at 18,000 x g for I min tmodel E; Beckman) to 
separate extraction phases. The DNA was then precipitated with 500 
pl of 100% ice-cold f-20°C) ethanol and pelleted by microcentrifÙ- 
gation for 1 min. The DNA pellet was dissolved in 500 pi of phos- 
phate buffer (pH 7-41 and incubated at 37°C on a rocker pIatform, 
with ribonuclease A (100 &ml) and ribonuclease T, (50 -inibulml) ta 
digest residual RNA. One volume of chIoroform/isoamyI alcohol 
(24:l) was used to reextract the dissolved DNA, and the sample was 
microcentrifiiged for 1 min. The DNA was reprecipitated as de- 
scribed above. The pdlet was redissolved in 500 4 of 20 mM sodium 
acetate buffer (pH 4.8) and quantified using a UV/visible spectropho- 
tometer (Lamda 3; Perkin Elmer Canada Ltd,) a t  a wavelength of 
260 nm, with calf thymus DNA as the standard. The DNA was then 
digested to nucleotides by incubation with nuclease P, (67 pg/ml) a t  
37°C for 30 min, followed by a 60-min incubation with E. coli alkaline 
phosphatase (0.37 U/rnl) a t  37°C. The mixture of nucleosides was 
m n g e  tip-filtered (0-22 p m )  and analyzed via HPLC coupled with 

Chroxnatography, Lakewood, CO) and a recording inkgrator (mode1 
CR501 Chromatopac; Shimadzu, Kyoto, Japan). SampIes were 
eluted using a mobile ph- consisting of 50 mM -PO, buffer (pH 
5.5) and 10% methanol, a t  a flow rate of 0.8 d m i n ,  with an oxida- 
tion potential of t0.4 V. 

Embryo preparation. The embryo culture method has been 
described in d e t .  elsewhere C W ~ M  and W e k ,  L995b). Male rat 
serurn contains undefineci nutcients and factors required by murine 
embryos for s u ~ v a i  and gro- therefore, i t  was used as the 
medium in  which the embryos were culture& BIood was obtained, as  
d e s u i i  e k w h e r e  Wi and Wells, L995b1, &om retired CD-1 
male rat  breeders (Charles River). The blood was centrifuged for 5 
min at 1ûûO x g a t  4°C (mode1 TJ-6; Beckman Instruments, Toronto, 
Ontario, Canada) and kept on ice until blood was obtained from al1 
animais, AU bIood sampIes were then centrifuged for 30 min a t  
1900 x g a t  4°C (mode1 J2-21M; Beckman Instruments). To evapo- 
rate residud protein-bound ether, pooled serum was heat-inacti- 
vated for 1 hr a t  58°C and gassed (5% CO, in air; Cannox Canada, 
Toronto, Ontario, Canada) for 30 min. The heat-inactivated male rat 
serum was divided into aliquots and stored a t  -80°C. 

On gestational day 9.5, pregnant murine dams were sacrificeci by 
cerirical dislocation, and embrgos were explanted according to the 
rnethod of New (1978). Bneay, the ukrus was removed from the dam 
and rinsed in warmed HBSS, and the individual implantation sites 
were exposed using a no. 5 watchmaker's forceps (Dumont and 
Fils, Montignez, SwitzerIand). The decidua, trophoblast, parietai 
endoderm and outermost membrane (Reichert's membrane) were 
then removed, leaving the amnion, viseral yoIk sac and ectoplacental 
cone intact. ExpIanted embryo- were kept a t  37°C in a holding bottlt. 
containing pregassd (5% CO, in air; Cannox Canada) "holding me- 
dium" (50 ml of Waymouth's MB 75211 medium, 14 mM NaHCO,, 25 
mM 442-hydroxyethyl)-f-piperazinee~m~u~fo~c acid, 1.0 mM t- 
glutamine and 17 ml of male rat  serum), until a l i  embryos Corn al1 
dams were explanteci. 

