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ABSTRACT 

4-Vinylcyclohexene (VCR) is an ovarian toxicant in mice 

that requires bioactivation to epoxides to cause depletion 

of preantral follicles. Although two monoepoxide 

metabolites are formed, they are less potent than the 

diepoxide in terms of follicular depletion. Thus, the 

hypothesis of this dissertation research was that VCD is the 

ultimate ovarian toxicant of VCR in mice. To determine the 

role of the diepoxide in the ovarian toxicity of VCR and 

related compounds, structure-activity studies were 

conducted. Following intraperitoneal administration of VCR 

for 30 days, a significant depletion of ovarian follicles 

was observed. No reduction in the number of small ovarian 

follicles occurred following treatment with structural 

analogues of VCR (vinylcyclohexane, ethylcyclohexene, and 

cyclohexene) that contain only a single unsaturated site, 

and thus can only form monoepoxides. Importantly, the 

monoepoxides of these analogues also were not ovotoxic. 

Circulating levels of vinylcyclohexene diepoxide (VCD) were 

observed in mice following administration of a single dose 
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of VCH. In addition, mUltiple doses of VCH resulted in 

induction of its metabolism, as evidenced by increased 

circulating levels of VCH epoxides, including VCD. Elevated 

levels of hepatic cytochromes P450 (P450 2A, P450 2B, and 

P450 2E1) were observed following repeated dosing with VCH, 

which explains the increased bioactivation of VCH. As 

repetitive doses of VCH are necessary for follicular 

depletion, autoinduction of VCH metabolism appears to be 

essential in its ovarian toxicity. Autoinduction would 

result in higher levels of VCD being delivered to the ovary. 

Diepoxide metabolites are also critical for butadiene and 

isoprene-induced follicular loss. Butadiene monoepoxide, 

butadiene diepoxide, and isoprene were ovotoxic. In 

contrast, the monoepoxide, epoxybutane, was not ovotoxic. 

The olefin epoxides were chemically reactive, as 

demonstrated by their ability to alkylate nicotinamide. The 

diepoxides (VCD and butadiene diepoxide) exhibited the 

greatest chemical reactivity, which is consistent with their 

greater potency as ovarian toxicants. In summary, this 

research demonstrated that only those olefins which are 

converted to diepoxides are ovotoxic. The mechanism(s) by 
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which these diepoxides target the ovary remains to be 

established. 
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CHAPTER ONE 

INTRODUCTION 

4-Vinylcyclohexene: Use, Production, and Exposure 

4-Vinylcyclohexene (VCR) is a dimer of 1,3-butadiene. 

VCR is utilized as an intermediate in the chemical 

production of vinylcyclohexene mono- and diepoxide and in 

the manufacture of flame retardants, 

plasticizers, and antioxidants (IARC, 1994a). 

insecticides, 

In addi tion, 

VCR is produced as a by-product in butadiene processing. 

Production of VCR in 1989 was estimated to be 12.5 million 

pounds, with 8 million pounds produced in butadiene 

processing and 3-4.5 million pounds generated in non-

butadiene processes (CMA, 1990). Occupational exposure to 

VCR was estimated at 1,300 employees. In addition to 

occupational exposure, environmental exposure of VCR has 

been reported (IARe, 1994a). Approximately 31,000 pounds of 

VCR are released in manufacturing air emissions yearly. 
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Occupational exposure levels of VCH have been 

monitored. Air concentrations of VCH measured at aU. S. 

tire manufacturing facility in the tire curing room ranged 

from 54.4-97.9 ppb (0.24-0.43 mg/m3
'i Rappaport and Fraser, 

1977) . Short-term area samples taken in Italian rubber 

manufacturing industries contained 0-0.21 mg/m3 of VCH, with 

highest concentrations in the vulcanization area of a shoe 

sole factory (Cocheo et al., 1983). Air concentrations of 

VCH (full-shift time-weighted averages) in personal samples 

taken in several u.S. industries ranged from 0.01-5.3 mg/m3 

depending on the industry and operation (CMA, 1991). How 

exposure to VCH affects human health is not known, since 

epidemiological studies have not been reported. 

Significance of 4-Vinylcyclohexene as an Industrial 

Contaminant 

Occupational exposure to VCH may be of toxicological 

significance, as animal studies have revealed that VCH is an 

ovarian toxicant and carcinogen. A 13 week oral gavage 

toxicity study in male and female B6C3F
1 

mice (0-1200 mg 
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VCH/kg/day) and Fischer 344 rats (0-800 mg VCH/kg/day) 

revealed a reduction in the number of primary and mature 

graafian follicles in the ovaries of female mice receiving 

1200 mg/kg (NTP, 1986; Collins and Manus, 1987). The only 

other compound-related histopathological effect observed was 

hyaline droplet degeneration of the proximal convoluted 

tubules of the kidney in male rats (800 mg/kg group). In a 

13 week inhalation toxicity study in male and female B6C3F1 

mice (0-1000 ppm VCH, 6 h/day, 5 days/week) and male and 

female CD rats (0-1500 ppm VCH, 6 h/day, 5 days/week), 

similar findings were reported (Stadler, 1994). Ovarian 

atrophy was noted in the female mice exposed to 1000 ppm 

VCH. No other toxicological effects in male or female mice 

exposed to VCH were observed. An increased accumulation of 

hyaline droplets was observed in male rat kidneys. Although 

related to compound exposure, it was stated that the 

droplets were not accompanied by cytotoxicity, and were 

believed to be associated with a~-globulin. 

Toxicity studies conducted in our laboratory have 

demonstrated depletion of ovarian follicles following 

intraperitoneal administration of VCH in B6C3F1 mice (Smith 
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et al, 1990b; Rooser et al., 1993, 1994). An 85% depletion 

of small follicles (primordial) and a 75% depletion of 

growing follicles (primary to pre-antral) was observed 

following administration of VCR for 30 days (7.5 

mmol/kg/day, ip). Additional studies conducted by Rooser et 

al. (1994) characterized the long-term ovarian changes that 

occur following VCR-induced follicular loss. Temporal 

relatio~lships between follicular loss, plasma follicle

stimulating hormone (FSR) levels, and the development of 

preneoplastic ovari.an lesions were examined following 

administration of VCR for 30 days (7.5 mmol/kg/day, ip). 

Observations were made at 30, 60, 120, 240, and 360 days 

following the beginning of treatment. Following the initial 

VCR-induced follicular loss at 30 days, follicular 

populations decreased in a time-dependent manner. At 360 

days the ovaries of the VCR-treated mice were void of 

follicles at any stage of development, and thus were acyclic 

(cessation of estrous cyclicity) as compared to those from 

the vehicle control group. VCR-induced follicular loss was 

temporally related to a significant increase in FSR levels 

and the formation of preneoplastic lesions at 240 and 360 
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days. Preneoplastic lesions were characterized as 

irregularly shaped foci of hypertrophic cells observed at 

240 and 360 days, as well as 1 to 2 mm blood-filled cystic 

structures on the surface of the ovary in 80% of the VCH

treated mice at 360 days. 

Follicular loss and the subsequent hormonal alterations 

are believed to be associated with the carcinogenic effects 

of VCH. A two year carcinogenicity study was conducted by 

the NTP (1986) in male and female B6C3F
1 

mice and Fischer 

344 rats (Collins et al., 1987). Animals received 0-400 

mg/kg of VCH by oral gavage 5 days per week for 103 weeks. 

An extensive and early mortality of undetermined cause was 

observed in male and female rats and male mice at the doses 

of VCH tested. This latter observation, as well as the lack 

of conclusive evidence of a carcinogenic effect, led to the 

conclusion that these studies of VCH in male and female rats 

and in male mice were inadequate studies of carcinogenicity. 

There was clear evidence, however of carcinogenicity of VCH 

in female mice. An increased incidence in the occurrence of 

uncommon ovarian neoplasms i including mixed benign tumors, 

granulosa cell tumors and granulosa cell carcinomas, was 



observed. Mixed benign tumors 

nonmetastasizing growths composed 

proliferating germinal epithelial 

were 

of 

cells 
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noninvasive, 

mixtures of 

and stromal 

granulosa cells. Granulosa cell tumors were characterized 

by proliferations of granulosa cells, whereas granulosa cell 

carcinomas were cystic and hemorrhagic. They replaced the 

entire ovary and had metastasized to the lungs. 

the multi-stage model of carcinogenicity 

initiation, promotion, and progression, the 

Thus, in 

involving 

proposed 

sequential events within the ovary of mice are as follows: 

(1) interaction of a mutagenic epoxide metabolite(s) of VCH 

with ovarian DNA and follicular loss, (2) proliferation of 

ovarian cells in the presence of increased FSH levels, and 

(3) development of ovarian neoplasms. 

Ovary as a Target Organ 

Based on the results of the NTP carcinogenicity study 

VCH was classified as a potential human carcinogen. In 

addi tion to the carcinogenic risk of this compound, the 

relevance of VCH-induced ovotoxic effects is apparent when 

-- --------------------------------~~-----
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one considers the nature of the female reproductive system 

(Adashi, 1991; Erickson, 1978). The ovary is unique in that 

the complete complement of germ cells is present at fetal 

development, and the most immature population of cells 

(primordial follicles) is at a stage of meiotic arrest and 

is nondividing (Adashi, 1991). Thus, xenobiotics that 

target the primordial follicular population elicit an 

irreversible response, as the follicles can not replace 

themselves. Primordial follicles are considered the 

fundamental reproductive unit of the ovary, consisting of an 

oocyte and pregranulosa support cells (Adashi, 1991; 

Erickson, 1978). Intricately regulated by gonadotropins and 

steroid hormones, immature primordial follicles are 

transformed to highly differentiated antral follicles 

containing multiple layers of granulosa cells, steroidogenic 

and gonadotropic receptors, gap junctions and an antrum 

(Adashi, 1991; Erickson, 1978). It is this dynamic process 

which allows for the selection and dominance of a single 

ovulatory follicle (or multiple ovulatory follicles in the 

mouse; Hirshfield, 1991) and atresia of competing follicles. 

Thus, xenobiotic-induced follicular depletion leads to a 

-------.-----------
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loss of recruitment of primordial follicles, disruption of 

folliculogenesis, and premature ovarian failure. 

Of additional concern, is the long latency period prior 

to development of clinical signs of this irreversible 

ovarian failure. As stated previously, cyclicity and 

hormonal regulation (FSR levels) in mice were unaltered by 

VCR-induced ovotoxicity as long as a pool of primordial 

follicles were present from which to recruit (Rooser et al., 

1994) . studies conducted by Grizzle et al. (1994) 

demonstrated that VCR also has no significant effect on 

fertility. Reproductive toxicity was assessed in Swiss (CD-

1) mice receiving 0-500 mg/kg/day of VCR by oral gavage in a 

continuous breeding study for 14 weeks of cohabitation (Fo 

generation) . No effect on measures of reproductive 

competence was observed, including number of litters, pups 

per litter, or percentage of pups born alive. In addition, 

VCR had no effect on preweaning growth or survival of these 

pups. The progeny (F
1 

generation) of the control and 500 

mg/kg VCR groups were then dosed with either corn oil 

(vehicle control) or VCR (500 mg/kg, po), respectively 

beginning at 22 days of age, mated at day 74, and 

------- ---~--~--



reproductive performance determined. 

reproductive competence was noted. 
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Again no effect on 

Testicular spermatid 

count was decreased (17%) in Fl males treated with VCH, with 

no effect on epididymal sperm number or testicular and 

epididymal weights. Significant depletion of ovarian 

follicles was observed in Fl females in the VCH treatment 

group, however ovarian weight and estrus cyclicity were 

unaltered. Therefore at doses of VCH which reduced the 

gamete pool in both the ovary and testis, no significant 

adverse effect on fertility or reproductive performance was 

observed in either the Fo or Fl generation. Overall, these 

observations suggest that the first clinical signs of VCH

induced ovotoxicity do not occur until premature ovarian 

failure, which is of course an irreversible event. 

Role of Biotransformation in VCH-Induced Ovotoxicity 

The mechanisms involved in the chemical-mediated 

ovotoxicity of VCH are not known. However, several lines of 

evidence have established the role of biotransformation in 

VCH-induced ovarian toxicity. For example, studies in our 
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laboratory investigated the metabolism of VCH (Figure 1) in 

female B6C3F1 mice and Fischer 344 rats to determine whether 

a species difference exists in the epoxidation of VCH. It 

was hypothesized that species differences in the 

bioactivation of VCH could account, in part, for the 

sensitivity of mice and the resistance of rats to VCH-

induced ovarian tumors. VCH was metabolized by hepatic 

microsomes to vinylcyclohexene l,2-monoepoxide (l,2-VCHE) in 

both species; however, a 4-fold greater rate of VCH 

epoxidation was observed in mice (6.6 ± 0.25 nmol/min/nmol 

than rats (1.6 ± 0.07 nmol/min/nmol P450; Smith et al., 

1990a) . These findings were supported by in vivo studies 

(Smith et al., 1990a), in which a single dose (800 mg/kg, 

ip) of VCH was administered and circulating levels of 1,2-

VCHE and vinylcyclohexene 7, 8-monoepoxide (7, 8-VCHE) were 

determined 0.5 to 6 h after VCH administration. l,2-VCHE 

was present in the blood of mice with the highest 

concentration observed at 2 h (41 nmol/mL). l,2-VCHE was 

not detected in the blood of rats, nor were circulating 

levels of 7,8-VCHE detected in mice or rats above the limit 

of detection (2.5 nmol/mL). 
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Figure 1. Proposed scheme for the hepatic metabolism of 
VCH. Bioactivation of VCH to epoxides by cytochrome P450 
with subsequent hydrolysis of epoxides with epoxide 
hydrolase (EH) or conjugation with glutathione (not shown). 
Those metabolites identified in murine hepatic microsomal 
preparations are underlined (Carpenter and Keller, 1994). 
GSH conjugates have not been identified to date. 
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The kinetics of VCH metabolism to epoxides in liver 

microsomes from female B6C3F1 mice and CD rats were further 

studied by Carpenter and Keller (1994). VCH was metabolized 

to l,2-VCHE and 7,8-VCHE in hepatic microsomes of both 

species. Epoxidation at the l,2-position was preferred. 

This was evident by concentrations of 7, 8-VCHE which were 

0.1 to 0.5-fold lower than those of l,2-VCHE in incubations 

containing an epoxide hydrolase inhibitor. In addition, a 

greater rate of epoxidation of VCH to these monoepoxides was 

observed in mice as compared to rats. A 56-fold difference 

in the maximal rate of VCH oxidation to l,2-VCHE (Vrn•
x 

11.1 

vs 0.2 nmol/min/mg) and a 130-fold difference in the maximal 

rate of VCH oxidation to 7, 8-VCHE (V
rn

•
x 

0.91 vs 0.007 

nmol/min/mg) was noted. Additional studies demonstrated 

that hepatic microsomal metabolism of the monoepoxides 

resulted in the formation of either vinylcyclohexene 

diepoxide (VCD) or their respective diols. A species 

difference was not observed in these reactions, except that 

hydrolysis of 7,8-VCHE to VCH 7,8-diol was not observed in 

mouse liver microsomes. Thus, it was suggested that an 

enhanced capacity of mice to metabolize VCH to epoxides as 
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compared to rats, may account for the species specificity of 

VCR-induced ovarian toxicity. 

