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ABSTRACT 

The occupational chemicals 4-vinylcyclohexene (VCH) and butadiene diepoxide 

(BDE) have shown an ovarian effect in small pre-antral follicles in mice and rats (Flaws 

et al, 1994b; Doerr et al, 1995). VCH exists as two enantiomers, S-VCH and R-VCH. 

Daily dosing with the enantiomers affected small primary follicles and wet tissue weights 

in B6C3Fi mice. The S-enantiomer decreased small primary follicle numbers (p<0.05) 

and both enantiomers reduced the weights of the ovary and uterus (p<0.05). The results 

suggest the S-VCH enantiomer may have a greater ovotoxic effect as compared to the R-

VCH enantiomer. In F344 rats, daily dosing with BDE reduced overall body weight 

(p<0.05). There was no affect on ovarian follicle numbers. However, other ovarian 

effects were seen: decreased ovarian weights, delayed vaginal opening, decreased CL 

numbers and decreased caspase-3 activity in large antral follicles. Overall, BDE had a 

general toxic effect with a more specific effect in the ovary. 
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CHAPTER 1 

INTRODUCTION 

Ovarian Follicle Development 

Development ofprimordial follicles 

Early in fetal development, the populations of precursor cells irom a female 

undergo the growth and differentiation necessary to later become the structure known as 

the ovarian follicle. As the initial germ cells and somatic cells undergo rapid 

proliferation via mitosis, they group into distinct morphological embryonic tissues 

(Hirshfield, 1991). Once developed, individual germ cells become surrounded by 

somatic cells. This leads to the formation of distinct compartments within the ovary, 

surrounded by a basement membrane (Gondos, 1970). The inner compartment contains 

oogonia, and the outer compartment contains the remaining ovarian cells, later termed 

interstitium (Hirshfield. 1991). 

After the period of mitosis, germ cells transform into oocytes, which are arrested 

in the diplotene stage of the first meiotic division (Bacharova, 1985). At the same time, 

somatic cells become granulosa cells that surround the oocyte (Hirshfield, 1991). This 

process reflects the formation of the earliest follicle, known as primordial. The 

transformation of germ cells into oocytes marks the shift of follicular maturation from 

mitosis to meiosis. These events are immediately followed by the onset of extensive 

attrition of the germ cells (Hirshfield, 1991). Because the oocyte is arrested in meiosis, 

females are bom with a finite pool of resting primordial follicles (Lintem-Moore and 

Moore, 1979), and this pool decreases throughout embryonic and post-natal life of the 
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female largely by on-going attrition, a process called atresia (Byskov, 1979). The 

somatic cells, which have progressively multiplied to surround the oocytes, form the first 

layer of flattened, squamous granulosa cells (Hirshfield, 1991). 

Growth from primordial to primary follicles 

Once formed during fetal development, primordial follicles do not immediately 

grow beyond this stage. Rather, primordial follicles are recruited to begin development 

toward possible ovulation. This recruitment is an on-going process that occurs from birth 

until ovarian depletion of primordial follicles occurs (menopause) in women. As soon as 

a mammalian female has the resting pool of primordial follicles, they are recruited to start 

maturation (Lintem-Moore and Moore, 1979) and this continues throughout reproductive 

life (Peters. 1979). Several factors can influence the rate of initiation of growth from 

primordial to primary follicles. These include the size of the primordial follicle pool and 

the absence of follicular fluid from larger follicles (Peters, 1979). The oocyte reaches its 

full size early in the development of the follicle, while somatic cells (granulosa) undergo 

continuous proliferation to form a multicellular layer surrounding the oocyte (Hirshfield, 

1991). Follicular growth occurs in waves that are influenced by changes in the hormonal 

milieu of the cycling animal or woman (Hirshfield and Midgley, 1978). The first stage of 

development in an activated primordial follicle is the small primary follicle, which 

contains twenty cuboidal granulosa cells or less and is 25 and 75 um in diameter. This is 

followed by the large primary follicle in which granulosa cell proliferation has resulted in 
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over twenty granulosa cells, still in a single layer, and is 75um and lOOum in diameter 

(Pedersen and Peters, 1968). 

Although it is unclear whether early follicular growth is dependent on the 

presence of pituitary gonadotropins (luteinizing hormone, LH, and follicle stimulating 

hormone. FSH) released from the anterior pituitary gland, the presence of FSH receptors 

has been shown in these early follicles (Peters, 1979; Richards, 1980). There are several 

signs of the resumption of this growth, which include an increase in oocyte size and a 

change in the granulosa cell shape. The development of squamous granulosa cells into 

cuboidal shape heralds the development into small primary follicles (Lintem-Moore and 

Moore. 1979). 

As follicles increase in size, the diffusion properties that were previously used for 

nutrient exchange are no longer capable of providing fully for the follicle, therefore, a 

blood supply is established. The addition of the zona pellucida also contributes to the 

transportation of nutrients to the oocyte (Gondos, 1970). The zona pellucida is a 

proteinaceous mucopolysaccharide layer that directly surrounds the oocyte. 