Embryos a t  a similar stage of development (4-6 sornite pairs) were 
pooled and cultured in 25-cmZ sterile ce11 culture f l a sh  (Coniing 
Glasswork Enc., Corning, NY), which contained 10  mi of CO2-satu- 
rated embryo culture medium (50 ml of holding medium, 50 U/ml 
penicillin and 50 mglm1 streptomycin)- FIasks were incubated a t  
37°C tmodel 3546 incubator, Forma Scientific, Toronto, Ontario, 
Canada) on a platforni rocker (Bellco Biotechnology, Vineland, NJ). 
Ernbryonic morphoIogical and deve1oprnenta.i parameters were ob- 
serïed after 24 hr, using a dissecting microscope (Car1 Zeiss, 
Oberkochen, Germany), as described below. 

Developmentaf parameters. Developmental parameters in- 
cluded dorsal-ventral flexure (turning), anterior neuropore closure 
and somite development- Because somite development can be corre- 
lated with discrete and distinct developmental events and is directly 
related to the growth and development of the embryo, somite devel- 
opment in each embryo was assessed. Somite development of indi- 
viduai embryos was determined by subtracting the number ot 
somites present a t  the termination of the culture from the somite 
count noted a t  the beginning of each culture. The final somite count 
was determined by counting fiom the location of the anterior ümb 
bud (13th somite) in a nanial-to-caudal direction. This technique 
was used because somites cranid to the 13th somite begin to dis- 
perse in preparation for future morphological development, making 
accurate somite determination diacult. 

Embryos were also exarnined for dorsal-ventral flexure. or turn- 
hg .  Gestational day 9.5 embryos are S-shaped, with the hindbody 
lying in the sarne plane as  the head. ARer 24 hr of culture (day 10.5). 
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essential, The cranial end of the developing neural tube, h m  which 
the central nemous system develops, is called the anterior neuro- 
pore- Each embryo was examined for anterior neuropore closure, 
becanse anterior neuropore dosure can be a potentialiy important 
measure of embryotoxicity, as indicated by the evidence that phe- 
nytoin can cause congenital central nervous system dysfunction in 
humans anci animais (Wnn and Wells, 1995a). Anterior neuropore 
closure occurs a t  the same time as the developrnent of the 16th 
sornite pell: therefore, embryoç that had reached the 16th somite 
stage or greater without anterior neuropore dosure were classined 
as havfng an open anterior neuropore. 

Morphologid parameters- MorphoIogicai assessrnent in- 
cluded determination of yolk sac diameter (in miIlimeters) and 
crown-rump length (in niilLimeters). The measwment of yoik sac 
d i a m e k  was made a t  the widest point perpendicular to the ectopla- 
cental cone. Measurements were made at  either 3.2x or 4.0X mag- 
nification, wivith an eyepiece reticle micrometer. The crown-rump 
length was defined as the distance from the mesencephaion to the 
iumbar-sacral region in embryos that had turned and was not mea- 
sured in embryos that had not tumed. 

Urine sample preparation. UGT-normal Wutar and +/j and j f j  
UGTdeficient Gunn rats were treated with a teratogenic dose of 
phengtoin (150 nig/lig i.pJ and housed separately in metabolic cages 
(Naigene; Sybron Corp., M e s t e r ,  Nn, and urine was collecteci over 
a 4-hr period. The urine samples were diiuted with 10 volumes of 
methanol (precooled to -20°C) and were kept a t  -20°C for 20 min to 
precipitate all protein in the urine. The sampIes were then centri- 
fuged (mode1 TJ-6, Beckman Instruments) a t  1000 x g for 20 min a t  
4°C- -4 1-ml aliquot ofthe supernatant was passed through a 0.22-pm 
syrïnge tip filter (Millex-GS; MiIlipore Corp., M o r d ,  MA) and re- 
duced to 50 pi under a stream of nitrogen gris, and 20 pl was then 
injected into an HPLC system in line with a tandem mass spectrom- 
eter- 

SampIe analysis- HPLC-MS (API m, Perkin-Elmer Sciex, Con- 
cord, Ontario, Canada) was used in the ion spray mode, An isocratic 
pump equipped with a 15cm ODS IIC-18 column (particle size of 5 
pm; Jones Chrornatography) was used mlth a mobile phase compo- 
sition of 40% acetonitrile, 59% deionized water and 1% acetic acid, a t  
a flow rate of 1 d h i n -  The collision activation spedra of the phe- 
nytoin and HPPH gIucuronides were obtained using HPLC-MS/MS, 
with argon as the target gas, at  an energy of 80 eV- The mean mass 2 
S-E- was calculated h m  the rnultiply charged ions by the software 
Mass spec. (version 3.3). 