Several studies were conducted by Smith et al. (1990b) 

to determine whether bioactivation of VCR to epoxides is 

required for this compound to produce ovotoxicity. Female 

B6C3F
1 

mice and Fischer 344 rats received VCR (100-800 

mg/kg) , 

mg/kg) 

1,2- or 7,8-VCRE 

for 30 

(42.5-340 mg/kg), or VCD (10-80 

ip daily days. Following 30 days of 

treatment, ovarian follicle counts were determined and these 

counts were utilized to define the ED50 values (dose which 

reduces follicular counts to 50% of control). A dose 

dependent depletion of small follicles (primordial 

follicles) was observed in mice following VCR treatment, 

whereas ovotoxicity was not observed in rats at any dose 

tested. At a dose (800 mg/kg) which depleted 85% of this 

follicular population in mice, no significant alteration in 

rat follicle counts was noted. The epoxides of VCR, 

however, were ovotoxic in both species and were more potent 

ovarian toxicants than the parent compound. The ED50 value 

of VCR in mice was 2.7 mmol/kg, a dose 4 to 5-fold greater 

than the ED50 value in mice for 7,8-VCRE (0.7 mmol/kg) and 
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1,2-VCHE (0.5 mmol/kg), respectively. The ED50 value for 

1,2-VCHE in rats was 1.4 mmol/kg. The most potent ovarian 

toxicant was VCD, with ED50 values of 0.2 and 0.4 mmol/kg in 

mice and rats, respectively. 

To further assess the role of epoxides in the ovarian 

toxicity of VCH, studies were conducted to determine whether 

inhibition of VCH metabolism results in protection from VCH

induced ovarian injury (Smith et al., 1990b). Female B6C3F
1 

mice were treated with 200 mg/kg of chloramphenicol ip 1 h 

prior to VCR treatment (800 mg/kg, ip) for either 1 day or 

15 days. One day experiments were conducted to determine 

blood levels of 1,2-VCHE 2 h after VCH treatment, whereas 15 

day experiments were conducted to determine follicle counts. 

Pretreatment with the cytochrome p450 inhibitor, 

chloramphenicol, reduced blood levels of 1,2-VCHE to 60% of 

controls (mice receiving VCH only) and resulted in partial 

protection of mice from VCH-induced follicular depletion. 

Complete protection from VCH~induced ovarian toxicity was 

not observed, since the blood concentrations of 1,2-VCHE in 

chloramphenicol-pretreated mice were not reduced to subtoxic 

levels. Taken together, these results demonstrate that 
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bioactivation of VCR to epoxides is required for ovotoxicity 

and that metabolism plays a role in species sensitivity to 

VCR. 

Toxicity of 4-Vinylcyclohexene Diepoxide 

The studies conducted by Smith et al. (1990b) 

demonstrated that VCD is a more potent ovarian toxicant than 

VCR and the VCR monoepoxides. In addition, VCD is a mutagen 

and a carcinogen. Mutagenicity studies of VCR and its 

epoxides toward Salmonella typhimurium revealed that VCD was 

mutagenic with or without exogenous metabolic activation 

(NTP, 1989; Watabe et al., 1980; Turchi et al., 1981; Zeiger 

et al., 1987). In contrast, mutagenicity was not observed 

with the monoepoxides of VCR, VCH 7,8-epoxide 1,2-diol, or 

VCR in the absence of an exogenous activating system, nor 

was VCR mutagenic in the presence of an exogenous metabolic 

system. The lack of mutagenicity of VCR in the presence of 

rat liver S-9 fractions may be due to insufficient 

epoxidation of VCH to epoxides or to rapid hydrolysis of 
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these epoxides . Thus, sufficient concentrations of the 

epoxides were not obtained to produce a mutagenic event. 

In addition to being a mutagen, VCD is also a 

carcinogen. Carcinogenicity studies (NTP, 1989; Chhabra et 

al., 1990a, b) were conducted in both sexes of B6C3F1 mice 

and Fischer 344 rats, in which VCD was applied dermally 5 

days per week for 103-105 weeks. VCD was applied to the 

skin of mice and rats in 0.1 mL or 0.3 mL of acetone, 

respectively at a concentration range of 0-100 mg/mL. Due 

to toxicity, high-dose female mice were treated for only 85 

weeks, and all high-dose male mice were dead by week 83. In 

rats, survival was reduced in all groups of males and 

significantly reduced in high-dose females. There was a 

significant increase in the incidence of squamous-cell 

carcinoma of the skin in male and female mice and rats. The 

incidence of basal-cell carcinoma was also increased in male 

and female rats. In addition, a significant increase in the 

incidence of ovarian granulosa cell tumors and benign mixed 

tumors, as well as atrophy of the ovary was observed in all 

exposed groups of female mice. Ovarian atrophy and ovarian 

neoplasms were not observed in female rats. 
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A lack of ovotoxicity in rats following chronic 

administration of VCD is surprising, since there is 

substantial evidence for a relationship between chemical

induced ovarian follicular depletion and ovarian tumor 

formation (Jull, 1973). As stated previously, ovarian 

follicular depletion occurred following administration of 

VCD (0-80 mg/kg/d, ip) for 30 days in rats (Smith et al., 

1990b) . Discrepancies in these findings may be due to 

differences in the route of administration (dermal vs ip). 

The skin may be a better barrier of VCD absorption in rats 

than mice, resulting in higher systemic levels of VCD in 

mice. As the stratum corneum is the major barrier for 

percutaneous absorption of chemicals (Errunett, 1991) , 

differences in this epidermal layer (i.e. thickness) between 

mice and rats could affect the degree of penetration of VCD. 

In addition, an enhanced rate of detoxification of VCD in 

rats by epoxide hydrolases and/or glutathione S-transferases 

in the skin, as well as by other organ systems may account 

for differences observed. 

For instance, hydrolysis of VCD was detected in hepatic 

microsomes of female B6C3F1 mice and CD rats, however, the 
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V
max 

for rat liver microsomes was 9-fold greater than for 

mouse liver microsomes (5.51 vs 0.63 nmol/min/mgj Carpenter 

and Keller, 1994). In addition, only rat ovarian microsomes 

hydrolyzed VCD (Vmax 0.90 nmol/min/mg). These observations 

are supported by in vivo findings in which, following 

administration of VCD (100 mg/kg, ip), much higher levels of 

the tetrol were excreted in the urine of female rats as 

compared to female mice (Salyers et al., 1993). 

Analysis of glutathione (GSH) levels in hepatic and 

ovarian microsomes of female B6C3F1 mice and Fisher 344 rats 

following a single dose of VCD (80 mg/kg, ip), revealed that 

mice are more susceptible to GSH depletion by VCD than rats 

(Salyers and Sipes, 1994). Hepatic and ovarian GSH levels 

were decreased 65 and 50% in mice, respectively, and only 30 

and 25% in rats, respectively. GSH levels returned to 

control values at 12 h in the rat and 24 h in the mouse for 

both tissues. 

Therefore, potential species differences in the 

metabolism of VCD in the integumentary system, as well as 

those defined in hepatic and ovarian tissues of mice and 

rats, would alter the disposition of VCD. .A. decreased 
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efficiency of the mouse to detoxify VCD as compared to the 

rat would enhance the susceptibility of mice to VCD-induced 

ovarian carcinogenicity. Furthermore, the observation that 

VCD is an ovarian carcinogen in mice underscores its 

importance in VCH-induced ovarian toxicity and 

carcinogenicity in this species. 

Potential Ovarian Toxicity of Related Olefins 

Several related olefins of VCH, including 1,3-butadiene 

(BD), isoprene (ISO), and styrene (STY) are industrial 

contaminants and there can be significant exposure to these 

compounds. These compounds are used primarily as polymers 

and copolymers in the manufacture of synthetic rubber and 

thermoplastic resins. The annual production volume of these 

compounds worldwide ranges from 1.3-14.2 million tons, with 

potential occupational exposure of 3700-1,000,000 US 

employees (IARC 1994b, C; Melnick and Huff, 1992). These 

compounds have also been identified in cigarette smoke and 

automobile exhaust (IARC 1994b, C; Melnick and Huff, 1992). 

In addition, isoprene occurs naturally as the predominant 
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hydrocarbon emitted by a number of plants, and it is 

produced endogenously in humans (IARC 1994b). 

As structural analogues of VCH, these olefins (BD, ISO, 

and STY) are potential ovarian toxicants and carcinogens. 

Like VCH, these compounds are metabolized to epoxides. In 

particular, all of these compounds are metabolized to 

monoepoxides in mice, rats, and humans and the monoepoxides 

of BD and ISO are further oxidized to diepoxides in mice and 

rats (Csanady, et al., 1992; Himmelstein et al., 1994; Del 

Monte, et al., 1985; Longo et al., 1985; Mendrala, et al., 

1993). Metabolism of these olefins to epoxides leads to the 

formation of intermediates more reactive than the parent 

compound. The olefin epoxides are mutagenic, with the 

diepoxides of BD and ISO exhibiting the greatest mutagenic 

activity (Gervasi et al., 1985; Turchi et al., 1981). Since 

epoxide metabolites of VCH play a key role in VCH-induced 

ovotoxicity, it is anticipated that metabolism of these 

related olefins to reactive epoxide intermediates would also 

result in ovarian toxicity and carcinogenicity. 

Animal studies have revealed that BD and ISO are 

carcinogenic at multiple sites in rodents. However, only BD 
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has been reported to be an ovarian carcinogen in B6C3F
1 

mice 

(NTP, 1984). BD was carcinogenic in Sprague-Dawley rats, 

although tumor sites were species specific and an increased 

incidence in ovarian neoplasms was not observed in female 

rats (Owen et al., 1987). ISO, the 2-methyl analogue of BD, 

was carcinogenic in male B6C3F
1 

mice and Fischer 344 rats at 

sites similar to that observed for 1,3-butadiene (Melnick, 

et al., 1994). Carcinogenicity of isoprene in female rats 

and mice was not assessed in these studies. Based on 

structural similarities of these two compounds it would be 

predicted that isoprene is also an ovarian carcinogen in 

mice. A review of the carcinogenicity of styrene in 

experimental animals indicated that studies were inadequate 

to clearly establish the carcinogenic activity of this 

compound (McConnell and Swenberg, 1993) . Thus, the 

potential ovarian carcinogenicity of styrene is not yet 

known. 

Limited data are available regarding the ovarian 

toxicity of BD, ISO, and STY. Marked ovarian atrophy was 

observed in female B6C3F1 mice exposed to 200 or 625 ppm BD 

for 40 weeks (NTP, 1984). The atrophic ovaries had no 
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identifiable oocytes, follicles, or corpora lutea. 

Additional toxicity studies demonstrated that ovarian 

atrophy occurred in mice at concentrations as low as 6.25 

ppm following exposure to BD for 103 weeks (NTP, 1984). A 

13 week inhalation toxicology study of isoprene (0-7000 ppm, 

6 h/day, 5 days/week) in B6C3F1 mice and Fischer 344 rats 

reported no treatment-related gross or microscopic changes 

of the ovary (Melnick et al., 1994). These findings are 

surprising based on the severe ovarian atrophy observed with 

BD at similar exposure concentrations. 

toxicity of STY is limited to two studies. 

Reproductive 

No effect on 

fertility was observed in rats following life-long exposure 

to 250 ppm STY in the drinking water, or after 3 weeks 

inhalation exposure to 100 ppm styrene oxide (Beliles, et 

al., 1985 i Sikov, et al., 1986). It should be noted that 

even if STY or STY OX were ovotoxic, an effect on 

reproductive competence would not be expected if a pool of 

primordial follicles were still present from which to 

recruit. 

Reproductive studies in workers exposed to these 

compounds has not been reported, except for STY. 
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Investigations on STY reported no increased risk of 

spontaneous abortions, congenital malformations, or 

menstrual dysfunction with styrene exposure (Harkonen and 

Holmberg, 1982; Harkonen et al., 1984; Lemasters, et al., 

1985) . It is interesting to note that cigarette smoking, a 

common source of human exposure to these olefins, decreases 

in a dose-related manner the age of menopause (Jick et al., 

1977) . Age of menopause is a direct manifestation of 

follicular depletion. 

If a relationship exists between olefin epoxidation and 

olefin-mediated ovarian follicular depletion, investigation 

of the ovarian toxicity of these compounds would provide 

further insight into the role of epoxides in VCH-induced 

ovotoxicity. 



40 

Statement of the Problem 

Bioactivation of VCR to epoxides is critical for VCR-

induced ovarian toxicity in mice. In particular, it is 

known that the monoepoxides (l,2-VHCE and 7,8-VCRE) and the 

diepoxide (VCD) of VCR are ovarian toxicants; however, the 

ultimate ovotoxic metabolite of VCR has not been identified. 

In addition, metabolism of VCR to these epoxides has not 

been completely characterized. Although oxidation of VCR to 

l,2-VCRE and 7,8-VCRE has been demonstrated, conversion of 

VCR to VCD has not been shown. A closer look at the role of 

these epoxides in the ovarian toxicity of VCR will aid in 

understanding the ability of VCR to target the ovary, as 

well as help in determining the ovotoxic potential of 

related compounds. 

Research Objectives 

As VCD is the most potent ovotoxic metabolite of VCR 

and an ovarian carcinogen in mice, it is anticipated that 

this epoxide may be the ultimate ovotoxic metabolite of VCR. 

Thus, the working hypothesis of this dissertation was as 
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follows: Bioactivation of vinylcyclohexene (VCH) to 

vinylcyclohexene diepoxide is required for VCH-induced 

ovarian toxicity in B6C3F1 mice. Two major research 

objectives were developed to test this hypothesis and are 

outlined below. 

Chapter 2. The first objective was to define a 

relationship between olefin epoxidation and ovarian toxicity 

in mice. Initial studies characterized the ovarian toxicity 

and metabolism of analogues of VCH. The structure-activity 

relationship of these analogues was pertinent in defining 

the importance of epoxidation of VCH at the 1,2- versus the 

7,8-position, as well as defining the importance of 

epoxidation at both unsaturated sites of VCH. 

Studies were extended to define the ovarian toxicity of 

related olefins and/or their epoxide metabolites. These 

olefins contained either a single or two unsaturated sites. 

Thus, these studies helped in defining not only the role of 

VCD in VCH-induced ovotoxicity, . but also the role of 

epoxides in the ovarian toxicity of related olefins. 