Development into secondary and antral follicles 

As development of a follicle progresses, a second layer of granulosa cells is 

acquired and it enters the secondary or growing stage. This stage of growth is dependent 

on the cyclic surges of gonadotropins from the anterior pituitary gland (Peters, 1979; 

Richards, 1980). These follicles are between 100 and 250 um and ultimately contain 

multiple layers of granulosa cells. 
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In later stages of development a follicle becomes antral or Graafian and is over 

250um in diameter and is marked by development of a fluid-filled antrum. After this 

point the follicle is mature enough to be ovulated (Pedersen and Peters, 1968). These 

final stages of follicular growth are associated with distinct characteristics. These include 

the formation of a fluid-filled antrum. The mature antral follicle, thus, contains an oocyte 

surrounded by a zona pellucida and multiple layers of granulosa cells. These reside in a 

fluid-filled environment provided by the antrum. A basement membrane siurounds this 

compartment, and is encircled by a layer of cells termed the theca interna. In this stage, 

the mature follicle has acquired major steroidogenic capacities, evidenced by the increase 

in production of androstenedione and '^P-estradioI in the granulosa and theca cell layer 

(Tilly et al, 1991). The theca layer has formed when there are approximately 2-3 layers 

of granulosa cells (growing or secondary stage) and continues to grow as the antrum 

forms (Peters, 1979). The layers of theca cells augment the steroidogenic capabilities of 

the follicle (Falck, 1959). Studies have shown that large pre-ovulatory follicles have an 

increased responsiveness to gonadotropins, which may be due to an increase in receptor 

numbers (Uilenbroek and Richards, 1979). 

If there is ovulation, the remaining granulosa and theca cells differentiate to form 

the corpus luteum (CL). Accompanied by this differentiation, luteal cells synthesize 

primarily progesterone, which would be required for sustaining a pregnancy (Rao and 

Gibori, 1987). In summary, the growth of a follicle fi"om primordial to antral stage is 

required to fulfill the overall goal of ovulation of the oocyte for fertilization and 

propagation of the species. 
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Toxic Compounds that AfTect Ovarian Follicles 

Reproductive Effects from Ovotoxic Compounds 

The last several decades have seen an increase in the number of new industries 

and the number of women in the work force. An increase in the amount of industrial 

chemicals released into the environment has caused an increase in potential for adverse 

human effects. Of particular concern is the effect on the female reproductive system, 

specifically the ovary (Mattison and Schulman, 1980). Females are bom with a finite 

number of primordial follicles (Hirshfield, 1991). As these follicles are recruited to 

grow, they progress through a series of well-defined developmental stages. If a toxic 

chemical targets the ovary, there may be varying effects on reproductive function 

depending upon which stage of follicular development is affected. Depletion of growing 

and antral follicles can cause temporary infertility because preovulatory follicles are 

destroyed and there is a cessation of the ovulation of available oocytes. Once the ovarian 

disruption is halted, however, follicles can be recruited from the pool of primordial and 

primary follicles and reproductive function can be restored (Flaws ei al, 1994b). 

Conversely, an ovarian toxicant that selectively affects the pool of primordial and 

primary follicles could cause premature ovarian failure. In such a case, cyclicity can 

continue for some time, as there are preovulatory follicles ready to ovulate (Hooser et al, 

1994). However, because there will no longer be a pool of primordial follicles from 

which to recruit, once preovulatory follicles are depleted, cyclicity will cease, leading to 

infertility and premature menopause (Hirshfield, 1991; Flaws et al, 1994b and Hoyer and 
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Sipes, 1996). Therefore, disruption of the reproductive cycle can be either reversible or 

irreversible, depending on the stage of follicle affected. 

Ovarian Toxic Compounds 

There have been many recent studies of chemicals that show an affect on ovarian 

function. These include environmental chemicals as well as man-made chemicals. 

Chemicals such as polycyclic aromatic hydrocarbons (PAHs) found in cigarette smoke 

(Borman et al, 2000). cyclophosphamide, a chemotherapeutic agent (Mattison et al, 

1983), and the pesticide dichlorodiphenyl trichloroethane (DDT) (Haney ei al, 1984) 

affect reproductive function in mice, rats and humans. 

Reproductive effects of several chemicals have been elucidated directly in 

humans. The use of a synthetic estrogen, diethylstilbestrol (DES), has a potent effect on 

the human female reproductive system (Herbst, 1976). In rats, it causes structural 

abnormalities of the nipples and reproductive tracts and impairs fertility and fecundity 

(Boylan, 1978). Other chemicals, PAHs, are prevalent in cigarette smoke. As shown by 

Goldman et al (2001), the concentration of PAHs in human lungs is dose-dependent to 

the amount of smoking. In humans, smoking has been linked to genetic damage (Zenzes, 

2000) and also to earlier onset of menopause (Jick and Porter, 1977). Concurrently, in 

mice and rats, PAHs have been shown to decrease the numbers of primordial and primary 

follicles, which could lead to premature menopause (Borman et al, 2000). 
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VCH and VCD 

4-Vinyl-I-cyclohexene (VCH) is an occupational chemical that is produced and 

released during the production of rubber tires, flame-retardants, insecticides and 

plasticizers (Rappaport and Fraser, 1977; lARC, 1982). VCH is an aromatic, colorless 

liquid and can be produced commercially as a gaseous by-product via the catalytic 

dimerization of 1,3-butadiene (NTP, 1986). 