Statistical Analysis 

Statisticai significance of differences between treatment groups 
was determined by Student's t test or one-factor analysis of variance 
as appropriate, using a standard, computerized, statisticd pmgram 
(Statsview; Abacus Concepts, Inc.1. The level of significance was P < 
-05. 

Results 
Cell Culture Studies 

Concentration- and UGT phenotype-dependent in- 
creases in HPPH-initiated micronucleus formation. 
HPPH-initiated micronucleus formation exhibited a concen- 
tration-dependent response in all celi phenotypes, although 
the UGT-deficient phenotypes were substantially more sus- 
ceptible (fig. 2). In +/+ UGT-normal cells enhanced micro- 
nucleus formation required 80 pM HPPH (P = .03), whereas 
with both +lJ' and j / j  UGTdeficient ceIls nearly maximal 
micronucleus formation was initiated with only 10  p.M 
HPPH. The magnitude of micronucleus formation initiated 

"1 HPPH 
60 

Fm. 2 Effects of UGT deficiencies and concentration of HPPH on 
micronudeus formation. Skin fibroblasts were cuitured from either ho- 
mozygous +/+ UGT-normal or heterozygous t/j or hornozygous jirj 
UGT-deficient Gunn rats. Ceils were incubated with HPPH (10 or 80 
PM) for 5 hr. washed and cuttured for the rest of one rnitotic cycle (26 
hr). Cells were f ~ e d  and stained. and rnicronuclei were counted. Sym- 
bols indicate the mean of four fibroblast cultures- *. difference frorn 
DMSO controls (P < -05)- +, difference from similariy treated +/+ cells 
(P < -05)- U, diierence from 10 CJIA HPPH-treated +/c cells (P c -05). 

by 10 pM HPPH was equivalent in +/j and j/j UGT-deficient 
cells- These +fi and j / j  UGT-deficient cells treated with 10 
$bf HPPH showed 4.0-fold and 3.8-fold increases, respec- 
tïvely, in micronucleus formation, compared with respective 
DMSO-treated phenotypes (P = .0001), and 2.7-fold and 3.0- 
fold enhancementi, respectively, compared with the increase 
observed in comparable HPPH-treated +/+ UGT-normal 
cells (P = -007, P = -0002). Compared with respective DMSO- 
treated phenotypes, micronucleus formation ïnitiated by 80 
PM HPPH was increased 2.0-fold, 4.8fold and 4.6-fold in 
+/+ UGT-normal (P = -03) and -+fi and j / j  UGT-deficient 
cells, respectively (P = .O0011 (fig. 2)- There aiso were 3.0-fold 
and 3.4-fold enhancerneots in micronucleus formation initi- 
ated by 80 pM HPPK in +/j (P = -02) and j l j  (P = -04) 
UGT-deficient cells, respectively, compared with the increase 
in EEPPH-treated t/+ UGT-normal cells (fige 2;. In DMSO- 
treated cells, micronucleus formation was not different 
arnong the UGT phenotypes, 
Comparative genotoxic potencies of phenytoin and 

HPPH, At equ imok  concentrations (80 @), phenytoin and 
HPPH initiated sirnilar increases in micronucleus formation 
(fig. 3). Compared with respective DMSO-treated mntrols, 
micronucleus formation initiated by 80 phenytoin was 
increased 1.7-fold, 4-4fold and 3.8-fold in +/+ UGT-normal 
(P = -03) and +& and j / j  UGT-deficient (P = . 001 )  cells, 
respectively. There was a >3.9-fold increaçe in phenytoin- 
initiated micronucleus formation in both +/J' (P = -006) and 
j / j  (P = .O091 UGTdeficient cells, compared with the in- 
crease observed in phenytoin-treated +/+ UGT-normal c e k  
HPPH-initiated DNA oxidation. 8-OH-2'-dG was in- 

creased in j / j  UGT-deficient cells treated with 80 f l  EIPPH, 
compared with both HPPH-treated and DMSO-treated +/+ 
UGT-normal ceiis (fig. 4) (P < -05)- 