Additional studies were conducted to determine the 

chemical reactivity of these epoxides, in an attempt to 
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relate epoxide chemical reactivity to ovotoxicity. It was 

expected that the more reactive the epoxide the greater the 

deleterious effects it would have if it targeted the ovary. 

In addition, chemical reactivity of these olefin epoxides 

has been shown to be indicative of mutagenicity (Gervasi et 

al., 1985), and therefore epoxide reactivity may be a marker 

of not only the potential ovotoxicity of these epoxides but 

also their carcinogenicity. 

Chapter 3. The second major research objective was to 

examine the metabolism of VCR and l,2-VCRE to VCD in mice. 

Demonstration of the conversion of VCR to VCD is critical in 

defining the role of this epoxide in VCR-induced 

ovotoxicity. 

Metabolism of VCR was determined following a single and 

multiple doses of VCR. In addition, the effect of 

repetitive doses of VCR on the in vitro metabolism of 1,2-

VCRE was determined. These studies were conducted to 

investigate whether VCR induces its own metabolism in mice. 

This phenomenon would be important not only in aiding in the 

detection of VCD, but also may be critical in the ability of 

VCD to target the ovary. It is known that consecutive doses 
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of VCH are required for VCH-induced ovotoxicity in mice, and 

this may be dependent on circulating levels of the VCH 

epoxides. 

Hepatic cytochrome P450 levels were also determined 

following multiple doses of VCH. Induction of specific 

cytochrome P450 would not only be indicative of VCH 

autoinduction, but may also imply a role for these P450 

isoforms in the epoxidation of VCH. 

Chapter 4. This chapter contains a comprehensive 

summary of the results and a discussion of the significance 

of the findings. 
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CHAPTER TWO 

OVARIAN TOXICITY, METABOLISM, AND CHEMICAL REACTIVITY OF 4-

VINYLCYCLOHEXENE ANALOGUES AND RELATED OLEFINS 

IN MICE 

(Note: Reprinted with permission from Doerr, J. K., 

Hooser, S. B., Smith, B. J., and Sipes, I. G. (1995) Ovarian 

toxicity of 4-vinylcyclohexene and related olefins in B6C3F
1 

mice: Role of diepoxides. Chem. Res. Taxieol. 8, 963-970. 

Copyright 1995 American Chemical Society.) 

The processes involved in the chemical-mediated 

ovotoxicity of VCH in mice are not known. However, it has 

been determined that bioactivation of the parent compound to 

epoxide metabolites is required (Figure 1; Smith et al., 

1990b) Both monoepoxides (vinylcyclohexene 1,2-monoepoxide 

/1,2-VCHE and vinylcyclohexene 7,8-monoepoxide/7,8-VCHE), as 

well as the diepoxide (vinylcyclohexene diepoxide/VCD) have 

been shown to be more potent ovotoxicants than VCH (Smith et 

al., 1990b). The most potent ovotoxicant was the diepoxide 

.... _-------
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(Smi th et al., 1990b). ED50 values revealed that VCD was 

13.5 times more potent than VCR, whereas 7,8-VCRE and 1,2-

VCRE were only 5 to 7 times more potent than the parent 

compound, respectively. Al though the monoepoxides of VCR 

have been shown to be ovotoxic, it is not known whether 

these monoepoxides directly target the ovary or through 

metabolism to the diepoxide exert ovotoxicity. In addition, 

the ovotoxic potential of the VCR epoxide diols is not 

known. Therefore, the objective of the following studies 

was to delineate the role of these epoxides in VCR-induced 

ovotoxicity. The ovarian toxicity of related olefins of VCR 

was also determined to further define the ovotoxicity of 

this class of compounds. It is hypothesized that VCD, which 

has been characterized as a more potent ovotoxicant, as well 

as, a direct-acting mutagen and carcinogen (NTP, 1989) is 

the ultimate ovotoxic metabolite of VCR. 
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EXPERIMENTAL PROCEDURES 

Chemicals. Vinylcyclohexane oxide, ethylcyclohexene 

oxide, 7, 8-VCHE, and the epoxide diols of VCH and 1,3-

butadiene were custom synthesized in the laboratory of Dr. 

Eugene Mash of the University of Arizona, Tucson, AZ (Mash 

et al., 1994; Mash and Waller, 1995; Cheng and Ruth, 1993). 

Identity and purity (99%; 1,3-butadiene epoxide diol 90-95%) 

of the compounds were established with NMR, IR, GC/MS, 

and/or elemental analysis. Ethylcyclohexene was a gift of 

Dr. Gerhard Nowack of Phillips Petroleum Company, 

Bartlesville, OK. Other test compounds were purchased from 

Aldrich Chemical Company (Milwaukee, WI) with a purity of 

95-99%. 4-Phenylcyclohexene (98%) and 3,3,3-

trichloropropene oxide were obtained from Wiley Organics 

(Coshocoton, OH) and Chern Service (West Chester, PAl, 

respectively. ~-NADP+ (sodium salt), glucose-6-phosphate 

(monosodium salt), and glucose-6-phosphate dehydrogenase 

(Type XV) were purchased from Sigma Chemical Company (St. 

Louis, MO). Other chemicals were of reagent grade. 

Caution: All test compounds are either potential 
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carcinogens or are carcinogens in animals and should be 

handled with appropriate precautions. 

Animals. Female B6C3F1 mice were obtained from Harlan 

Sprague-Dawley Incorporated (Indianapolis, IN). The mice 

were housed 5 per cage in a biohazard hood, provided food 

(Harlan Teklad 4% Mouse/Rat Diet, Madison, WI) and water ad 

libtium, and maintained on a 12 h light/dark cycle in a 

controlled temperature of 22° ± 2°C. The animals were 

acclimated to this environment for 7 days prior to use in 

studies. 

Ovarian Toxicity Studies. The structure-activity 

experiments were designed according to previous ovarian 

toxicity studies conducted in our laboratory (Smith et aI, 

1990b) . Twenty-eight day old mice were administered VCH 

(posi tive control), sesame seed oil (vehicle control, 2.5 

mL/kg), 0.9% saline (vehicle control epoxide diols, 2.5 

mL/kg), or test compound ip daily for 30 days (n 

10/group). Test compounds, as well as their structures and 

doses administered are presented in Tables 1-5. Test 

compounds were administered at either a dose equimolar to 

that of VCH (7.5 mmol/kg), or at a lower dose which had been 
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determined from previous studies as the maximum tolerated 

dose for mice. A dose which did not result in a significant 

weight loss (> 10%) over a 30 day treatment period was 

defined as the maximum tolerated dose. 

Following day 30 of treatment, mice were killed by C02 

inhalation on the first day of diestrus of their cycle. The 

stage of estrus was determined by vaginal cytology (Figure 

2; Allen, 1992). Ovaries were removed, weighed, fixed in 

Bouin's solution for 24 h, and transferred to 70% ethanol. 

One ovary was randomly selected and further processed for 

sectioning. Serial sections were prepared (6 pm) and 

stained with hematoxylin and eosin. Oocytes contained in 

small and growing pre-antral follicles were counted 

microscopically at every twentieth section. Follicular 

populations were classified by the method of Pedersen and 

Peters (1968). In this classification a small follicle 

(primordial) consists of an oocyte surrounded by a single 

layer of noncuboidal granulosa cells. A growing follicle 

(primary to pre-antral) consists of an oocyte surrounded by 

a single or mUltiple layers of cuboidal granulosa cells. 
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Figure 2. Photomicrographs of vaginal smears from B6C3F
1 

mice. Stages of oestrous cycle and their cell morphology 
are oroestrus consisting of nucleated epithelial cells 
(rarely observed), (A) estrus containing cornified, non
nucleated cells, (B) metestrus ~ with cell morphology 
identical to estrus but cells more numerous and clumped 
together, (cont.) 
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(Figure 2 continued) (C) metestrus II containing 
polymorphonuclear leukocytes among the cornified, non
nucleated cell, (D) diestrus consisting of a few 
polymorphonuclear leukocytes and epithelial cells in various 
stages of nuclear degeneration and cytoplasmic shrinkage. H 
& E. x 20. 
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Follicle counts at every twentieth section were summed to 

calculate the follicle number for each ovary. 

In vitro Metabolism Studies. In vitro metabolism of 

VCR and the VCR analogues was determined using hepatic 

microsomal preparations from 46 day old female mice (16-19 

g) . Livers were removed and microsomes were isolated by 

differential ultracentrifugation as described by Guengerich 

(1989) . Microsomal protein concentration was determined 

using the Coomassie Plus Protein Assay (Pierce, Rockford, 

IL). Microsomal cytochrome P450 content was determined by 

the method of Omura and Sato (1964). Microsomal metabolism 

assays were conducted similar to procedures previously 

described in our laboratory (Smith et al., 1990a). Samples 

consisted of test compound (1 mM, VCR or VCR analogue) in 

methanol (1% v/v), mouse hepatic microsomes (0.1 to 1.0 

mg/mL), 2 mM 3,3,3-trichloropropene oxide, 0.5 mM NADP+, 10 

mM glucose-6-phosphate, 0.1 unit glucose-6-phosphate 

dehydrogenase, 50 mM REPES (pR 7.6), 0.1 mM EDTA, and 15 mM 

MgC12 to a final volume of 1 mL. 3,3,3-Trichloropropene 

oxide, a potent epoxide hydrolase inhibitor (Oesch et al., 

1971), was added to the microsomal incubations to prevent 
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hydrolysis of epoxides formed. Studies were performed to 

define assay conditions such that metabolite production was 

linear with protein concentration and time (Figure 3.1-3.2). 

Samples were pre-incubated in a shaking water bath at 37°C 

for 3 min. Reactions were initiated with the addition of 

glucose-6-phosphate and incubated at 37°C for an additional 

2-15 min. Glucose-6-phosphate was absent from blank 

reactions. Reactions were terminated by the addition of 5 M 

NaOH (200 pL) and placed in ice. Samples were extracted 

with 240 pL of hexane containing 4-methyl-1-cyclohexene 

(0.01 M, internal standard), vortexed, shaken for 10 min, 

and phases separated by centrifugation (10 min, 3000 rpm). 

The organic layer was removed and analyzed for epoxide by GC 

and GC/MS. The extraction efficiencies of the epoxide 

metabolites were as follows: vinylcyclohexene 1,2-mono-

epoxide/92%, ethylcyclohexene oxide/70%, vinylcyclohexane 

oxide/65%, and cyclohexene oxide/55%. 

corrected for recovery. 

Reported values were 

In vivo Metabolism Studies. Metabolism of the VCH 

analogues to their respective monoepoxide metabolite was 

determined in vivo in 35 to 36 day old female mice (14-18 
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Figure 3.1. Time curves of female mouse hepatic microsomal 
metabolism of VCH and the VCH analogues to their 
corresponding epoxides. Microsomes (0.4 mg protein) were 
incubated for 2-15 min with 1 roM substrate (VCH, ECHE, VCHA, 
or CHE) and 2 roM 3,3, 3-trichloropropene oxide. Hexane 
extracts of the microsomal preparations were analyzed by GC. 
Data represent the mean ± SD (n = 2-3). 
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Figure 3.2. Protein curves of female mouse hepatic 
microsomal metabolism of VCH and the VCH analogues to their 
corresponding epoxides. Microsomes (0.1-1.0 mg protein) 
were incubated for 10 min with 1 mM substrate (VCH, ECHE, 
VCHA, or CHE) and 2 mM 3, 3, 3-trichloropropene. Hexane 
extracts of the microsomal preparations were analyzed by GC. 
Data represent the mean ± SD (n = 2-3). 



55 

g). The mice were administered a single dose (7.5 rnrnol/kg), 

ip, of test compound in sesame seed oil. A dose of 7.5 

rnrnol/kg was selected as it was the dose administered in the 

ovarian toxicity study of the VCH analogues. The animals 

were killed by C02 inhalation at 30, 60, 120, or 240 min (n 

3-5 mice/time point) after administration of the test 

compound. Blood was drawn from the posterior vena cava into 

heparinized syringes. The samples were extracted as 

described above (see In Vitro Metabolism Studies section), 

and analyzed for epoxide by GC and GC/MS. Extraction 

efficiency was determined by spiking blood from non-treated 

animals with the test compound of interest. Extraction 

efficiencies for the epoxide metabolites were as follows: 

ethylcyclohexene oxide/60%, vinylcyclohexane oxide/94%, and 

cyclohexene oxide/55%. Reported values were corrected for 

recovery. 

GC Analysis. A single analytical method was developed 

for quantification of the VCH and VCH analogue monoepoxides. 

Analyses were done utilizing a Hewlett-Packard HP 5890 

Series II GC equipped with a DB624 fused silica column (30 m 

x 0.255 rnrn, J and W Scientific, Folsom, CAl and a flame 



56 

ionization detector (FID). Splitless technique was utilized 

to introduce 1 ~L of the hexane extract with the split vent 

open at 1 min and a nitrogen carrier gas flow rate of 1 

mL/min (10 psi). The initial oven temperature was held at 

50°C for 10 min, and than ramped to 230°C at a rate of 

12°C/min and held at the final temperature for 5 min. The 

injector and detector temperatures were 200 and 250°C, 

respectively. VCR and VCR analogue monoepoxides were 

quantified by comparing the peak area ratio of the analyte 

and 4-methyl-l-cyclohexene (internal standard) to an analyte 

standard curve. The retention times for the analytes were 

as follows: 4-methyl-l-cyclohexene/12 min, VCR/16 min, 

vinylcyclohexene l,2-monoepoxide/21 min, ethylcyclohexene/17 

min, ethylcyclohexene oxide/22 min, vinylcyclohexane/16. 5, 

vinylcyclohexane oxide/22. 5 min, cyclohexene/l0. 5 min, and 

cyclohexene oxide/18 min. 

MS Analysis. All monoepoxide metabolites of the VCR 

analogues were characterized by GC/MS with a Fisons MD800 

instrument (Fisons Instrument, Beverly, MA) operated in the 

electron ionization mode (70 eV). Column and oven 

temperature conditions were as described under GC Analysis. 
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Splitless technique was utilized (see GC Analysis) to 

introduce 1 llL of hexane extract onto the column with the 

helium carrier gas at 5 psi and a source temperature of 

Spectra were acquired from 50-250 amu. The 

monoepoxide metabolite of VCH was analyzed similarly with a 

Finnigan MAT 90 double-focusing mass spectrometer (Finnigan 

MAT, San Jose, CA) equipped with a Varian 3400 GC. 