The parent compound, VCH, is metabolized in the body via cytochrome 

P450 to either 4-vinyl-l-cyclohexene 1,2-epoxide (1.2-epoxide) or 4-vinyl-l-cyclohexene 

7,8-epoxide (7,8-epoxide). From there, the ultimate metabolite, VCD, with two epoxides, 

is formed (Watabe et al, 1981; Flaws et al, 1994a; Fontaine, 2001b). VCD is a colorless, 

water-soluble liquid used as a reactive diluent for other diepoxides and epoxy resins 

(NTP, 1989). 

Human exposure to VCH is via an industrial setting with an exposure range from 

54.4 to 97.7 parts per billion (ppb) (0.24-0.43 mg/m^), and can be as high as 118 ppb 

(Rappaport and Fraser. 1977). The American Conference of Govenmiental Industrial 

Hygienists sets the upper limit of acceptable exposure of VCH at 0.4 mg/m^ (lARC, 

1994). While exposure to VCH is primarily through inhalation, exposure to VCD is 

either through inhalation or dermal exposure (NTP, 1986; NTP, 1989). However, in 

laboratory animals, effects of exposure to VCH and VCD have been shown through 

inhalation, injection, oral and dermal routes. Although VCH and VCD have not been 

studied in humans, a study at a small rubber company showed that curing workers had 
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consistently higher mortality rates due to malignant neoplasms and diseases of the 

circulatory system than other workers at the plant (Rappaport and Fraser, 1977). 

Toxic effects of VCH and VCD 

VCH is a carcinogenic chemical when administered to female B6C3Fi mice as 

shown by the appearance of rare ovarian neoplasms after chronic dosing (NTP, 1986). In 

two separate chronic oral dose studies of female B6C3Fi mice, administration of VCH 

caused a signiflcant increase in granulosa cell tumors and hyperplasia and tubular cell 

hyperplasia in the ovary (Collins et al, 1987; lARC, 1994). This reaction was not seen in 

female F344 rats at similar doses. Dermal application of 45 mg VCH in male Swiss ICR 

mice caused an increase in squamous-cell carcinoma, which was not seen at a lower dose 

(IARC, 1994). In a sub-chronic, 90 day, and chronic, 2 year, dosing study of VCH, 

female B6C3Fi mice showed a significant increase in ovarian lesions, hyperplasia and 

neoplasia, which was not observed in rats (NTP, 1986). No significant effects were seen 

in male mice or rats. 

VCH has an effect on the numbers of ovarian follicles in female mice. Thirty 

days of daily dosing with 650 or 800 mg/kg body weight caused a significant decrease in 

numbers of both small and growing follicles (NTP, 1986; Hooser et al, 1993; Doerr et al 

1995). A yearlong study by Hooser et al (1994) on female B6C3Fi mice shows the 

ovarian and gonadotropic effects of 30 days of daily dosing with 800 mg/kg body weight 

VCH. Ovarian weights and numbers of preantral oocytes were significantly lower at all 

time points. However, follicle-stimulating hormone (FSH), which contributes to follicle 



17 

growth, was elevated only at 240 days (d) and 360 d. This is due to the loss of follicles 

throughout the study. At 360 d, ovarian failure was ascertained due to the blood-filled 

cystic structures in the ovaries of treated mice (Hooser et al, 1994). Summarily, sub-

chronic exposure to VCH causes loss of cyclicity, depletion of oocytes and irreversible 

ovarian failure. 

Exposure of VCH m uiero on reproductive and prenatal parameters was 

elucidated. Grizzle et al (1994) observed treatment with 500 mg/kg body weight VCH in 

Swiss (CD-I) mice. In the Fo generation, there was no significant effect on fertility, litter 

size or live births. However, there was a decrease in body weights of both mothers and 

pups. Subsequently, VCH did not affect Fi generation survival, however there was a 

reduction in body weight for both males and females. Fi generation VCH-treated females 

also showed a significant decrease in the numbers of primordial, growing and antral 

follicles, while males showed a decrease in testicular spermatid count (Grizzle et al, 

1994). In summary, although there was no overall effect on fertility, VCH treatment 

reduced the numbers of gametes in both males and females. 

VCD is the ultimate toxicant of VCH. Smith et a/ (1990b) showed that the 

diepoxide metabolite of VCH is the most potent toxicant, while Doerr et a/(1995) 

showed that diepoxide compounds are more ovotoxic compared to parent compounds or 

monoepoxides. Although VCH is species specific to mice, treatment with VCD causes 

follicular damage in both mice and rats (Kao et al, 1999). 