Embryo Culture Studies 

Similady to resuits from ce11 culture/micronucleus studies, 
mouse embryos exposed for 24 hr to 10 p M  HPPH did not 
demonstrate embryotoxici@, compared with vehicie controls 

c. - - - -  - -  - - - - -  - - - - - (fig. 5). However, upon incubation with 80 p.M HPPH, there 



UGT PHENONPE 
Fg. 3-Cornparison of the potencies of phenytoin and HPPH in initiating 
micronucleus formation. Skin fibroblasts were cuitured from either ho- 
rnozygous +/+ UGT-normal or heterozygous +@ or hornozygous iïj 
UGT-deficient Gunn rats. Cells were incubated with 80 p.Pd phenytoin or 
HPPH for 5 hr, washed and culturd for the rest of one rnitotic cycle (26 
hr). Cells were f ïed and stained. and micronuclei were counted. Bars 
indicate the mean of four fibroblast cultures. ', difference from DMSO 
controls (P < .OS). +, difference from +/+ UGT-normal cells (P < -05)- 

Conwoi HPPH HPPH 

Normal De ficient 
(44 O 

UGT PHENOTYPE 
Fq, A Effect of UGT deficiency on DNA oxidation initiated by HPPH. 
DNA oxidation was quantifiecl by the formation of 8-OH-2'-dG. Skin 
fibroblasts were cultured from eiher homozygous +/+ UGT-normal or 
homozygousj/j UGT-deficient Gunn rats. Cells were incubated with 80 
PM HPPH for 5 hr, washed, harvested and anaiyzed for 8-OH-2'-dG. 
Bars indicate the mean of four cultures. '. diïerence from HPPH- 
treated +/+ cells (P c .OS). 

was signifïcant dysmorphogenesis, as evidenced by decreases 
in anterior neuropore closure (45961, tumkg (35%), yolk sac 
diameter (8%) and crown-mmp length (P -=z .O51 (fig. 5). 
These embryopathie effects of 80 f l  HPPH were equivalent 
to those reported with phenytoin a t  an identical concentra- 
tion (Winn and Wells, 1995b), which also is within the ther- 
apeutic range of phenytoin in maternai piasma (Winn and 
Wells, 1995a). Interestingly, unlike phenytoin (Winn and 
Wells, 1995b), HPPH did not significantly reduce sornite 
development. 

Analysis of urine samples from UGT-normal Wistar and 
+/j UGT-deficient Gunn rats by HPLC-MSNS showed a 

parent ion a t m / .  429, with a retention t h e  of 1.87 min. This 
compound was designated as the p-glucuronide of phen* 
oin (fig. 11, based on a number of experimentai observations, 
MS analysis of this parent ion resulted in the fragmentation 
pattern shown in figure 6- An P-glucuronide conjugate of 
phenytoin in bile extract fiom Wistar rats was previousiy 
rep~rted (Smith et aL, 1977). In that study, ions that ap- 
peared a t  m/z 322 and 378 were said to arise from retro- 
Diels-Aider rearrangements of the glycone ring. Our studies 
are consistent with the previously reported hgmentation 
patterns of an P-glucuronide of phenmin, with the excep- 
tion of an rnfz value of 337 (mlz 378 in the study by Smith et 
al-). This discrepancy Iikely was due to a difYerent method of 
ionization (ion spray) uçed in our mass spectrometer. h p o r -  
tantly, the P-glucuronide of phenytoin was not detected in 
the urine of j@ UGTdeficient Gunn rats. 