Chemical Reactivity Studies. The chemical reactivity 

of the test epoxides was characterized by determining the 

abili ty of these compounds to alkylate nicotinamide. The 

method previously established by Nelis-Hans and Sinsheimer 

was utilized (1981, 1982). A 100 llL aliquot of test epoxide 

(2 rnM) and 200 llL of 125 rnM nicotinamide solution were 

incubated at 37°C for 10, 20, 30 or 60 min (n = 3/time 

point). Test epoxide stock solutions were in ethanol (1.67 

M and 16.7 rnM), and the working solution (2 rnM) was made 

from the 16.7 rnM stock diluted with 66 rnM phosphate buffer 

(pH 7.4). The 125 rnM nicotinamide solution was in a 66 rnM 

phosphate buffer (pH 7.4). Following incubation at 37°C for 

the appropriate time period, 1 mL of 15% acetophenone 

solution (15% acetophenone in ethanol v/v) and 1 mL of 1 M 
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KOH in ethanol were added, the mixture was vigorously 

vortexed, and cooled in ice for 10 min. Following cooling, 

1 mL of formic acid (99%) was added and the acidic solution 

was heated for 5 min, with a subsequent 10-15 min cooling 

period. The fluorescence was read at an excitation and 

emission wavelength of 370 and 430 nm, respectively. 

Readings were corrected for a blank not containing test 

epoxide. 

Statistical Analysis. Comparisons between 

were made using a one-way analysis of variance. 

groups 

When 

appropriate, significance was determined using Student-

Newman-Keuls. Data were considered significantly different 

at p < 0.05. 
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RESULTS 

To further characterize the role of epoxides in VCH

induced ovotoxicity, several structure-activity studies were 

conducted (Tables 1-5). Compounds analyzed were selected 

based on their potential to be metabolized to a mono or 

diepoxide metabolite. In addition, the ovarian toxicity of 

a number of the epoxide metabolites, as well as, the epoxide 

diol metabolites of these compounds was determined. 

Initial studies examined the ability of analogues of 

VCH (ethylcyclohexene/ECHE, vinylcyclohexane/VCHA, 

cyclohexene /CHE, 4-phenylcyclohexene/4-PHE, 1-

phenylcyclohexene/1-PHE, and ethylcyclohexane/ECHA) to 

deplete oocytes contained in pre-antral follicles. 

Follicular counts revealed that the analogues of VCH did not 

deplete small follicles (Table 1). A similar effect was 

observed with the growing follicle population, with the 

exception of ECHE. ECHE treatment depleted growing 

follicles (37% ± 4%), but not to the same extent observed 

following administration of VCH at an equimolar dose (72% ± 

4%, Table 1). VCH was used as a positive control in each 
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study, and consistent with previous studies VCH treatment 

reduced small and growing follicles by 82-88% and 70-83%, 

respectively (Tables 1-5; Smith et al., 1990b; Hooser et 

al., 1993,1994). 

To further characterize the ovotoxicity of the VCH 

analogues, the monoepoxide form of some of these compounds 

(ethylcyclohexene oxide, vinylcyclohexane oxide, and 

cyclohexene oxide) was tested. Similar to the parent 

compounds, the monoepoxides of the VCH analogues did not 

deplete the ovary of small or growing follicles at the dose 

tested (Table 2) . 

Taken together, these findings suggested that the 

ovotoxic effects of VCH may reside in its diepoxide 

metabolite, VCD. However, the ovotoxic potential of the VCH 

epoxide diols was not known, therefore a third study was 

conducted to determine whether these metabolites are 

ovotoxic. VCH 7,8-epoxide l,2-diol was ovotoxic when 

administered at an equimolar dose as VCH, with a 61% and 71% 

depletion of small and growing ovarian follicles, 

respectively (Table 3). At a 2.7-fold lower dose (2.74 

mmol/kg), VCH l,2-epoxide 7,8-diol treatment depleted 22% ± 
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4% of the small ovarian follicle populationj however, a 

significant depletion of growing ovarian follicles was not 

observed (Table 3). Although the epoxide diols of VCH are 

ovotoxic, the ovotoxic potential of these metabolites is not 

as great as that of VCD (Smith et al., 1990b). 

Additional studies were conducted to determine the 

ovotoxicity of related olefins of VCH. Compounds included 

styrene (STY) and its major epoxide metabolite, styrene 7,8-

oxide (STY OX), as well as isoprene (ISO) and the epoxides 

of butadiene (BD). STY, STY OX (racemic mixture), and the 

enantiomers of STY OX were not ovarian toxicants at the 

doses tested (Table 4). In direct contrastj ISO, butadiene 

monoepoxide (BMO), and butadiene diepoxide (BDE) were 

ovotoxic (Table 5). The magnitude of depletion of the small 

and growing follicular populations was similar to that 

observed for VCH (Table 5). At a dose equivalent to that of 

VCH (7.34 mmol/kg), ISO reduced small follicles by 76% ± 5% 

and growing follicles by 46% ± 8%. BMO and BDE were 

effective ovotoxicants at much lower doses. At 1.43 mmol/kg 

BMO depleted small and growing follicles by 98% ± 1% and 87% 

± 2%, respectively. At a ten-fold lower dose (0.14 mmol/kg) 
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than BMO, BDE depleted small follicles by 85% ± 5% and 

growing follicles by 63% ± 7%. The morphological changes 

observed in the ovarian sections from these treatment groups 

(BMO, BDE, and ISO) were similar to those observed following 

VCR treatment. Decreased numbers of follicles at various 

stages of development and nests of granulosa cells 

(follicles lacking oocytes with some support cells still in 

tact) were observed (Figure 4). 

To further characterize the ovarian toxicity of BD, the 

epoxide diol of BD and epoxybutane were tested (Table 5). 

Epoxybutane (EPB) , an analogue of butadiene monoepoxide, was 

tested to determine the role of BMO versus BDE in BD-induced 

ovotoxicity. Interestingly, no ovotoxicity was observed 

following administration of EPB at a dose equimolar to that 

of BMO (Table 5), thus implicating BDE in BD-induced 

ovotoxicity. The epoxide diol of BD was ovotoxic depleting 

35% ± 7% and 39% ± 4% of the small and growing ovarian 

follicles, respectively. Ovotoxicity occurred, however, at 

a dose 54-fold higher than the dose of BDE, indicating that 

the diepoxide of BD is a more potent ovotoxicant. 
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The structure-activity studies indicated that 

epoxidation of VCH at a single unsaturated site does not 

result in the formation of an ovotoxic metabolite. Critical 

to interpreting these results was the characterization of 

the metabolism of the VCH analogues, since biotransformation 

of these compounds has not been previously reported. ECHE, 

VCHA, and CHE were metabolized to monoepoxides in murine 

hepatic microsomal preparations. Similar rates of 

epoxidation were observed for each of the compounds as 

compared to VCH (Table 6). 

GC retention and electron ionization mass spectra for 

the epoxide metabolites recovered from microsomal 

preparations were identical to those of synthetic standards. 

The molecular ion was not observed for the epoxides of the 

VCH analogues, instead a fragment at m/z 125 for 

ethylcyclohexene oxide (ECHE OX) and vinylcyclohexane oxide 

(VCHA OX), and m/z at 97 for cyclohexene oxide (CHE OX) was 

observed (Figure 5). M+ - H ions are characteristic in 

electron ionization spectra of aliphatic epoxides 

(Budzikiewicz et al., 1967). Fragmentation of the side 

chain yielded ions at m/z 111 (M+ - CH3 ) for ECHE OX and VCHA 
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OX, and at m/z 96 (M+ - CHP) for VCHA ox (Figure SA-B). 

Loss of the entire side chain was observed for ECHE OX (m/z 

97) and VCHA OX (m/z 81i Figure SA-B). Rearrangement of the 

epoxide with loss of CH) was also characteristic of CHE OX 

(m/z 81, Figure 5C). 

Circulating levels of the monoepoxides were also 

observed following administration of a single dose (7.5 

mmol/kg, ip) of the VCH analogues (Figure 6). The highest 

concentration of ECHE OX was 31.5 ± 5.9 nmol/mL of blood, 

which occurred 2 h after dosing. This concentration-time 

profile was similar to that reported for l,2-VCHE in blood 

of mice treated with an equimolar dose of VCH (40.7 ± 12.6 

nmol/mL at 2 hi Smith at al., 1990a). Blood levels of VCHA 

OX were lower with the highest concentration,S. 7 ± 0.6 

nmol/mL, being observed at 2 h. Although blood levels of 

CHE OX were the highest at early time points (30 min, 69.7 ± 

5.5 nmol/mL) ,the epoxide was cleared rapidly such that 

detectable levels of the epoxide were not present at 4 h. 

Since a variation was observed in ovotoxicity among 

compounds based on their number of epoxidation sites, 

experiments were conducted to determine the chemical 
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reactivity of the test epoxides. Studies were designed to 

determine whether a difference existed in the chemical 

reactivity of the mono and diepoxide test compounds. 

Nicotinamide was alkylated at a similar rate by the VCR 

monoepoxides (1,2-VCRE and 7,8-VCRE), the VCR epoxide diols, 

and the VCR analogue monoepoxides. A 2- to 5-fold 

difference, however, was observed between the chemical 

reactivity of these epoxides and VCD (Figure 7.1). The rate 

of alkylation for the monoepoxides ranged from 33 ± 1 to 83 

± 4 fluorescence units/h, whereas, that for VCD was 163 

fluorescence units/h. The epoxide diols of VCR had similar 

chemical reactivity as compared to the monoepoxides of VCR 

oxidized at similar positions. The chemical reactivity for 

1,2-VCRE and VCR 1,2-epoxide 7,8-diol was 52 ± 2 and 46 ± 2 

fluorescence units/h, respectively; and for 7,8-VCRE and VCR 

7,8-epoxide 1,2-diol 70 ± 7 and 83 ± 4 fluorescence units/h, 

respectively. A similar response was observed for the other 

aliphatic epoxides (Figure 7.2). At 60 min 57 ± 6 to 167 ± 

14 fluorescence units were recorded for isoprene oxide, BMO, 

and EPB. The highest rate of alkylation of nicotinamide 

occurred with BDE (555 ± 43 fluorescence units/h). This 
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rate was 3.5 to 10 times higher than that of the 

monoepoxides (ISO OX, BMO, and EPB). Thus, the data suggest 

that the ovotoxic potential of these epoxides is directly 

related to their chemical reactivity. 



Table 1. OVotoxicity of VCH Analogues 

Compound 

Ethylcyclohexene 
(ECHE) 

Vinylcyclohexane 
(VCHA) 

0 
Cyclohexene 

(CHE) 

4-Phenylcyclohexene 
(4-PHE) 

1-Phenylcyclohexene 
(l-PHE) 

Dose (mmol/kg) 

7.5 

7.5 

7.5 

7.5 

7.5 

Follicle Counts" 

Small Growing 

61 ± 13 36 ± 3
c 

(37% ± 4%)b 

98 ± 15 53 ± 6 

66 ± 12 43 ± 8 

82 ± 21 38 ± 4 

87 ± 13 45 ± 4 

(continued next page) 
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(continuation of Table 1) 

7.5 87 ± 15 60 ± 4 

Ethylcyclohexane 
(ECHA) 

7.5 c c 
12 ± 2 16 ± 2 

b b 
(86% ± 2%) (72% ± 4%) 

Vinylcyclohexene 
(VCH) 

Sesame Seed oil 90 ± 14 57 ± 4 

a 
Mean follicle counts for each treatment group were calculated by 

summing the counts determined at every twentieth section per mouse and 

using these totals to obtain an average ± SE. 
b 

Percent follicular 
c 

depletion ± SE as compared to sesame seed oil group. Statistically 
significant at p < 0.05 as determined by ANOVA and Newman-Keuls test. 



Table 2. Ovotoxicity of VCH Analogue Monoepoxides 

Compound 

Ethylcyclohexene 
Oxide 

(ECHE OX) 

Vinylcyclohexane 
Oxide 

(VCHA OX) 

Cyclohexene 
Oxide 

(CHE OX) 

Vinylcyclohexene 
(VCH) 

Sesame Seed Oil 

a 

Dose (mmol/kg) 

1. 43 

1. 43 

1. 43 

7.50 

Follicle Counts
d 

Small 

126 ± 18 

119 ± 12 

147 ± 11 

c 
17 ± 3 

b 
(88% ± 2%) 

148 ± 16 

Growing 

30 ± 5 

33 ± 6 

50 ± 7 

c 
7 ±1 

b 
(83% ± 3%) 

43 ± 6 

69 

Mean follicle counts for each treatment group were calculated by 
summing the counts determined at every twentieth section per mouse and 

b 
using these totals to obtain an average ± SE. Percent follicular 

depletion ± SE as compared to sesame seed oil group. C Statistically 
significant at p < 0.05 as determined by ANOVA and Newman-Keuls test. 



Table 3. Ovotoxicity of VCH Epoxide Diols 

Compound 

o 

Vinylcyclohexene 
1,2-Epoxide 7,8-Diol 

H 
H 

OH 
Vinylcyclohexene 

7,8-Epoxide 1,2-Diol 

Vinylcyclohexene 
(VCH) 

0.9% Saline 

Sesame Seed Oil 

Dose (mmol/kg) 

2.74 

7.50 

7.50 

Follicle Counts
d 

Small 

b 
(22% ± 4%) 

b 
(61% ± 4%) 

25 ± 2
c 

b 
(88% ± 1%) 

192 ± 23 

208 ± 17 

Growing 

c 
40 ± 2 

15 ± l
c 

b 
(71% ± 2%) 

16 ± l
c 

b 
(70% ± 3%) 

52 ± 5 

53 ± 6 

70 

a Mean follicle counts for each treatment group were calculated by 
summing the counts determined at every twentieth section per mouse and 

b 
using these totals to obtain an average ± SE. Percent follicular 
depletion ± SE as compared to sesame seed oil (VCH) or saline (epoxide 

diols) . Statistically significant at p < 0.05 as determined by ANOVA 
and Newman-Keuls test. 



Table 4. OVotoxicity of Styrene and Styrene Oxide 

Compound 

U 
Styrene 

(STY) 

cr 
Styrene Oxide 

(STY OX) 

R-(+)-Styrene 
Oxide 

S-(-)-Styrene 
Oxide 

Vinylcyclohexene 
(VCH) 

Sesame Seed oil 

Dose (mmol/kg) 

3.60 

0.94 

0.94 

0.94 

7.50 

Follicle Counts
d 

Small 

82 ± 11 

86 ± 6 

103 ± 7 

114 ± 15 

c 
16 ± 5 

(82% ± 5%)b 

94 ± 14 

Growing 

28 ± 4 

30 ± 2 

33 ± 3 

34 ± 6 

c 
13 ± 3 

b 
(70% ± 6%) 

32 ± 4 

71 

Mean follicle counts for each treatment group were calculated by 
summing the counts determined at every twentieth section per mouse and 

using these totals to obtain an average ± SE. b Percent follicular 
c 

depletion ± SE as compared to sesame seed oil group. Statistically 
significant at p < 0.05 as determined by ANOVA and Newman-Keuls test. 