Unlike VCH, VCD has an effect on mice and rats through dermal exposure 

(Chhabra et al, 1990a, b). Chronic 13-week dermal exposures of mice lead to follicular 
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atrophy and sebaceous gland hyperplasia (Chhabra et al, 1990a). A longer 105-week 

study showed dermal exposure of VCD caused squamous cell papillomas and carcinomas 

in both male and female rats while granulosa cell tumors were seen in the females 

(Chhabra ei al, 1990b). VCD also has an effect during chronic oral exposure. Thirteen-

week exposure to VCD by gavage targeted the stomach and kidneys in rats and mice and 

also the reproductive organs in mice (Chhabra et al, 1990a). This confirms that VCD can 

be absorbed by dermal and oral exposure. 

VCD decreases the ovarian follicle numbers of immature rats (Smith et al, 

1990b). Thirty days of daily dosing with VCD decreased the number of regular estrous 

cycles in adult (d58) rats, but not immature (d28) rats, while concurrently reducing the 

uterine weight of adult rats (Flaws et al, 1994a). However, both mature and immature 

rats had a significant decrease in the numbers of oocytes. Ovarian small follicles are 

more susceptible to damage by VCD treatment (Springer et al, 1996c). VCD may 

destroy small follicles because they have a reduced ability to detoxify VCD to the tetrol 

(Flaws et al, 1994b). In both adult and immature rats, large follicles had an increased 

conversion of radiolabeled VCD to the tetrol, compared to small follicles and interstitial 

cells (Flaws et al, 1994b). This may explain an increased susceptibility of small follicles 

to the damaging effects of VCD. 

Daily dosing of rats with VCD causes follicular atresia, which has been 

characterized as apoptosis. Some of these apoptotic features include margination of the 

chromatin and disruptions in focal contact between granulosa cells and oocytes (Springer 

et al. 1996a). Molecular indicators of VCD-induced apoptosis are enhanced expression 
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of the cell death gene box (Williams and Smith, 1993) and of the cysteine protease 

caspase-3 (Boone and Tsang, 1998). The box gene is an inducer of apoptosis and is seen 

in concert with the bcl-2 gene, an apoptotic inhibitor (Oltvai et al, 1993; Tilly et al, 

1995a). In primordial and small follicles, VCD dosing increased box expression while 

there was no effect in the larger follicles (Springer et al, 1996b). Caspase-3 is part of the 

intercellular apoptotic cascade and is involved in cleavage of multiple downstream 

substrates (Kirsch et al, 1999). Daily dosing with VCD increased cytosolic caspase-3 in 

small follicles compared to control (Hu et al, 2001). In summary, many characteristics of 

an apoptotic cascade are seen in response to daily dosing with VCD. 

A species difference has been observed in the effects of VCH on mice as 

compared to the effects on rats (Smith et al, 1990a). In B6C3Fi mice, the dose of VCH 

required to reduce the number of follicles to 50% of controls (ED50) was found, while in 

F344 rats, there was no depreciable loss of oocytes, even at the highest dose of VCH 

(Smith et al, 1990b). The monoepoxide metabolites of VCH, 1,2-VCHE and 7,8-VCHE, 

also had varying effects on mice compared to rats. Higher doses were required in rats to 

produce comparable follicle loss as compared to mice. Using an ovotoxic index, the 

diepoxide VCD was shown to have a greater toxic effect on mouse primordial follicles 

compared to the rat (Borman et al, 2000). 

There is also a species difference in the disposition of VCH (Smith et al, 1990a). 

While mice require only 24 hours to clear >95% of VCH from their blood, rats require 48 

hours. This may explain why mice are more susceptible to VCH dosing. Mice process 

the VCH more rapidly and have significantly elevated amounts of the mono-epoxide 
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metabolites, and ultimately the diepoxide, in their blood as compared to rats. Smith et al 

(1990c) also determined that mice livers contain higher amounts of the cytochrome P450 

isoforms that bioactivate VCH to VCD. Therefore, there is decreased ability in the rats to 

bioactivate VCH to the reactive metabolite VCD. 

Disposition, Bioactivation and Detoxification of VCH and VCD 

The disposition of a chemical is a useful tool for describing the effects of a 

chemical on the body. Disposition illustrates the distribution and clearance of a drug 

through the body. Using radiolabeled ['"^C] VCH, Smith et a/ (1990a) evaluated the 

disposition of VCH in B6C3F| mice and F344 rats. A single oral dose was administrated 

and evaluated in both the mice and rats. Smith etal{\990a) observed that mice require 

only 24 hours to eliminate >95% of the dose while rats require 48 hours. While there was 

no evidence to conclude if ovaries of either species retained VCH, there was a 10-fold 

higher concentration of VCH in the adipose tissue (Smith et al, 1990a). The major routes 

of excretion of '''C-VCH was urine (50-60%) and expired air (30-40%) (Smith et al, 

1990a). 