In the urine of Wistar rats, as  expected, a parent ion with 
a retention time of 1-42 min and an m/z  value of 445 was 
evident, corresponding to the O-glucuronide of HPPH, the 
major, para-hydrorrylated metabolite of phenytoin (fig. 1). 
Irnportantly, this parent ion reflecting O-glucuronidation of 
HPPH was not observed in the urine of either +/j' or j/J' 
UGT-deficient Gunn rats. 

Discussion 
Phenytoin is therapeutically and toxicologically important 

due to its antiepileptic efficacy and teratogenic potential, 
respectively. Although phenytoin is teratogenic in many an- 
imal species, including humans (Winn and Wells, 1995a), the 
danger to both the mother and fetus from uncontroiled sei- 
zures is considered to be greater than the possible terato- 
genîc effecîs of phenytoin, and therapy generally is continued 
throughout pregnancy. UGTs are h o w n  to cataiyze the glu- 
curonidation and elhination of both phenytoin (Smîth et al., 
1977) and its major, para-hydroxylated metabolite, RPPH. 
This study demonstrated that phenytoin and HPPH were 
equipotent initiators of micronucleus formation in rat skin 
fibroblasts. This genotoxic outcorne may reflect teratological 
initiation, as has been postulated for carcinogenic initiation, 
because HPPH also proved in mouse ernbryo culture to be 
equipotent to phenytoin in embryo toxicity. Furthemore, 
UGT deficiencies resulted in decreased ~lucuronidation of 
phenytoin and HPPH, with a resultaot er&ancement in phe- 
nytoin- and HPPH-initiated DNA oxidation and micronu- 
cleus formation, suggesting that hereditary UGT defkiencies 
may play an important role in teratologid susceptibility. 

There have been several hypotheses proposed for the mech- 
anisrn of phenytoin-initiated teratogenesis (Hansen, 1991; 
Juchau et al., 1992; Winn and Wells, 1995a), including PHS- 
andtor lipoxygenase-catalyzed bioactivation to a reactive in- 
termediate Winn and Wells, 1995a). PPHS and lipoxygenases 
produce prostaglandins, leukotrienes and related eicosanoids 
from polyunsaturated fatty acids such as arachidonic acid. In 
this synthetic pathway, xenobiotics such as phenytoin (Smith 
et aL, 1991; Winn and Welis, 1995a) and HPPH (C. J. Nicol 
and P. G. Wells, unpublished results) can donate an electron 
and thus be oxidized to a fiee radical intermediate W i  and 
Wells, 1995a; Parman et al-, 1996) (fige 1)- 

This study in rat skin fibroblasts showed that HPPH could 
initiate DNA oxidation and genotoxïcity, the latter reflected 
by enhanced micronucieus formation, and that these effects 
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were enhanced >&foId in UGT-deficient cells. Thus, as has 
been postulated for phenytoin itçelf (Winn and Wells, 
1995a,b), HPPH rnay contribute to the teratogeniciw of phe- 
nytoin via the same rnechanism of peroxidase-catalyzed bio- 
act iva t ion  and reactive oxygen species-mediatecl oxidative 
darnage ta DNA and other targets (fig, 1). Similar r e sd t s  
were seen in an in vitro horseradish peroxidase-H,O, system, 
where both phenytoin and HPPH initiated the formation of 
8-OH-2'-dG (Winn and Wells, 1995a). The results o f  the 
present study suggest that  phenytoin-initiated DNA oxida- 
tion Wüan and Wells, 1995a) and hydroxyl radical formation 

Fig, 5. Ernbryotoxicity of HPPH in CD-1 rnouse embryo 
culture, Embryos were cuitured on gestational day 9.5 in 
the presence of either HPPH [2.7 @rnl (10 PM) or 21.5 
p9/rnI (80 PM)] or the vehicle (0.002 N NaOH) for 24 hr. 
The concentration of 80 pM is equirnolar both to that for 
phenytoin known to be ernbryopathic in rnouse ernbryo 
culture (Winn and Wells. 1995b) and to the therapeutic 
concentration of phenytoin in matemal plasma The 
number of ernbryos is given in parentheses- *. difference 
frorn vehicle controls (P < -05). 