Table 5. Ovotoxicity of Related Olefins 

Compound 

0 

HaC-CH2-C"{-'cH2 

Epoxybutane 
(EPB) 

0 

H2C=CH-C"{-'cH2 

Butadiene 
Monoepoxide 

(BMO) 

o 0 
/ \ / \ 

H2C-CH-CH-CH2 

Butadiene Diepoxide 
(BDE) 

0 OH OH 

H2d-'cH-tH-tH2 

Butadiene 
Epoxide Diol 

H2C=CH-C=CH2 

tHa 
Isoprene 

(ISO) 

Vinylcyclohexene 
(VCH) 

Dose (mmol/kg) 

1. 43 

1. 43 

0.14 

7.50 

7.34 

7.50 

Follicle counts 
a 

Small 

150 ± 15 

c 
3 ± 1 

b 
(98% ± 1) 

c 
20 ± 6 

b 
(85% ± 5%) 

c 
124 ± 14 

b 
(35% ± 7%) 

c 
31 ± 6 

b 
(76% ± 5%) 

b 
(87% ± 3%) 

Growing 

42 ± 6 

c 
7 ± 1 

b 
(87% ± 2) 

c 
19 ± 3 

b 
(63% ± 7%) 

c 
32 ± 2 

b 
(39% ± 4%) 

c 
28 ± 4 

b 
(46% ± 8%) 

c 
14 ± 2 

b 
(73% ± 4%) 

(continued next page) 
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(continuation of Table 5) 

0.9 % Saline 192 ± 23 52 ± 5 

Sesame Seed Oil 131 ± 13 51 ± 4 

Mean follicle counts for each treatment group were calculated by 
summing the counts determined at every twentieth section per mouse and 

b 
using these totals to obtain an average ± SE. Percent follicular 
depletion ± SE as compared to sesame seed oil or saline (BD epoxide 

diol). C Statistically significant at p < 0.05 as determined by ANOVA 
and Newman-Keuls test. 

--------- ----------
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A c 

Figure 4. Histological evaluation of B6C3F1 mouse ovaries 
following sesame seed oil or VCH treatment. (A-B) 
Photomicrographs of a sesame seed oil treated control mouse 
ovary. (A) The ovary contains numerous follicles at various 
stages of development (arrows). H & E. X 4. (B) Higher 
magnification of the ovary in which abundant primordial 
(small) follicles (arrows) are present in the peripheral 
zone of the cortex. H & E. X 40. (C-D) Photomicrographs of 
the ovary of a VCH-treated mouse (7.50 mmol/kg/d for 30 d, 
ip) . (C) The ovary contains fewer follicles and is smaller 
in size compared to the control ovary in (A). H & E. X 4. 
(D) Higher magnification of the ovary in which primordial 
follicles are absent in the peripheral zone of the cortex 
and nests of granulosa cells are present (arrows). H & E. X 
40. 



Table 6. Hepatic Microsomal Metabolism of VCH and VCH Analogues 

a 
SUBSTRATE 

VCH 

ECHE 

VCHA 

CHE 

nmol of epoxide/min/mg 

b 
2.8 ± 0.4 

3.6 ± 0.3 

1.9 ± 0.1 

5.3 ± 0.4 

nmol of epoxide/min/nmol P450 

3.0 ± 0.4 

3.8 ± 0.4 

2.0 ± 0.1 

5.7 ± 0.4 

75 

a 
Microsomes (0.4 mg protein) were incubated for 10 min with 1 roM 

substrate and 2 roM 3,3,3-trichloropropene oxide. 
± SD (n = 4). 

b 
Data represents mean 
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Figure 5. Mass spectra of the VCH analogue monoepoxides (A) 
ECHE OX, (B) VCRA OX, and (C) CHE OX. VCH analogues (1 mM) 
were incubated at 37° C with female mouse hepatic microsomes 
(0.1-1.0 mg/mL) in the presence of 3,3,3-trichloropropene 
oxide for 2-15 min to generate the monoepoxides. Hexane 
extracts of the microsomal preparations were analyzed by 
GC/MS with positive electron ionization. 
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Figure 6. Circulating levels of l,2-VCHE and VCR analogue 
monoepoxides in the blood of female mice. Animals were 
killed at 30, 60, 120, or 240 minutes after administration 
of a single dose (7.5 mmol/kg, ip) of test compound. Blood 
was collected, extracted with hexane, and samples analyzed 
by GC and GC/MS. Data represent the mean ± SD (n = 3-5). 
l,2-VCRE levels as reported by Smith et al. (1990a) . 

. . _ .. - ..... ~----------------------=~~------
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Figure 7.1. Chemical reactivity of the epoxides of VCH and 
the VCH analogues. Reactivity was based on the rate of 
alkylation of nicotinamide by the aliphatic epoxides. Test 
epoxide (2 roM) and nicotinamide (125 roM) were incubated in 
66 roM phosphate buffer (pH 7.4) for 10, 20, 30, or 60 min at 
37° C. A fluorescent product was formed upon addition of 
15% acetophenone, 1 M KOH, and formic acid (99%). 
Fluorescence was read at an excitation and emission 
wavelengths of 370 and 430 nm, respectively. Data represent 
the mean ± SD of triplicate samples. 
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Figure 7.2. Chemical reactivity of the epoxides of BD and 
related compounds. Reactivity was based on the rate of 
alkylation of nicotinamide by the aliphatic epoxides. Test 
epoxide (2 roM) and nicotinamide (125 roM) were incubated in 
66 roM phosphate buffer (pH 7.4) for 10, 20, 30, or 60 min at 
37° C. A fluorescent product was formed upon addition of 
15% acetophenone, 1 M KOH, and formic acid (99%) . 
Fluorescence was read at an excitation 
wavelengths of 370 and 430 nm, respectively. 
the mean ± SD of triplicate samples. 

and emission 
Data represent 
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DISCUSSION 

Previous studies in our laboratory have established 

that a critical step in VCH-induced ovarian toxicity in 

rodents is bioactivation of the parent compound to epoxide 

metabolites (Smith et al., 1990b). These epoxides were 

identified as ovotoxicants in mice and rats, and were shown 

to be more potent than VCH. A reduced capacity to 

metabolize VCH to l,2-VCHE in rats was associated with the 

resistance of this species to the ovarian effects of VCH. 

In contrast, mice were sensitive to the ovotoxic effects of 

VCH, which was attributed to their 6.5-fold greater rate of 

VCH epoxidation. Pretreatment of mice with the P450 

inhibitor chloramphenicol resulted in a reduction of 

circulating levels of l,2-VCHE and a partial protection of 

follicular populations from VCH toxicity. Whether each of 

the monoepoxides of VCH is inherently toxic to the ovary is 

not known. It is known that at an equimolar dose the 

diepoxide is a more potent ovotoxicant. Oxidation of these 

monoepoxides to form VCD may be essential for VCH-induced 

ovotoxicity. 
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To determine the epoxide (s) required for the ovotoxic 

effects of VCH, the ovotoxicity of structural analogues of 

VCH was determined in mice. ECHA, a compound incapable of 

bioactivation to epoxides, was not ovotoxic. Consistent 

with previous studies (Hooser et al., 1993), 4-PHE was not 

an ovarian toxicant and neither was 1-PHE. 1-PHE is 

oxidized at the 1,2-unsaturated site to form a monoepoxidei 

however, epoxidation of 1-PHE on the aromatic ring and 

formation of a diepoxide has not been observed (Martin et 

al., 1982; Cook et al., 1984). Additional analogues of VCH 

tested included compounds that contained a single 

unsaturated site corresponding to either the 1,2-position 

(ECHE, CHE) or the 7,8-position (VCHA) of VCH. Thus, it 

could be determined whether epoxidation at one of these 

sites resulted in an ovotoxic compound, or whether 

epoxidation at both sites was necessary for VCH-induced 

ovotoxicity. No detectable change in small follicle number 

occurred following administration of these analogues. 

However, at an equivalent dose, VCH treatment depleted 86% 

of this follicular population. 
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This lack of ovotoxicity of the VCH analogues was not 

due to an inability of these compounds to be biotransformed 

to monoepoxides, since it was demonstrated that they formed 

monoepoxide metabolites in vitro and in vivo. Hepatic 

microsomal oxidation of the analogues occurred at a similar 

rate to VCH. Circulating levels of ECHE OX and CHE OX were 

similar to those of l,2-VCHE (Smith et al., 1990a). Blood 

levels of VCRA OX were lower than those of the other 

analogues. This may be explained by a lower level of VCRA 

OX formation, since like VCH, oxidation at the l,2-position 

is preferred to oxidation at the 7,8-position (Smith et al., 

1990ai Carpenter and Keller, 1994). 

In addition, it was demonstrated that the monoepoxides 

of the VCH analogues (ECHE OX, VCRA OX, and CHE OX) were not 

ovotoxic when they were administered to mice. A 

structurally-related compound, STY, and it major oxidative 

metabolite, STY OX, also did not significantly deplete 

ovarian follicles. Taken together, these results indicate 

that epoxidation of VCH at a single site does not result in 

the formation of an ovotoxic metabolite. Ra ther the data 
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suggest that epoxidation at both unsaturated sites to form 

the diepoxide metabolite may be essential. 

The results presented here indicate that a diepoxide is 

also critical to the development of BD- as well as ISO-

induced follicular loss. BMO, BDE, and ISO depleted the 

ovary of small and growing follicles to the same extent as 

observed following VCH treatment. However, BMO and BDE were 

ovotoxic at doses 5 and 50 times lower than the dose of VCH, 

respectively, whereas the ovotoxic effects of ISO occurred 

at a dose similar to that of VCH. These resul ts sugges t 

that biotransformation of the olefins to epoxides is 

required for their ovotoxic effects. Furthermore, the lack 

of ovotoxicity of EPB indicates that the diepoxide of BD is 

critical for the ovarian toxicity of this compound. EPB is 

a monoepoxide, which unlike BMO cannot be metabolized to a 

diepoxide. At a dose equimolar to BMO, this structural 

analogue was not toxic to small or growing follicles. 

Overall, the structure-activity studies indicate that for 

olefins within this class of compounds, only those which can 

form or are a diepoxide are ovotoxicants. However, to 
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support this conclusion it was necessary to determine the 

ovotoxicity of the epoxide diol metabolites of VCH and BD. 

The epoxide diols of VCH and BD were ovotoxic. It is 

not unusual for epoxide diol metabolites to exert ovarian 

toxicity. Ovarian toxicity and carcinogenicity of a classic 

group of ovotoxicants, polycyclic aromatic hydrocarbons 

(PAHs), is dependent on bioactivation of the parent compound 

to an epoxide diol (Mattison et al., 1983). Even though the 

epoxide diols of VCH and BD exerted some ovotoxicity, they 

do not seem to be the critical metabolites in the chemical

mediated ovarian toxicity of these olefins. This conclusion 

is based on the observation that the ovotoxic potential of 

the epoxide diols of VCH and BD seem to be much lower than 

that of VCD and BDE. Ovotoxicity was observed at doses 5-

to 13-fold higher for VCH 1,2-epoxide 7,8 diol and VCH 7,8-

epoxide 1,2-diol, respectively, as compared to VCD (Smith et 

al., 1990b). For the epoxide diol of BD, the magnitude of 

ovarian follicular depletion was not as notable as observed 

wi th the BD epoxides and isoprene. In addition, ovarian 

toxicity occurred at a dose 50 times higher than the dose of 

BDE. Thus, the structure-activity data implicate the 
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epoxide diols of VCH and BD as playing a role in the ovarian 

toxicity of these olefins; however, the major contributor 

seems to be the diepoxide. 

A species difference has been reported between mice and 

rats in their ability to metabolize BD to its epoxide 

metabolites, as well as to the ovotoxic effects of BD. 

Higher steady-state blood concentrations of BMO (4-8 times 

greater) were observed in mice, as compared to rats during a 

6 h inhalation exposure period to BD (Himmelstein et al., 

1994) . Similarly, maximum rates for BD oxidation were 

reported in mouse liver microsomes, and were 4-fold higher 

than the rate observed in rat liver microsomes (Csanady et 

al., 1992). Studies by Duescher and Elfarra (1994) and 

Sharer et al. (1992) have reported comparable findings with 

oxidation rates of BD by mouse tissue being higher than 

those of rat tissue. Similar findings have been reported 

for BDE where levels of this epoxide were 41-fold higher in 

mice than rats immediately following a 4 h inhalation 

exposure period to BD (Thornton-Manning et al., 1995). 

Whereas severe ovarian atrophy and the development of 

ovarian neoplasms occurred in mice, no ovotoxic effects of 
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BD were reported in rats (Melnick et al., 1992). Taken 

together, these results suggest that like VCH the variation 

in species sensitivity to the ovotoxic effects of BD are due 

in part to differences in biotransformation of BD to 

epoxides. No definitive data are available regarding the 

ovarian carcinogenic effects of ISO. However, based on the 

similarities of ISO and BD in terms of structure, 

metabolism, and toxicological effects it is predicted that 

ISO would produce ovarian neoplasms in mice. 

The ovotoxicity of these compounds correlated well with 

their chemical reacti vi ty. It was demonstrated that the 

diepoxides of VCH and BD had a 2 to 3-fold higher chemical 

reactivity towards nicotinamide than their precursor 

monoepoxide forms (1,2- and 7,8-VCHE, BMO) and their 

corresponding epoxide diols. In addition, structurally 

related monoepoxides of VCH (ECHE OX, VCHA OX, CHE OX) and 

BD (ISO OX, EPB) exhibited a 3.5 to 10-fold lower chemical 

reactivity than VCD and BDE. Thus, the most potent 

ovotoxicants, the diepoxides, were also the most chemically 

reactive. In addition, BDE exhibited a reactivity that was 

3.4 times greater than that of VCD. This difference in 
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reactivity correlates well with the fact that BDE produced 

equivalent ovotoxicity at a 4-fold lower dose than that for 

VCD (Smith et al., 1990b). 

Others have reported similar results with respect to 

the chemical reactivity of these compounds (Turchi et al., 

1981; Gervasi et al., 1985). In addition to enhanced 

alkylation capacity, it was reported that the diepoxide 

metabolites of VCH, BD, and ISO are direct-acting mutagens, 

and the mutagenicity observed correlated with their chemical 

reactivity. Thus, there is a good association among 

alkylation capacity, mutagenic activity, and ovotoxicity. 

The alkylation of ovarian macromolecules could be an 

initiating event in their cytotoxicity and/or 

carcinogenicity. 

The results presented here support the hypothesis that 

formation of VCD is critical for VCH-induced ovotoxicity. 