VCD is the metabolite of VCH responsible for the ovarian effects seen in mice 

and rats. Epoxidation of VCH to the monoepoxides and then to the diepoxide is the 

major pathway of bioactivation (Hoyer and Sipes, 1996). In the body, VCH is converted 

to either 4-vinyl-1-eyelohexene 1,2-epoxide (1,2-VCHE) or4-vinyI-l-cyclohexene 7,8-

epoxide (7,8-epoxide). Up to 6 hours after VCH dosing, Smith et al (1990a) observed an 

increase in the amount of 1,2-VCHE in the blood of mice compared to rats. 7,8-VCHE 
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was not observed in the blood in measurable amounts. Using enzyme inhibition studies, 

Smith et a/ (1990c) elucidated the cytochrome P450s responsible for this conversion. 

They found that rats have a lower level of cytochrome P450 IIA and P450 IIB, the major 

P450s involved, compared to mice. Mice, therefore, have a greater rate of bioactivation, 

leading to their increased susceptibility (Smith et al, 1990c). 

There are two major enzymes responsible for detoxification of epoxides, 

specifically VCD, the reactive metabolite. These are microsomal epoxide hydrolase 

(mEH) and glutathione S-transferase (GST) (Mukhtar et al, 1978; Heinrichs and Juchau, 

1980). Treatment with VCH and VCD caused an induction of mEH activity and a 

decrease in glutathione (GSH) levels in the liver (Giannarini et al, 1981). This suggests 

that mEH and GSH play a role in the detoxification of VCD (Bengtsson and Rydstrom, 

1983). mEH catalyzes the conversion of VCD to the tetrol. The tetrol showed no effect 

on follicular viability in-vitro at concentrations in which VCD was effective. The tetrol 

may therefore be inactive as there were no significant decreases in the preantral follicles 

similar to treatment with VCD (Flaws et al, 1994b). Glutathione may also be a major 

pathway for detoxification of VCD. GST catalyzes the conjugation of a reactive 

metabolite to glutathione for excretion from the body (Mukhtar et al, 1978). Thus, while 

bioactivation of VCH occurs, detoxification mechanisms of these reactive metabolites are 

available (Flaws et al, 1994b). The mouse is deficient in these pathways, which may 

explain its enhanced susceptibility to VCH-induced ovotoxicity (Smith et al, 1990c). 
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BD and BDE 

1,3-Butadiene (BD) is an occupational chemical used in the synthesis of polymers 

resins and plastics (lARC, 1986). Butadiene is a colorless, volatile gas that is produced 

commercially as a by-product of ethylene production by oxidative dehydrogenation of n-

butenes or /i-butane (de Meester, 1988). Butadiene can enter the environment during 

production and use, storage and transport, from cigarette smoke or gasoline vapors (NTP, 

1984). The 1990 US Clean Air Act lists BD as a major polluter with the greatest source 

being from on-road vehicles with an average of 36900 tons emitted per anum (Morrow, 

2001). Since the implementation of restrictions on BD emissions, there has been a 

significant reduction over the last decade (Morrow, 2001). 

Butadiene is metabolized in the body via hepatic cytochrome P450s to the 

monoxide, butadiene monoxide (BMO). This is further metabolized to the ultimate 

metabolite, butadiene diepoxide (BDE) (de Meester et al, 1980; Cochrane and Skopek, 

1994a; Bond et al, 1995; Thornton-Manning et al, 1995a). BDE is an aromatic liquid and 

is administered to laboratory animals intravenously or via inhalation or injection. 

Butadiene exposure occurs in an industrial setting or in the surrounding 

environment. Exposure is via inhalation and absorption through the respiratory system. 

Main sources of exposure include production, transport, automotive fuel, fossil fuel, 

combustion and cigarette smoke. The American Conference of Governmental Industrial 

Hygienists (ACGIH) and the Occupational Safety and Health Administration (OSHA) 

recommend a threshold limit exposure of 4.4 mg/m^ of BD (Himmelstein et al, 1997). 

One of the more common exposures to BD is through cigarette smoke. Levels of BD in 
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direct cigarette smoke range from 16-75 mg/m^ per cigarette, while a smoke filled room 

can have 2.7-4.5 mg/m^ of BD (Brunnemann et al, 1990). However, just ambient urban 

air will expose a person to 1.39 mg/m^ of BD (Himmelstein et al, 1997). 

Toxic effects of BD and BDE 

Many epidemiological studies have been done on butadiene and its effects on 

humans. Workers in the actual production of 1,3-butadiene were found to have an 

increased incidence of mortality from lymphosarcoma, a form of lymphopoietic cancer 

(Downs et al, 1987; Divine, 1990; Divine and Hartman, 1996; Ward et al, 1995). But a 

study done by a butadiene-production company found no significant effects from this 

exposure (Cowles et al, 1994). For workers in the styrene-butadiene rubber industry 

which uses butadiene, Matanoski and Schwartz (1987) found no increased incidence of 

cancers. However, others found an increased incidence of lymphopoietic cancer 

(Acquavella, 1990), leukemia (Delzell et al, 1996) or both (Andjelkovich et al, 1977; 

Matanoski et al, 1990). Alternately, epidemiological studies on humans in the rubber and 

tire manufacturing industries, which also use butadiene, have been reviewed. These 

studies indicated an excessive mortality of workers due to leukemia (Andjelkovich et al, 

1977; Checkoway et al, 1984) and stomach cancer (Andjelkovich et al, 1977). One early 

study looked at the effect of BD and other gases on humans through direct inhalation. 