Somite Development 
(1 4) (1 0) (23) 

(Kim and Wells, 1996b3 may be mediated in part by HPPH 
bioactivation to a reactive free radical intermediate, which, 
similarly to B[a]P (Kim and WeUs, 1995,1996a), may consti- 
tute a molecular mechanism for both phenytoin- and HPPH- 
initiated micronucleus formation and, potentiaUy, teratogen- 
esis. 

The studies in mouse embryo culture constitute the e s t  
direct evidence for an embryotoxic effect of HPPH, contrary 
to results from previous in vivo studies discussed below. 
HPPH was equipotent to phenytoin (Winn and Wells, 1995b) 
in this regard, initiating ernbryopathic effects a t  a concentra- 

- 

- 

b 
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Fig. 6. Collision activation spectrum of the fl-glucuronide of phenytoin observed in the urine of Wistar and heterorygous i / j  Gunn rats. inctuding 
the structures assigned to each fragment Ph. phenyl. 

tion of 80 9, which is within the therapeutic concentration 
range for phenytoin in maternai plasma. The spectrum of 
enibryopathic effects for HPPH also was almost identical to 
that for phenytoin in ernbryo culture (Winn and WelIs, 
1995b1, including decreases in antenor neuropore closure, 
turnulg, y o k  sac diameter and crown-rump length, The only 
exception was no decrease in somite development, which for 
phenytoin is smali but usually statistically s i m c a n t  ( W i i  
and Welis, 1995b). At a Iower HPPH concentration (10 crM) 
more likely to be encountered in vivo, where up to 93% (Chow 
and Fischer, 1982) of KPPH can be glucuronidated, HPPH 
exhibited no significant embryotoxicity in our embryo culture 
model, aithough the possibility of other embryopathie effects, 
such a s  neurotoxicity, 6-orn in vivo exposure to such lower 
concentrations of =PH cannot be excluded. An ernbryo- 
pathic contribution from HPPH would be more likely in UGT- 
deficient rnothers, in whom decreased glucuronidation of 
HPPrI would Iead to greater embryonic exposure to this 
potentially embryotoxic metabolite, as discussed below (fig. 
1). 

The potential teratological contribution of HPPH during 
phenytoin therapy is particularly rernarkable because equiv- 
aient genotoxicity was observed +th only 10 p M  HPPH, 
whicti is about one-tenth of the materna1 therapeutic concen- 
tration for phenytoin (80 d l .  The lower concentration of 
W P H  (IO was genotoxïc o d y  in UGT-deficient celis and 
not in UGT-normal celis. UGTs were substantiaiiy genopro- 
tective, suggesting that the reported apparent lack of in vivo 
HPfH teratogenicïty (Harbison and Becker, 1974) and geno- 

tosicity (BarceHona et al., 1937) was due to matemal glucu- 
ronidation, preventing HPPH from reaching the embqo. If 
so, then pregnant women with certain fiereditary UGT defi- 
ciencies may be a t  increased risk for the teratogenicity of 
phenytoin and related xenobiotics that are eliminated sub- 
stantialiy via glucuronidation- Evidence from pregnant UGT- 
deficient Gunn rats, which show enhanced susceptibility to 
B[alP embryotoxicity (Wells et al., 19891, suggests that UGT 
deficiencies are teratologicaiiy relevan-t. Human studies with 
acetaminophen in vivo (de Morais et al., 1992b3 and with 
B[uJP in an in vitro human lymphocyte model (Hu and Wells, 
1993) indicate that human UGT deficiencies are relatively 
cornmon and result in decreased xenobiotic glucuronidation 
with enhânced bioactk-ation and cytotosiciQr. 