Additional findings indicate that for related olefins 

formation of a diepoxide is also critical for their ovarian 

toxicity. Although diepoxides seem to be the major 

contributor in the chemical-mediated ovotoxicity of these 

olefins, they may not be acting alone. An additional 
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ovotoxic metabolite may be the epoxide diols of these 

olefins. Truly defining the ultimate ovotoxic metabolite(s) 

of these olefins would require identifying macromolecular 

adducts. However, the finding that for this class of 

compounds a link between epoxide form, chemical reactivity, 

and ovotoxicity exists, further supports the conclusion that 

the diepoxides are the most potent ovotoxicants. Thus, 

bioactivation of these olefins to highly reactive diepoxides 

may result in ovarian toxicity and carcinogenicity. 
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CHAPTER THREE 

METABOLISM OF 4-VINYLCYCLOHEXENE AND 4-VINYLCYCLOHEXENE 1,2-

MONOEPOXIDE TO VINYLCYCLOHEXENE DIEPOXIDE IN MICE 

Although VCH may be metabolized to a number of ovotoxic 

epoxides, the diepoxide of VCH (VCD) has been established as 

the most potent ovotoxic metabolite. Limited information 

about the metabolism of VCH to its epoxides (Figure 1), 

however, is available. Previous studies have shown that VCH 

can be epoxidized in murine hepatic microsomes to either 

1,2-VCHE or 7,8-VCHE (Smith et al., 1990a) . These 

monoepoxide metabolites can be further oxidized in vitro to 

form VCD (Carpenter and Keller, 1994). In addition, 

circulating levels of 1,2-VCHE have been observed in mice 

following administration of a single dose of VCH (7.5 

mmol/kg, ip; Smith et al., 1990a). Conversion of VCH to 

VCD, however, has not been demonstrated in vivo. Only one 

in vitro study has shown the metabolism of VCH to VCD. In 

this study, the production of VCD as a metabolite of VCH in 
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hepatic microsomes from phenobarbital-treated mice was 

reported (Gervasi et al., 1980). 

Pertinent to supporting the conclusion that VCD is the 

ultimate ovotoxic metabolite of VCH is demonstrating its 

formation in vivo. Thus, studies were initiated to 

characterize the metabolism of VCH and l,2-VCHE to VCD. 

Since repeated dosing with VCH may be required to 

demonstrate circulating levels of VCD, the effects of 

multiple VCH exposures on its metabolism was determined. In 

addition, the effect of repeated dosing with VCH on certain 

isoforms of cytochrome p450 was also determined. 

-------- --~-~----------------
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EXPERIMENTAL PROCEDURES 

Chemicals. 3,3,3-Trichloropropene oxide was a gift 

of Dr. Douglas Keller of E. I. du Pont de Nemours and Co., 

Newark, DE. VCH (99%) and 1,2-VCHE (98%) were purchased 

from Aldrich Chemical Company (Milwaukee, WI). VCD (99%) 

and phenobarbital were obtained from Pfaltz and Bauer 

(Waterbury, CT) and Mallinckrodt (Paris, KY), respectively. 

Dexamethasone, cytochrome c (equine heart) , NADPH 

(tetrasodium salt), (sodium salt), glucose-6-

phosphate (monosodium salt) , and glucose-6-phosphate 

dehydrogenase (Type XV) were purchased from Sigma Chemical 

Company (St. Louis, MO). l4C-Testosterone (57 mCi/nunol) was 

obtained from Amersham (Arlington Heights, IL). Other 

chemicals were of reagent grade. caution: VCH and its 

epoxides are either potential carcinogens or are carcinogens 

in animals and should be handled with appropriate 

precautions. 

Animals. please refer to Animals section in the 

Experimental Procedures of Chapter 2 of this dissertation 

for source and housing of mice. 
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Animal Treatments. Microsomes used in the induction 

studies were obtained from mice treated with either VCH, 

acetone, phenobarbital, or dexamethasone. Female mice 

received intraperitoneal injections of either VCH (7.5 

mmol/kg/day x 10 days), sesame seed oil (vehicle control, 

2.5 mL/kg/day x 10 days), phenobarbital (80 mg/kg/day x 5 

days) or dexamethasone (100 mg/kg/day x 3 days). Hepatic 

microsomes were isolated 24 after the last treatment. 

Phenobarbital was made up as a 3.2% solution (w/v) in 0.9% 

NaCI and dexamethasone was in a 2% Tween 80 solution (v/v). 

Acetone was administered to animals at 1% (v/v) in their 

drinking water for 5 days. Hepatic microsomes were prepared 

on day 6. 

In Vitro Metabolism Studies. 

1,2-VCHE Epoxidation Assays. Procedures are as 

described in In vi tro Metabolism Studies section of 

Experimental Procedures of Chapter 2 of this dissertation 

with the following modifications. In vi tro metabolism of 

1,2-VCHE was conducted using pooled hepatic microsomal 

preparations from 45-47 day old female mice (16-23 g). 

Microsomal protein concentration was determined using the 

-.- . __ .. _ .. _----------------------------
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Bicinchoninic Acid (BCA) Protein Assay (Pierce, Rockford, 

IL) , since it was determined that at low protein 

concentrations the Coomassie Plus Protein Assay was not 

linear. Microsomal samples were prepared as described 

previously with the following alterations: test compound, 

l,2-VCHE (1 roM), in either methanol or acetonitrile (1% 

v/v), 1 unit of glucose-6-phosphate dehydrogenase, and no 

addition of 3, 3, 3-trichloropropene oxide (TCPO) . A 

difference was not observed in the rate of l,2-VCHE 

epoxidation in short-term incubations (10 min) which 

contained the epoxide hydrolase inhibitor, TCPO, compared to 

incubations without the inhibitor. Due to limited 

quantities of the chemical it was not used in these 

incubations. Reactions were terminated by immersing the 

incubation vials in liquid nitrogen before placing in ice. 

The previous method of terminating the reactions with the 

addition of 5 M NaOH could not be utilized, since the 

addi tion of base resulted in the generation of microsomal 

protein fragments that co-eluated with VCD. The extraction 

procedure was as described previously except that the 

solvent used was ethyl acetate (VCD is insoluble in hexane), 
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and prior to removal of the organic layer the samples were 

frozen at -80 0 C. The extraction efficiency of VCD was 70%. 

Testosterone Hydroxylase Assays. Testosterone 

hydroxylation was assayed in mouse hepatic microsomes by the 

method of Waxman (1991). Incubations contained 25 11M 14C_ 

testosterone, 25 11g microsomal protein, 50 mM HEPES buffer 

(pH 7.4), 15 mM MgC1
2

, 0.1 mM EDTA, and 1 mM NADPH in a 

final volume of 100 11L. After a 2 min preincubation at 37° 

C, the reactions were initiated by the addition of NADPH and 

terminated after 3 min with ethyl acetate (1 mL). The 

samples were vortexed and centrifuged (3000 rpm, 5 min). An 

aliquot of the organic layer (800 11L) was removed, and the 

remainder of the sample was re-extracted. The organic 

aliquots were dried under N2 (g) at 37° C, and reconstituted 

in 100 11L of ethyl acetate. 

silica-gel TLC plates [J. 

Phillipsburg, NJ] and 

dichloromethane/acetone (4: 1, 

The samples were spot ted on 

T. Baker, si250F 

developed 

v/v) and 

twice 

twice 

(19c) , 

in 

in 

chloroform/ethyl acetate/100% ethanol (4: 1: 0.7, v/v). The 

metabolites were localized by autoradiography and 

quantitated by liquid scintillation counting. 



95 

In vivo Metabolism Studies. Metabolism of VCH and 

1,2-VCHE to VCD was determined in vivo in 43 to 60 day old 

female mice. VCH (7.5 mmol/kg, ip) or sesame seed oil (2.5 

mL/kg, ip) was administered to mice for either 5, 10, or 15 

days. At day 6, 11, or 16 a challenge dose of VCH (7.5 

mmol/kg, ip) was given, and epoxide blood levels determined 

0.25-6 h (n = 5 mice/time point) after administration of the 

challenge dose. Additional groups of animals receiving VCH 

(7.5 mmol/kg, ip, n = 5/group) for either 5, 10, or 15 days 

did not receive the challenge dose on day 6, 11, or 16; 

instead epoxide blood levels were determined 24 h following 

the last dose. 1,2-VCHE was administered to mice as a 

single dose (2.74 mmol/kg, ip) in sesame seed oil. Epoxide 

blood levels were monitored 0.25-4 h (n = 5 mice/time point) 

after administration of test compound. A dose of 2.74 or 

7.5 mmol/kg of 1,2-VCHE or VCH, respectively, was selected 

as these were the doses administered in previous ovarian 

toxicity studies conducted in our laboratory (Smith et al., 

1990b) . All animals were killed by CO
2 

inhalation at the 

designated time points, and blood was drawn from the 

posterior vena cava into heparinized syringes. The samples 
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were extracted as described above (see In vi tro Metabolism 

Studies section), and analyzed by GC and GC/MS. 

GC Analysis. The analytical method developed for 

quantification of 1,2-VCHE and VCD was similar to that 

described in the GC Analysis section of the Experimental 

Procedures of Chapter 2 of this dissertation with the 

following modifications. Injection volume of ethyl acetate 

extracts was 2 pl. The initial oven temperature was held at 

75° C for 10 min, and than ramped to 230° C at a rate of 15° 

C/min and held at the final temperature for 4 min. The 

retention time for the analytes were 1, 2-VCHE/18 min and 

VCD/22 min. 

MS Analysis. Identification of VCH epoxide 

metabolites by GC/MS was according to the procedure outlined 

in MS Analysis of the Experimental Procedures of Chapter 2 

of this dissertation with modifications as listed in the 

above section (GC Analysis section) . 

P450 Reductase Assay. p450 reductase activity was 

measured by the determination of the rate of cytochrome c 

reduction (Phillips and Langdon, 1962). Samples consisted 

of murine hepatic microsomes (25 pg/mL), 50 ~M cytochrome c, 
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and 0.12 roM NADPH to a total volume of 1 mL with 300 roM 

potassium phosphate buffer (pH 7.7). The blank consisted of 

all components except for NADPH. Kinetics of the reaction 

were measured at 550 nm every 10 sec over a 5 min period. 

The conversion factor of 21, which corresponds to 1 pmol 

cytochrome c/mL at 550 nm, was used to determine nmol 

cytochrome c reduced/min/mg protein. 

Antibodies. Anti-rat-P450U1 IgG (Duignan et al., 

1987) and anti-rat-P450 JA2 IgG (Graves et al., 1987) were 

available from previous experiments. Anti-rat-P450
2E1 

IgG 

was purchased from Amersham (Arlington Heights, IL). Anti

rat-P450
2A 

IgG was a generous gift from Dr. Michael Murray of 

Westmead Hospital, Westmead, Australia. 

Immunoblots. Separation of murine hepatic microsomal 

proteins was performed by SDS-PAGE using a 7.5% acrylamide 

gel and electrophoretic transfer of the separated proteins 

onto nitrocellulose (Laemmli, 1970; Towbin et al., 1979). 

Specifically, the separation gel consisted of 0.375 M Tris 

Base (pH 8.8) , 0.1% 

tetraethylmethylenediamine (v/v, 

SDS 

TEMED) , 

(w/v) , 

and 

0.03% 

0.0425% 

ammonium persulfate (w/v) to a final volume of 40 mL. The 
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stacking gel consisted of 4.7% acrylamide/0.13% bis

acrylamide (w/v), 0.250 M Tris Base (pH 6.8), 0.1% SDS, and 

0.08% TEMED and ammonium persulfate to a final volume of 25 

mL. Microsomal protein samples (1. 00 mg/mL, 100 llL) were 

combined with solubilization buffer (300 llL) containing 

final concentrations of 0.135 M Tris HCI (pH 6.8), 2% SDS, 

0.008% bromophenol blue, 20% glycerol, and 10% 2-

mercaptoethanol. Proteins were dissociated by immersing 

samples for 5 min in boiling water. Electrophoresis was 

conducted with a current of 12-20 mAMP/gel with an electrode 

buffer (pH 8.3) consisting of 0.025 M Tris Base, 0.192 M 

glycine, and 0.1% SDS. Electrophoretic transfer of the 

proteins from the gel to the nitrocellulose membrane was 

conducted at a current of 100 mAMP for 14-18 h followed by 

150 mAMP for 2 h in an electrode buffer of 0.025 M Tris 

Base, 0.192 M glycine, and 20% methanol (v/v) . 

Nitrocellulose membranes were incubated in the following 

order: blocking reagent (30 min), primary antibody (1 h), 

and secondary antibody (1 hi goat anti-rabbit Ig G alkaline 

phosphatase conjugate, Sigma). The membrane blocking 

reagent was 3% BSA (fraction V) in TTBS (500 mM NaCI, 20 mM 
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Tris Base, 0.15% Tween-20). Imrnunoreacti ve proteins were 

identified with alkaline phosphatase by incubation in the 

color reagent. The color reagent consisted of 500 pL of 5-

bromo-4-chloro-3-indolyl-phosphate, p-toluidine salt (5 

mg/mL in N,N-dimethyl formamide) , 10 mL nitroblue 

tetrazolium (1 mg/mL in color reagent buffer), and 30 mL of 

color reagent buffer (100 roM Tris Base, 100 roM NaCl, and 5 

mM MgC1
2

i pH 9.6) Immunoblots were quantitated with an 

AMBIS 4000 image detector. 

Statistical Analysis. Student's t-test was used to 

compare means of two different samples using p < 0.05 as the 

level of significance. 
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RESULTS 

Studies were conducted to characterize the in vivo 

metabolism of VCH and 1, 2-VCHE to VCD in mice. Initial 

studies investigated the epoxidation of 1,2-VCHE, an 

intermediate in the metabolic pathway. Circulating levels 

of VCD were observed following administration of a single 

dose (2.74 mmol/kg, ip) of 1,2-VCHE, with mean 

concentrations ranging from 8.0 ± 1.8 to 23.6 ± 2.8 nmol/mL 

(Figure 8). The highest concentration of VCD (23.6 ± 2.8 

nmol/mL) was observed 30 min after dosing (Figure 8). 

Additional studies were performed to determine whether 

circulating levels of the diepoxide could be measured 

following administration of the parent compound, VCH. 

Circulating levels of 1,2-VCHE were observed following 

administration of a single dose (7.5 mmol/kg, ip) of VCHi 

however, circulating levels of VCD were not detected 1-6 h 

after dosing (Figure 9). A different concentration-time 

profile was observed following administration of repeated 

doses of VCH (7.5 mmol/kg/d x 10 d, ip). 1,2-VCHE blood 

levels were 2-fold higher at all time points (1-3 h) 
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following treatment with multiple doses of VCH as compared 

to a single dose of VCH (Figure 9). In addition, VCD was 

detected in the blood of mice following repeated dosing with 

VCH (Figure 9). The highest concentrations of l,2-VCHE and 

VCD were 40.6 ± 1.8 and 3.8 ± 0.4 nmol/mL, respectively, 

which occurred 1 h after dosing. Similarly, l,2-VCHE blood 

levels were highest at 1 h (19 ± 0.9 nmol/mL) following 

administration of a single dose of VCH. 