Carpenter et al (1944) found decreased cognitive function and irritation to the mucous 

membranes, skin and eyes. 
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Studies using butadiene are via inhalation exposure, as butadiene is a gas at room 

temperature. Chronic inhalation studies show that BD is carcinogenic in B6C3Fi mice 

and Sprague-Dawley rats, although mice are more susceptible. Several studies at low 

levels of butadiene in both females and males significantly increased incidence of 

lymphomas as well as adenomas and carcinomas of the lung and liver (NTP, 1984). 

These tumors may be due to genetic lesions in p53 and ras (tumor repressor) genes from 

BD inhalation in mice (Zhuang et al, 1997). Higher levels of butadiene caused an 

increase in tumors of the heart, forestomach and mammary glands of both sexes of 

C57BL/6 X C3H Fl mice (Melnick et al, 1990). An increase in tumor incidence was 

reported for rats at only the highest doses (Owen et al, 1987). 

Recent studies on butadiene look at the genotoxic effects of butadiene in mice and 

rats. The mechanism of BD induced mutagenicity is through covalent interactions with 

DNA, forming an adduct (Csanady and Bond, 1991). A study by Arce et a/, (1990) 

considered the effects of BD in vivo and in vitro. They concluded that BD is genotoxic in 

vivo by measuring the sister chromatid exchange (SCE) and micronucleus induction in 

the bone marrow of mice. They observed only a weak effect of BD in vitro in mice and 

no effect in rat. Butadiene also increased DNA adduct formation in a dose-dependent 

manner in the lungs and testes of male mice (Koivisto et al, 1998). 

There are also reproductive effects of butadiene. An early study of BD showed an 

effect on fertility, including a significant decrease in litter-size for exposed rats 

(Carpenter et al, 1944). A study by Morrissey et al, (1990) found an increased 

susceptibility of fetuses compared to the mother as shown by decreased fetal weights. An 
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effect of BD was seen on fertility when using dosed males, which suggests an effect on 

mature germ cells (Morrissey et al, 1990; Pacchierotti et al, 1998a; Tommasi et al, 1998). 

This effect was also observed using the major metabolite butadiene diepoxide (BDE) 

(Russo et al, 1997; Tommasi et al, 1998). In female animals, however, B6C3Fi mice 

acquired only ovarian neoplasms and no ovotoxic effects of BD exposure were seen in 

F344 rats (Melnick and Huff, 1992). 

Research on laboratory animals is done to find a correlating effect in humans 

without having to use humans as a subject. Duescher and Elfarra (1994), Melnick and 

Kohn (1995) and Elfarra et al (1996) believe the model for butadiene exposure effect on 

humans best correlates with the work done in mice. Mice and humans, through 

epidemiological studies, both suffer mortality through similar cancers such as lymphomas 

in mice and lymphatic and hematopoietic cancers in humans. The genotoxic effects seen 

in mice also correlate to the genetic effects seen in human cancers, such as the N7-

alkylguanine DNA adducts (Citti et al, 1984). Metabolism studies by Elfarra et a/ (1996) 

also correlate humans to the mouse model. Conversely, Bond et al (1995) consider the 

rat to be an appropriate model for BD effects on humans. Their studies on the in vitro 

metabolism of BD in human tissues showed the human tissues did not metabolize BD as 

effectively as the mouse tissues and correlated more closely to rat metabolism (Csanady 

et al, 1992; Bond et al, 1996). 

The toxic effects of butadiene occur via bioactivation of BD to the reactive 

metabolites butadiene monoxide and butadiene diepoxide. The presence of a rat liver 

flection as a metabolic activation system was required for induction of mutations in a 
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bacteria strain. Salmonella Typhimurium using BD (de Meester et al, 1980). A different 

cell line, CHO cells, also required a metabolic activation system to see an effect from BD 

exposure (Sasiadek et al, 1991). 

Another study looked at concentrations of BD and its metabolites in the blood of 

mice and rats. There was a dose dependent increase in BD and butadiene monoxide 

(BMO) concentration in both species, with mice having much higher overall 

concentrations (Himmelstein et al, 1994). Mice, compared to rats, were the only species 

to show quantifiable levels of BDE in the blood (Himmelstein et al, 1994). 