Although this study presents the first evidence for HPPH- 
initiated DIVA oxidation, micronucleus formation and em- 
bryotoxicity, phenytoin itself has  been shown to initiate DNA 
oxidation in embryo culture (Winn and Welis, 1995b) during 
a gestationai time when embryos have little or  no demonstra- 
ble P450 for forming HPPH in situ. This study does present 
the first evidence for phenytoin-initiated micronucleus for- 
mation, which is consistent with its abiliw to irreversibly 
damage DNA via both oxidation and arylation Winn and 
Wells, 1995a,b). The teratological relevance of DNA damage 
by phenytoin and HPPH is fûrther supported by the en- 
hanced teratogenicity of phenytoin in p53-deficïent micê, 
which have compromised DNA repair (Laposa et uL, 1996). A 
similarly enhanced teratological susceptibility of p53-defi- 
Qent mice was observed for B[a]P, another DNA-daniaging 



teratogen and carcinogen (Nicol e t  al-, 1995). An equivalent 
enhancement in micronucleus formation and ernbryotoxicity 
initiated by phenmin and HPPH was not surprising, and a 
çimilar equivalence was reported using a rat embryo Iimb 
culture assay (Brown et  aL, 1986). Howwer, the enhanced 
genotoxiuty of phenytoin itself in UGT-deficient celis was 
unexpected, because we were not aware that phenytoin could 
be directly glucuronidated. Although phenytoin potentially 
could be hydroxylated by P450s to HPPH, for which UGTs 
are expected to be protective, P450 activities in ra t  skin 
fïbroblaçts are negligible ( V i e ~ e a u  et al,, 1995; Kim a d  
Wells, 19951, and this is an iinlikely explanation for UGT 
protection against the observed in vitro genotoxicity of phe- 
nytoin, Also, phenmin  itçeifhas been shown to oxidize DNA 
ia embryo culture Wïun and Wells, 1995b), as  discussed 
above. Thus, the only apparent mechanism for UGT-depen- 
dent protection agaïnst the genotoxicity of phenytoin itçelf is 
ttia direct glucuronidation of phenytoin- This hypothcsis was 
evalt~ateci by HPLC-MSMS analysis of the urine fmm UGT- 
normal Wistar and UGTdeficient Gunn rats treated with a 
teratogenic dose of phenytoin, An P-glucuronide conjugate 
of phenybin Fvas identified in UGT-nomai rats; we subse- 
quently discovered it had been reportcd previously in Wistar 
rats by Smith et al (1977). 31ore importantly, we foiilid that 
the w-giucuronide of phenytoin was not de+-cted in jG UGT- 
deficient GUM rats and the O-glucuronide of WPPH was not 
detected in either +/i orj/j UGT-deficient Gunn rats. These 
results provide the fmt evidence that  UGT deficiencies lead 
to reduced in oiuo glucuronidatiori of both phenytoin and its 
HPPR metabolite- Assiuning a sirnilar process in fibroblasts, 
as  has been shown for BlalP (Vienneau et al,. 1995). these 
results suggest that  decreased glucuronidation resulted in 
enhanced DNA oxidation and genotoxicity initiated by both 
phenytoin and HPPH in UGT-deficient fibroblasts- 

For both phenytoin and HPPH, maximal genotoxic suscep- 
tibili* was observed in +fi UGT-defiuent cells, with no fiir- 
ther enhancement in j/j  UGT-deficient cens. This suggests 
that these concentrations in UGTdeficient. ceils constitute 
the plateau of the concentration-response cuve. Sùnilar re- 
sdts  were seen both in vitro (Vienneau et ai., 1995; Kim and 
Wells, 1996a) and in vioo (de Morais et al., 199%; Hu and 
Wells, 1992, 1994), where i-6 UGT deficiencies increased 
acetaminophen bioactivation and toxiciw, as  well as  B[aJP- 
and NNK-initiated micronucleus formation. These results 
suggest that hereditary UGT deficiencies may have consid- 
erable clinical relevame, because, unlike homozygous defi- 
ciencies, heterozygous deficiencies are relatively cornmon. 