These results indicated that VCH may induce its own 

metabolism. To further investigate this phenomenon, studies 

were conducted to determine how varying the number of 

treatment days with VCH affected circulating levels of the 

epoxides. Animals were administered VCH (7.5 mmol/kg) or 

sesame seed oil (vehicle control) ip for either 5, 10, or 15 

days. At 1 h following administration of a challenge dose 

(7.5 mmol VCH/kg, ip) on either day 6, 11, or 16, VCH 

epoxide blood levels were moni tored. Blood levels were 

monitored at 1 h following administration of the challenge 

dose, since peak concentrations of circulating epoxides had 

been observed at this time point (Figure 9). l,2-VCHE blood 

levels were 39.7 ± 2.9 and 35.7 ± 6.6 nmol/mL of blood 

----- ------ - ----------------, 
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following 5 or 10 days of VCR treatment, respectively. 

These epoxide blood levels were elevated as compared to 5 

and 10 day vehicle control animals which received a single 

dose of VCR (20.0 ± 4.1 and 26.1 ± 1. 6 nmol 1, 2-VCHE/mL, 

respectively; Figure 10). Circulating levels of 1,2-VCRE 

were similar in animals pretreated for 15 days with VCR 

(24.4 ± 1.6 nmol/mL) as compared to controls (25.0 ± 2.4 

nmol/mL; Figure 10). Similar observations were noted for 

VCD blood levels (Figure 10). Circulating levels of VCD 

were elevated following 5 and 10 days of VCR treatment (3.7 

± 0.5 and 5.1 ± 0.6 nmol/mL, respectively), compared to 

controls (2.5 ± 0.4 and 3.2 ± 0.2 nmol/mL, respectively). 

Blood levels of VCD were similar in 15 day VCR (3.1 ± 0.1 

nmol/mL) and control groups (2.6 ± 0.2 nmol/mL). Unlike the 

previous experiments, circulating levels of VCD were 

detected in the blood following a single dose of VCH. 

Discrepancies are most likely due to an increase in 

sensitivity with a 1.5-fold decrease in extraction volume. 

To determine whether elevated VCR epoxide blood levels 

were due to an accumulation of these metabolites or VCR 

autoinduction, a group of animals received VCR (7.5 
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mmol/kg/d, ip) for 5, 10, or 15 days but did not receive a 

challenge dose. VCH and its epoxides were not detected in 

the blood of these animals 24 h after the last dose. Thus, 

the data indicate that at the dose tested VCH induces its 

own metabolism leading to elevated blood levels of both 1,2-

VCHE and VCD. 

A 2.1-fold increase in the rate of l,2-VCHE epoxidation 

was observed in hepatic microsomes from VCH-treated mice 

(7.5 mmol/kg/d x 10 d, ip; Table 7). In addition, 

microsomal cytochrome P450 levels were increased by 30% in 

VCH-treated mice, as compared to nontreated mice (Table 7). 

The level of induction of l,2-VCHE oxidation was similar to 

that observed with classical inducers of cytochrome P450. 

Treatment of mice with either acetone, phenobarbital or 

dexamethasone resulted in a 2.0 to 3.6-fold increase in the 

microsomal metabolism of l,2-VCHE to VCD, and a 27% to 45% 

increase in cytochrome P450 (Table 7) . Acetone, 

phenobarbital, and dexamethasone are known to induce 

multiple P450 forms in mice, including P450 2E1, P450 2B, 

and P450 3A, respectively (Freeman et al., 1992; Honkakoski 

et al., 1992; Wrighton et al., 1985). Thus, the data 
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suggest that VCH treatment may induce multiple P450 

isoforms. 

To assess which P450 forms are induced by VCH, 

polyclonal antibodies to P450 2A, p450 2B, P450 2E1, and 

P450 3A were utilized for detection of microsomal cytochrome 

P450 by Western blot analysis. As positive controls, 

cytochrome P450 expression was determined in microsomes from 

acetone-, phenobarbital-, and dexamethasone-treated mice. 

Induction of hepatic cytochrome P450 by these inducers was 

consistent with that previously reported (Figure 11, Table 

8; Freeman et al., 1992; Honkakoski et al., 1989; Meehan et 

al., 1988). As determined by densitometry, immunoblots of 

hepatic microsomes from VCH-treated mice (7.5 mmol/kg/d x 10 

d, ip) had increased levels of P450 2A (3.7-fold) and P450 

2E1 (2.1-fold), compared to microsomes from nontreated mice 

(Figure 11, Table 8). Under the conditions used P450 2B was 

not detected in microsomes from nontreated mice (Figure 11); 

however, at 10 pg of protein P450 2B was detected (Table 8). 

A 2.9-fold increase in the levels of P450 2B was observed in 

microsomes from VCH-treated mice, as compared to microsomes 

from nontreated mice. Although a 2.9-fold increase in 

------- --.-----. 
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hepatic microsomal P4S0 3A was observed in dexamethasone 

treated mice, microsomes from VCH-treated mice exhibited 

only a marginal increase (1.3-fold) in this P4S0 form 

(Figure 11, Table 8). As stated previously, epoxidation of 

1,2-VCHE was enhanced in microsomes from dexamethasone

treated mice (Table 7). This may be due to elevated levels 

of P4S0 2B (Figure 11, Table 8) and not P4S0 3A. Although 

microsomal cytochrome P4S0 levels were induced by VCH 

treatment, this treatment did not alter cytochrome P4S0 

reductase activity (data not shown) . 

The selectivity of VCH for induction of cytochrome P4S0 

was further determined by comparing rates of regio- and 

stereospecific hydroxylation of testosterone. The 

microsomal samples used were those also used for studies of 

1,2-VCHE epoxidation (Table 7) and for immunoblotting 

(Figure 11). VCH treatment increased the microsomal 

hydroxylation of testosterone in the lSa (1.4-fold) and 16a 

(2.4-fold) positions (Table 9). In female mice testosterone 

hydroxylation in the lSa and 16a positions is catalyzed by 

P4S0 2A and P4S0 2B, respectively (Harada and Negishi, 

1984a,b). Thus, enhanced catalytic activity of testosterone 
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hydroxylase is consistent with the elevated levels of these 

P450 forms in hepatic microsomes of VCH-treated mice (Figure 

11). For example, a 2.4-fold increase in testosterone 16a

hydroxylase activity is consistent with the 2. 9-fold 

increase in cytochrome P450 2B levels observed (Table 8). 

The rate of hydroxylation of testosterone in the 15a 

position was increased 1.4-fold, and a 3.7-fold increase in 

the amount of cytochrome P450 2A was observed by 

densitometric analysis (Table 8). At least two cytochrome 

P450 2A enzymes (P450 2A4 and P450 2A5) exist in mouse 

liver, only one of these enzymes (P450 2A4) catalyzes the 

15a-hydroxylation of testosterone (Lindberg et al., 1989). 

These P450 2A enzymes exist as two highly homologous and 

immunochemically indistiguishable subforms. Therefore, 

hepatic microsomal P450 2A levels would not corelate with 

15a-hydroxylase activity, if anti-rat-P450 2A IgG detected 

both of these subforms as a single protein. A l.4-fold 

increase in testosterone hydroxylation at the 6~ position 

was also observed with VCH treatment (Table 9), which is 

indicative of the microsomal content of P450 3A (Wrighton et 

al., 1985). This is consistent with the 1.3-fold increase 
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in the hepatic microsome level of P450 3A in VCH-treated 

animals (Table 8). Taken together, the data indicate that 

VCH treatment induces a number of hepatic cytochromes P450. 
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Figure 8. Circulating levels of VCD in the blood of female 
mice exposed to l,2-VCHE. Animals were killed at 0.25, 
0.50, 1, 2, and 4 h after administration of a single dose 
(2.74 mmol/kg, ip) of l,2-VCHE. Blood was collected, 
extracted with ethyl acetate, and samples analyzed by GC and 
GC/MS. Data represent the mean ± SD (n = 4-5). 



50 

40 

H 
S 

......... 
Q) 30 '0 

• ..-j 

~ 
0 
0.. 
Q) 

.--l 
20 

0 

~ 

10 

irA 
0 

0 

A 

1 2 3 

Hours 

___ l,2-VCHE a 

-Et- l,2-VCHE b 

-rr- VCD b 

4 5 

109 

6 

Figure 9. Circulating levels of VCH epoxides in the blood 
of female mice following administration of a single or 
mUltiple doses of VCH. One group of animals was killed at 
1, 2, 3, 4, or 6 h after administration of a single dose 
(7.5 romol/kg, ip) of VCH and blood epoxide levels determined 
(. l,2-VCHEa). A second group of animals received multiple 
doses of VCH (7.5 romol/kg/d x 10 d, ip). On day 11 a 
challenge dose (7.5 romol VCH/kg, ip) was administered. 
Animals were killed at 0.25, 0.50, 1, 2, or 3 h after the 
challenge dose and epoxide blood levels determined (0 1,2-
VCHEb and ~ VCDb). Blood was extracted with ethyl acetate 
and samples were analyzed by GC and GC/MS. It should be 
noted that circulating levels of VCD were not detected 
following a single dose of VCH. Data represent the mean ± 
SE (n = 5, except l,2-VCHEb/2h n = 2). 
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Figure 10. Circulating levels of l,2-VCHE and VCD in the 
blood of female mice following varying days of treatment 
with VCH. Animals received VCH (7.5 mmol/kg/d, ip) or 
sesame seed oil (vehicle, 2.5 mL/kg/d, ip) for either 5, 10, 
or 15 days. On day 6, 11, or 16 a challenge dose (7.5 mmol 
VCH/kg, ip) was administered to both groups. Animals were 
killed 1 h after the challenge dose and epoxide blood levels 
determined. Blood was extracted with ethyl acetate and 
samples were analyzed by GC and GC/MS. Data represent the 
mean ± SE (n = 5). Groups: sesame seed oil = • and Ai VCH 
= D and /:::,. ). *Statistically significant at p < 0.05 as 
determined by t-test. 
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Table 7. Epoxidation of 1,2-VCHE in Hepatic Microsomes 
Isolated from Mice Treated with Different 

Inducing Agents8 

Treatment nmol P450/mg 

none 1.1 

VCH 1.6 

Acetone 1.5 

Phenobarbital 1.7 

Dexamethasone 2.0 

nmol VCD/min/mgb 

2.13 

4.56 

4.22 

7.66 

5.87 

Fold 
Induction 

2.1 

2.0 

3.6 

2.8 

dMicrosomes (0.75 mg protein) were incubated for 10 min 
with 1 mM 1,2-VCHE. b Data represent the mean (n 2) . 
Relative SD was less than 9.5 %. 
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Figure 11. Western blots of hepatic microsomes isolated 
from mice following treatment with various inducing agents. 
Microsomal proteins (1-5pg) were separated by SDS/PAGE, 
immunoblotted, and probed with polyclonal antisera raised to 
rat P450 enzymes. Immunoblots were quantitated by 
densitometric analysis (Table 8). Treatment Groups: NT = 
nontreated, ACE = acetone, PB = phenobarbital, and DEX = 
dexamethasone. 
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Table 8. Immunoreactive Cytochrome P450 Levels in Hepatic 
Microsomes Following Treatment of Mice with 

various Inducing Agents 

% Control d 

Treatment 2A 2El 3A 

VCH 370 290 210 130 

Acetone 220 200 440 130 

Phenobarbital 420 460 40 170 

Dexamethasone 170 460 50 290 

dControl was microsomes isolated from naive mice and is 
100%. b Percentages listed for P450 2B do not correspond to 
the irnrnunoblot in Figure 11, instead the data was obtained 
from a blot in which 10 pg of microsomal protein was loaded 
per lane. P450 2B was undetectable by densitometry in 
microsomes from nontreated mice using the conditions stated 
in Figure 11. 

..~---- .. --.------------
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Table 9. Testosterone Hydroxylase Activities in Hepatic 
Microsomes from VCH-Treated Mices 

Testosterone Metabolite (nmol/min/mg)b 

Treatment l!::ia-OH 16a-OH 7a-OH 6~-OH 

none 0.30 0.51 1. 05 1.15 

VCH 0.43 1. 22 1.15 1. 65 

(140%)C (240%) (110%) (140%) 

d Animals were treated with VCH (7.5 mmol/kg/d x 10d, 
ip) and hepatic microsomes were isolated 24 h after the last 
dose. bMicrosomes (25 pg/mL protein) were incubated for 3 
min with 25 pM l4C-testosterone. C Numbers in parentheses 
represent the percentage of control values, where controls 
were microsomes isolated from nontreated animals. 
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DiSCUSSiON 

VCD is an ovarian toxicant and carcinogen in mice (NTP, 

1989). The chemical-mediated ovotoxicity of VCH in mice has 

been associated with this diepoxide (Doerr et al., 1995 i 

Chapter 2 Dissertation) . Structure-activity studies 

demonstrated that VCD is the most potent ovotoxic metabolite 

of VCH. Formation of this diepoxide has been observed only 

in vitro. The production of VCD as a metabolite of VCH and 

the monoepoxides of VCH (l,2-VCHE and 7, 8-VCHE) has been 

observed in hepatic microsomes isolated from phenobarbital

treated and nontreated mice, respectively (Gervasi et al., 

1980 i Carpenter and Keller, 1994). Since VCD has been 

established as one of the ultimate ovotoxic metabolites of 

VCH, it is essential to demonstrate the conversion of VCH to 

VCD in mice. 

Data presented in this report demonstrate that VCD is 

formed following administration of a single dose of either 

VCH (7.5 mmol/kg, ip) or l,2-VCHE (2.74 mmol/kg, ip) in 

mice. Formation of the diepoxide is observed at doses of 

VCH and l,2-VCHE that are known to deplete 85-95% of the 
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small (primordial) ovarian follicular population following 

30 days of dosing with these compounds (Smith et al., 

1990b) . 

Since consecutive doses of VCH are required for 

ovotoxicity (Smith et al., 1990b) , studies were also 

conducted to determine whether mUltiple doses of VCH (7.5 

mmol/kg, ip) would alter its metabolism. Both 1,2-VCHE and 

VCD blood levels were significantly elevated compared to 

control animals receiving a single dose of VCH. Since 

repeated doses of VCH did not lead to accumulation of the 

VCH epoxides, the data indicate that VCH induces it own 

metabolism. These observations support previous findings in 

which induction of hepatic microsomal cytochrome P450 

activity was noted following administration of VCH (500 

mg/kg or 4.6 mmol/kg, ip) for 2 days in mice (Giannarini et 

al.,1981). In particular, approximately a 2-fold increase 

in aminopyrine-N-demethylase activity was observed following 

VCH treatment. 