The major toxic metabolite of butadiene is butadiene diepoxide (BDE), which has 

greater toxicity than the monoxide. This has been shown by increased BDE levels in 

mice, the susceptible species, as compared to rats when exposed to butadiene (Cochrane 

andSkopek, 1994a; Bond e/a/, 1995; Thornton-Manning era/, 1995a). Also, higher 

levels of BMO were required in the rat compared to mice to induce clastogenic, or 

chromosomal damage, effects in spermatocytes (Xiao and Tates, 1995). However, levels 

of BDE needed to induce the same effects in both species were lower than levels required 

of BMO. 

Butadiene diepoxide induces similar mutagenic effects to those seen with 

butadiene, although at much lower levels of exposure. BDE induces deletions in DNA by 

forming DNA adducts, similar to BD. Some other effects include an increase in 

micronuclei, DNA strand breakage and unscheduled DNA synthesis (Anderson et al, 

1997). Mutagenicity of BDE comparable to BD was seen at comparable loci in B6C3Fi 

mice splenic T cells (Meng et al, 2000), mice splenic T cells and a human cell line 
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(Cochrane and Skopek, I994a,b;) and a CHO cell line (Sasiadek et al, 1991), although 

BDE was effective at concentrations 100-fold less than BD. 

Butadiene diepoxide also shows carcinogenic effects similar to butadiene. An 

inhalation study of BDE showed an increase in upper respiratory tract cancer in rats and 

an increase in total neoplastic lesions in mice (Henderson et al, 1999). 

Reproductive effects of butadiene diepoxide have been observed. Tiveron et al 

(1997) saw a genotoxic effect of BDE in oocytes of B6C3Fi mice, including chromosome 

breaks and exchanges, but these did not have any overt effect on the fertility of the 

e.xposed female mice. BDE also decreased the number of follicles in ovaries of exposed 

B6C3Fi mice (Doerr et al. 1995) and Sprague-Dawley rats (Doerr et al, 1996). 

[n vitro and in vivo studies clearly show that mice have a higher capacity to form 

reactive epoxides than rats or humans as seen by the high levels of epoxides in the blood 

of mice exposed to butadiene (Himmelstein et al, 1994; Anderson, 1998). While 

metabolism of BD to butadiene diepoxide in mice and rats is qualitatively similar, it is 

quantitatively higher in mice (Sharer et al, 1992; Henderson et al, 1996; Pacchierotti et 

al, 1998b). This species difference may relate to differences in the expression of 

particular P450s that metabolize BD to the reactive metabolite BDE (Anderson, 1998). 

Kreiling et al (1988) found gas-uptake kinetics between mice and rats varied wildly. For 

mice, metabolic saturation was seen between 100-500 parts per million (ppm), while rats 

required up to 5000 ppm. Two separate studies have found extremely low levels of BMO 

and no detectable levels of BDE in the blood of rats when exposed to 62.5 ppm 

(Himmelstein et al, 1994) and 100 ppm (Bechtold et al, 1995). Using radioactive ['''C] 
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BD, Bond et al (1987) showed that per micromole of inhaled BD, mice had a higher 

concentration of BD in their tissues compared to rats. There was also more nonvolatile 

['•^C] in mice tissue, indicating metabolized product, compared to rats for the same 

amount of time since inhalation. This indicates that mice metabolize BD to the toxic 

metabolites quicker and more thoroughly than rats (Bond et al, 1987; Elfarra et al, 1996) 

and have more reactive metabolites in their blood (Bond et al, 1986). 

Disposition, Bioactivation and Detoxification of BD and BDE 

Using radioactive [''^C] butadiene, BD was found in the lungs, gastrointestinal 

tract, liver, kidneys, urinary bladder and pancreas of both mice and rats (Bond et al, 

1987). Butadiene monoepoxide (BMO), the intermediate metabolite, was found to be 

present in the greatest amount in fat (Thornton-Manning et al, 1997). Likewise, 

butadiene diepoxide. the ultimate metabolite, was found in blood, fat and mammary 

tissues in high amounts (Thornton-Manning et al, 1995b). The two major pathways (75-

85%) for excretion of BD is urine and e.xpired air (Bond et al, 1986; Sabourin et al, 

1992), with small amounts being excreted through the feces (Bond et al, 1986). 

The initial step in metabolism of butadiene is epoxidation to epoxybutene or 

butadiene monoxide (BMO). This was shown to occur via cytochrome P450s in murine 

livers (Malvoisin and Roberfroid 1982; Elfarra et al, 1991; Csanady et al, 1992; 

Duescher and Elfarra, 1994). Further bioactivation of BMO occurs via the same liver 

microsomes (Seaton et al, 1995) to obtain diepoxybutane or butadiene diepoxide (BDE) 
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from the monoepoxide (Malvoisin et al, 1979; Csanady et al, 1992), although metabolism 

has also been seen in the lungs and kidneys of both mice and rats (Sharer et al, 1992). 