In bacterial studies, mutagenicitqr initiated by both phe- 
nytoin and HfPK was shown to be dependent upon P450- 
catalyzed enzymatic bioactivation, requiring preincubation 
with a metabolic activating system (S9 iiver fraction) (Sez- 
zano et al., 1982). Phenytoin was rnildly mutagenic in the TA 
1538 strain of Safmrcella typhimuriurn a t  25 pg (38 PM) and 
250 pg (381 p.MY2.6 &plate upon preincubation with S9 
fiom rats induced with the P450 inducers 3-methylcholan- 
threne and aroclor 1254, respectively. HPPH was more mu- 

(25400 d2.6 ml/plate, 36-727 were not mutage& in 
aU s û x h  (TA97, TA.98, TA100, TA1530. TA1537 and 
TAl53Si testeci (Leonard et  al-, 1984). Similar contradictary 
results were reported for in rtm sister chromatid exchange in 
phenyttin-treated patients. Hadebank et al. (1982) f o d  a 
signincant increase in sister chromatid exchange in patients 
undergoing phenytoin monoaAerapy, whereas H d e  and 
Carpenter (1978) did not see a difference in patients with 
phenytoin sert*m concentrations ranging h m  3.8 &ml (15 
Ilpcf) îa 29.5 p&d (117 pM)- However, in vitro studies by 
Hunke and Carpenter (1978) found that phenytoin concea- 
trations ranging fiom 10 &ml (40 fi)  to 100 ccglml (396 
fi9 signifïcantiy increased sister chromatid exchange, sug- 
gesting that  phenytoin andfor its metabolite HPPH is mi;& 
genic and genotoxïc. 

In Our study, phenytoin and HPPH a t  the equivaient of a 
human therapeutic concentration for phenytoin (80 fia were 
eqiripotent in i n i t i a h g  micronuclei in skin fibroblasts cul- 
tured from +/+ UGT-normal Gunn rats vs- DMSO-treated 
controls- In vivo, phenytoin at doses of O S  and 1.0 mglkg, but 
not 6 to 20 mgkg, initiated micronuclei in mouse bone mar- 
row polychromatic erythrocytes (Montes de Oca-Luna et al., 
1984). A somewhat contradictory in viuo study found that 100 
mgkg phenytoin initiated micronucleus formation o d y  in 
f e t d  (day 13), and not in maternai, polychromatic erythro- 
cytes (Barcellona et al., 19871. Furthermore, a rnolar equiv- 
aIent dose (106 mg/kg) of HPPH did not initiate microouclei 
in either fetal o r  materna1 erythocytes (BarceUona et al., 
19871, substantiating an earlier study showing that HPPH 
adrninîstered in uivo a t  the molar equivalent of a teratogenic 
dose of phenytoin did not initiate teratogenesis in mice (Bar- 
bison and Becker, 1974). In contrast, our study found not 
only that HPPH could initiate micronucleus formation in 
+/+ UGT-normal ra t  skin fibroblasts but aiso that micronu- 
cleus formation was increased in t/j and j/j UGTdeficient 
fibroblasts treated with either 80 p.hl phenytoin or HPPH 
(figs, 2 and 3). During phenytoin therapy, approximately 60% 
of HPPH nomally wouId be giucuronidated (Brome and 
Chang, 19891, and in mice >90% is glucuronidated (Chow 
and Fischer, 1982); howwer, even 20 fi1 HPPH was as 
genotoxïc as  the 80 concentration in UGT-deficient cells 
and thus may contribute to genotoxicity, particularly in 
UGT-deficient people, 

In surnxnq,  these resdts  suggest that DNA oxidation 
may constitute a rnolecular mechanism for the initiation of 
micronuclei by both HPPH and phenytoin, as  has been pos- 
tulated for phenytoin teraixgenicity Winn  and Welis, 
1995a,b), and also may constitute a mechanism for HPPH 
embryotoxici@ and other adverse effectç. The results in 
mouse embryo culture provide the f i t  direct evidence for 
HPPH-initiated embryotoxïcity, the potency of which was 
equivaient to that previously reported for phenytoin W i n  
and Wells, 1995b). UGTs provided important protection 
against both phenytoin- and =PH-uiitiated in vitro geno- 
toxicity, and related in uivo studies with B[alP (Wells et al., 
1989) suggest that these in vitro resultç bave teratological 



consequences, fiirther studies wili be necessary to CO- 

the devance of these results to teratological susceptibiliiy, 
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