Induction of VCH metabolism was dependent on the number 

of consecutive doses of VCH administered. Blood levels of 

1,2-VCHE and VCD were highest following 5 or 10 days of 
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dosing with VCH, respectively. Blood levels of these 

epoxides, however, were similar in 15 day VCH-treated mice 

as compared to controls. It would be anticipated that a 

maximal level of circulating epoxides would be achieved and 

then maintained with repetitive doses. This would not 

occur, however, if consecutive doses of VCH also induced 

levels of enzymes involved in the metabolism of these 

epoxides, including epoxide hydrolase or glutathione S-

transferase. Although catalytic activity of these enzymes 

was not significantly induced in mice following 2 doses of 

VCH (4.6 mmol/kg, ipi Giannarini et al., 1981), VCH 

administered at a higher dose (7.5 mmol/kg) and over a 

longer time period may al ter levels and acti vi ty of these 

enzymes. Giannarini et al. (1981) did demonstrate that 

following 2 doses of 1,2-VCHE (500 mg/kg or 4.0 mmol/kg, ip) 

epoxide hydrolase was induced. In addition, olefins have 

been shown to be inhibitors of cytochrome P450 (Testa and 

Jenner, 1981). If VCH and/ or its epoxides are inhibiting 

monooxygenase activity, enzyme induction would accelerate 

enzyme destruction and circulating levels of 1,2-VCHE and 

VCD would decrease with repetitive doses of VCH. 
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Autoinduction of VCH metabolism is supported by 

additional lines of evidence. 

increase in total P450 of 30%. 

VCH treatment produced an 

Induction of hepatic P450 

isozymes was verified by Western blot analysis. Substantial 

elevation of immunoreactive isoforms of P450 including 2E1 

and members of the 2A and 2B subfamilies was detected. In 

addition, elevated levels of these P450 isoforms (P450 2A 

and p450 2B) correlated with marker testosterone hydrolase 

activity. 

The induction of hepatic cytochrome P450 2A and 2B by 

VCH treatment is consistent with the role of these P450 

forms in the epoxidation of VCH. Previous studies in our 

laboratory demonstrated that these are the principal P450 

isoforms involved in the biotransformation of VCH to 1,2-

VCHE, accounting for 80% of VCH epoxidation in untreated 

female mice (Smith et al., 1990c). Data presented here 

suggest that these P450 isoforms may also play a role in the 

metabolism of l,2-VCHE to VCD. A 3.6-fold increase in the 

rate of hepatic microsomal epoxidation of l,2-VCHE was 

observed in phenobarbital-treated mice. This was similar to 

the effect of VCH treatment on the rate of hepatic 
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microsomal l,2-VCHE epoxidation, in which a 2.1-fold 

increase was observed. Similar to VCH treatment, 

phenobarbital treatment increased the hepatic microsomal 

content of P450 2B and P450 2A. This observation is 

consistent with previous studies in our laboratory, in which 

phenobarbital treatment in female mice elevated hepatic 

levels of these cytochromes P450 (Smith et al., 1990c). 

Thus, these P450 isoforms may playa role in the oxidation 

of l,2-VCHE. 

In addition, the data suggest partial involvement of 

P450 2El in the microsomal epoxidation of l,2-VCHE. 

Acetone, an inducer of P450 2El (Freeman et al., 1992), 

increased the microsomal rate of l,2-VCHE epoxidation by 2-

fold. Microsomal levels of this P450 isoform were also 

elevated in VCH-treated mice. P450 2El has been shown to 

play a role in the metabolism of a number of low molecular 

weight compounds (Guengerich et al., 1990). In particular, 

P4502El is the principal enzyme involved in the epoxidation 

of styrene, a structural analogue of VCH, to styrene 7,8-

oxide. Similar to VCH, autoinduction of styrene metabolism 

--- -- -------- ------- -----------------
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has been observed, with P450 2E1 being the major isoform 

induced by styrene treatment (Elovaara et al., 1991). 

As autoinduction with two chemicals within this class 

of compounds (VCR and STY) has been observed, it suggests 

that other members may also induce their own metabolism. 

Similar isoforms of P450 have been shown to be involved in 

the metabolism of BD to epoxides, including P450 2A, P450 

2B, and P450 2E1 (Duescher and Elfarra, 1994). Like VCR, 

the ability of BD to induce cytochrome p450 and increase 

levels of BDE may be important in BD-induced ovotoxicity. 

Furthermore, autoinduction by these olefins may have serious 

implications in regard to human exposure. It would be 

anticipated that an increased risk would be associated with 

continued exposure to these compounds, including 

susceptibility of females to ovarian toxicity. 

In conclusion, VCR is metabolized to VCD in vivo in 

female mice. In addition, repeated dosing with VCR leads to 

increased circulating levels of 1,2-VCRE and VCD. Thus, VCR 

autoinduction may be an essential element in VCR-induced 

ovotoxicity, by increasing the conversion of VCR to the more 

potent ovotoxicant, VCD. Furthermore autoinduction of VCR 
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metabolism involves multiple p450 isoforms, including P450 

2A, P450 2B, and P450 2E1. Current studies are 

investigating the role of these P450 isoforms in the 

epoxidation of l,2-VCHE to VCD in mice. 
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CHAPTER FOUR 

SUMMARY: THE OVARIAN TOXICITY OF 4-VINYLCYCLOHEXENE IN 

B6C3F1 MICE: ROLE OF VINYLCYCLOHEXENE DIEPOXIDE 

Figure 12 presents a working model for the ovarian 

toxicity of VCH. This model demonstrates the important 

interactions between two tissues, namely the liver and the 

ovary. 

The liver is the main tissue within the body concerned 

with the biotransformation of foreign chemicals (Sipes and 

Gandolfi, 1991). The liver has been shown to convert VCH to 

more potent ovotoxicants, two monoepoxides (l,2-VCHE and 

7,8-VCHE) and the diepoxide (VCDi Smith et al., 1990b). 

These epoxides can then be released into the blood, where 

they are transported to other tissues, including the ovary. 

Studies by Smith et al. (1990a) and Carpenter and Keller 

(1994) demonstrated that VCH is metabolized by murine 

hepatic microsomal cytochrome P450 to either l,2-VCHE or 

7,8-VCHE. l,2-VCHE was the predominant epoxide formed. 

----- -------- ----------------------
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Figure 12. Model for the mechanism of VCH ovotoxicity. 
Abbreviations: VCM = l,2-VCHE and 7,8-VCHE, FSH = follicle 
stimulating hormone. 
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since it is commercially available, it has served as a 

marker for the hepatic metabolism of VCH. Carpen ter and 

Keller (1994) also determined that the monoepoxides of VCH 

can be converted to VCD in vi tro. This was an important 

finding, since VCD has been shown to be the most potent 

ovotoxic metabolite of VCH (Smith et al., 1990b). 

The results reported in this dissertation expand our 

knowledge about the hepatic metabolism of VCH. First, it 

was shown that classic enzyme inducers can increase the in 

vitro conversion of 1,2-VCHE to VCD. These agents included 

acetone, phenobarbital, and dexamethasone. Perhaps, more 

importantly, repeated exposure to VCH was shown to induce 

its own metabolism by a process referred to as 

autoinduction. Microsomes obtained from mice pretreated 

with VCH for 10 days were 2-fold more active in converting 

1,2-VCHE to VCD. Pretreatment of mice with VCH for 5 or 10 

days also caused a 2-fold increase in the blood levels of 

1,2-VCHE and VCD. Thus, repeated exposure to VCH leads to 

higher circulating levels of ovotoxic metabolites. Since 

repeated exposure to VCH is necessary to cause loss of 
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ovarian follicles, autoinduction may be an important 

contributing event in the ovarian toxicity of VCH. 

Elevated levels of hepatic cytochromes P450 were also 

observed following pretreatment of mice with VCH for 10 

days. Induction of cytochrome P450 forms 2A, 2B, and 2El 

was observed. Cytochromes P450 2A and 2B have been shown to 

be the principal P450 isoforms involved in the 

biotransformation of VCH to 1,2-VCHE, accounting for 80% of 

VCH epoxidation in untreated female mice (Smith et al., 

1990c). Previous studies have not examined the involvement 

of cytochrome P450 2El in the metabolism of VCH, nor has 

VCH-induction of this P450 been reported previously. Since 

this isoform has been shown to play a role in the metabolism 

of a number of low molecular weight compounds, particularly 

at low substrate concentrations (Guengerich et al., 1990), 

P450 2El may contribute to the metabolism of VCH and its 

monoepoxides. In fact, Duescher and Elfarra (1994) have 

shown an important role for P450 2El in the metabolism of 

BD. 

The induction studies are important because they 

demonstrate how exposure to other chemicals (i.e. 

-~ ~~- -------------------
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environmental, dietary, tobacco, alcohol) may influence the 

metabolism of VCH, and in turn alter its potential for 

ovarian toxicity. Conversely, chronic exposure to VCH may 

alter not only its own metabolism, but also the disposition 

of other chemicals and drugs. Both phenomena must be 

considered when assessing the risk of exposure of female 

workers to VCH and related olefins. 

It remains to be established how repeated exposure to 

VCH influences the metabolism of the various epoxides of 

VCH. However, it is known that these epoxides are 

substrates for both epoxide hydrolase and glutathione 

transferase (Carpenter and Keller, 1994; Salyers and Sipes, 

1994). It must be emphasized that any imbalance between the 

formation and disposition of the epoxides (i.e. 

detoxification) may alter VCH-induced ovarian toxicity. 

Demonstration that VCD was formed in vivo and could be 

detected in blood was a critical finding. Because VCD is 

the most potent ovotoxic epoxide of VCH, it was hypothesized 

to be the ultimate ovarian toxicant. This hypothesis was 

supported by the results of the structure-activity studies. 

Ovarian follicular loss was observed in mice only for those 

._--_ .. ----------------------------
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olefins that have the potential to form diepoxides (i.e. two 

unsaturated sites within the molecule) . These include VCH, 

BD, and ISO (Doerr et al., 1995; Melnick and Huff, 1992), as 

well as their corresponding monoepoxide metabolites (1,2-

VCHE, 7,8-VCHE, and BMO; Doerr et al., 1995; Smith et al., 

1990b) . The monoepoxides of ISO were not tested. Two 

important findings were that the epoxides of monounsaturated 

analogues of VCH (ECHE, VCHA, CHE) were not ovotoxic, and 

that these monoepoxides were formed in vivo. Similarly, 

epoxybutane, an analogue of BD that can not form a diepoxide 

did not deplete the ovary of follicles. These two findings 

strongly implicate a critical role for diepoxides in the 

ovarian toxicity of olefins within this class of compounds. 

Interestingly, the epoxide diols of VCH and BD did 

cause ovarian toxicity. However, they were much less potent 

than the corresponding diepoxides. Whether or not these 

potential metabolites of VCH and BD, as well as ISO, 

contribute to the follicular loss caused by the parent 

molecule remains to be established. Based on the potency of 

the diepoxide, it is concluded at this time that the 

formation of the diepoxide is required for ovarian toxicity. 

-- --- ---._ .. ------------------~.~--~~~~~~~~--



128 

One can envision that the diepoxide could be converted to 

the epoxide diol and that this molecule is the ultimate 

ovarian toxicant. Only by understanding how these compounds 

cause follicular toxicity at the molecular level will it be 

possible to state conclusively the role of these two 

metabolites (diepoxide and epoxide diol) in the ovarian 

toxicity of these olefins. 

As stated, Figure 12 represents only an initial working 

model for the ovarian toxicity caused by this class of 

chemicals. It has been demonstrated that the liver can form 

the ovotoxic metabolites. However, the role of the ovary in 

the metabolism of VCH and related compounds needs to be 

established. The ovary can metabolize foreign compounds 

(Hoyer and Sipes, 1996); however, its ability to metabolize 

VCH and/or the various epoxide metabolites has not been 

studied. The only data available are that ovarian follicles 

and interstitial cells can convert VCD to its tetrol 

derivative (Flaws et al., 1994). Unlike VCD, the tetrol did 

not cause direct toxicity to isolated follicles. Future 

studies should determine the role of the ovary in the 

metabolism of VCH and its epoxide metabolites. This could 
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be approached by determining (1) which isoforms of 

cytochrome P450 are expressed in the ovary, (2) whether 

these isoforms are induced by VCH pretreatment, (3) whether 

ovarian preparations (subcellular fractions and/or 

follicular suspensions) can convert VCH to 1,2-VCHE or VCD, 

(4) whether detoxification enzymes are active in the ovary 

with respect to the epoxides of VCH, and (5) what cells 

possess or lack these enzymatic activities. The ability of 

the ovary to form VCD and/or an inability to adequately 

detoxify this epoxide may be important factors in the target 

organ selectivity of VCH. 

The mechanism (s) involved in VCH-induced ovarian 

toxicity are not known, although it appears likely that the 

chemical reactivity of the olefin epoxides may contribute to 

their ovotoxicity. Those epoxides with the highest 

reactivity towards nicotinamide were the most potent with 

respect to causing follicular depletion (i. e. VCD and BDE 

exhibited the highest chemical reactivity). Because of this 

reactivity, the potential exists for these epoxides to 

interact with nucleophilic centers of macromolecules to form 

adducts. For instance, it has been demonstrated that VCD 
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can interact with the nucleophilic sulfhydryl of glutathione 

to deplete hepatic and ovarian stores of this tripeptide 

(Salyers and Sipes, 1994). In addition, 7N-guanine adducts 

are formed in liver DNA following exposure of mice to BDE. 

The ability of the olefin diepoxides to cause mutations may 

result in alterations of specific genes necessary for 

ovarian homeostasis. A potential target may be genes that 

regulate apoptosis. Follicular apoptosis has been observed 

following treatment of rats with VCD, and increases of mRNA 

for bax (a member of the bcl-2 gene family) were observed 

(Springer et al., 1996a,b). Increases in the protein 

product of bax appear to cause cells to become more 

susceptible to apoptotic death. A mutation within genes 

that regulate this process could initiate events leading to 

cytotoxicity and/or carcinogenicity. Therefore, future 

studies should also focus on (1) identification of ovarian 

macromolecular adducts following exposure to VCR, (2) 

localization of macromolecular adducts to specific cells 

within the ovary, (3) association of mutations with specific 

ovarian proteins and/or genes, and (4) determination of the 
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role of adduct formation in the chemical-mediated 

ovotoxicity and/or carcinogenicity of VCH. 

Regardless of the mechanism(s) involved in the chemical 

mediated ovotoxicity of VCH, follicular loss results in 

alterations in ovarian homeostasis. With the onset of 

premature ovarian failure, FSH levels are elevated and 

preneoplastic lesions are observed (Hooser et al., 1994). 

These events may be critical steps in the pathogenesis of 

VCH-induced ovarian carcinogenesis. Alterations in the 

levels of FSH, as well as other hormones, may lead to cell 

proliferation, and in turn the development of ovarian 

tumors. 
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