The two major enzymes responsible for detoxification of butadiene are similar to 

the ones for 4-vinylcyclohexene diepoxide. They are glutathione S-transferase (GST) 

and microsomal epoxide hydrolase (mEH) (Elfarra et al, 1996). GST catalyzes the 

conjugation of a reactive metabolite to glutathione (Mukhtar et al, 1978) while mEH 

hydrolyzes BDE to either dihydroxypropanone or a 1,2-3,4-diol (Boogard and Bond, 

1996; Anderson, 1998). Glutathione conjugation of BD has no significant impact on 

BDE concentration levels in blood (Boogaard et al, 1996). Hence, the predominant 

pathway for clearance of BD is by hydrolysis via mEH rather than direct conjugation 

with glutathione (Bechtold et al, 1994). 

Malvoisin and Roberfroid (1982) and Csanady et al (1992) found the balance 

between activation and detoxification kinetics of butadiene to favor the activation 

process. This may explain the large susceptibility of the mouse to inhalation exposure of 

BD because the rat shows impaired bioactivation of BD to the toxic metabolites. 

Ovarian Follicular Death 

Apoptosis 

Apoptosis is naturally occurring cell death, which can result from physiological 

process or can be induced by injury. In normal tissues the rate of cell death (apoptosis) is 

in a complementary balance with cell proliferation (mitosis) (Kerr et at, 1972; Buja et al, 

1993). Apoptotic events are seen during metamorphosis in the tail of a tadpole (Kerr, 
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1974); cell turnover in healthy tissues, such as gut crypts (Potten, 1977) and squamous 

carcinoma of uterine cervix (Searle et al, 1973); embryonic development (Harmon et al, 

1984; Bellairs, 1961); or can be initiated by xenobiotic agents such as cytotoxic drugs 

(Potten, 1977; Zucker^ra/, 1998). 

Apoptosis is termed 'programmed cell death,' and as such, it undergoes 

characteristic changes with which it can be classified. Once started, apoptosis affects 

single cells rather than groups of bordering cells (Kerr et al, 1972). In the early stages of 

apoptosis, the chromatin becomes compacted, or pyknotic, and forms large masses 

against the nuclear membrane (Majno and Joris, 1995), while the nuclear membrane itself 

becomes convoluted (Kerr et al, 1987). The nucleus then breaks down to form discrete 

fragments, named karyorhexis (Majno and Joris. 1995), while the cytoplasm condenses 

due to cell dehydration (Kerr et al, 1987; Darzynkiewicz et al, 1997). However, while 

the overall size of the cell is shrinking, the organelles have retained their integrity and are 

not changing size (Wyllie, 1980; Kerr et al, 1987; Majno and Joris. 1995). 

The final stages of apoptosis involve the formation of apoptotic bodies (Wyllie, 

1980; Kerr et al. 1987). These are membrane bound and contain various organelles and 

nuclear fragments. These apoptotic bodies break off from the original cell through a 

process called budding (Kerr and Harmon, 1991). The convolution of the plasma 

membrane allows the apoptotic bodies to be formed by a sealing off of the membrane 

(Kerr et al, 1987). From here, they disperse into the surrounding tissue and neighboring 

cells phagocytize the apoptotic bodies (Wyllie, 1980). The phagocytosed cells are 

degraded from lysosomal enzymes in the engulfing cell and the remaining cells shift to 
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close in the hole left by the apoptotic cell. In this way, there is no inflammation response 

and no disorganization of the overall tissue (Kerr et al, 1987). 

Necrosis 

Necrosis is a term used for cell death resulting from tissue injury (Majno and 

Joris, 1995). Unlike apoptosis, cellular swelling and rupture characterize necrosis. 

Necrosis, in contrast to apoptosis, affects neighboring cells and induces an inflammatory 

response (Kerr ei al, 1987). Necrosis occurs when there is a disruption of the normal 

environmental milieu and results from e.xposure to chemicals such as kainic acid in nerve 

cells (Gold et al, 1994), carbon tetrachloride (CCU) and thioacetamide in the liver (Judah 

et al, 1965) or ischemia of the cell (Jennings et al, 1990; Armstrong and Ganote, 1992). 

The final stages of necrosis involve a loss of plasma membrane integrity, swelling 

of the nucleus with subsequent breakdown, or karyorhexis. Whereas in apoptosis, the 

cellular membrane undergoes budding, in necrosis, the membrane starts to 'bleb.' The 

crucial difference is blebbing does not include organelles of the cell and is a response to 

ischemic death of the cell. These blebs can swell and burst while buds do not (Majno and 

Joris, 1995). 

Follicular Atresia 

Most of the follicles found in a female ovary never undergo development to 

ovulation. Rather, these follicles are shunted down a path of degeneration, known as 

atresia. Follicles can undergo atresia at any stage of development (Byskov, 1978). 
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However, prior to puberty, most atresia occurs in small pre-antral follicles (Pedersen, 

1972). In cycling rats, atresia appears to occur in the last stages of follicle growth 

(Hirshfleld, 1988). Atresia is characterized by the extensive death of the follicular 

granulosa cells (Byskov, 1979). 

The size of the follicle undergoing atresia determines the characteristics that are 

observed. In small follicles, it is thought that atresia occurs via oocyte death or lysis 

followed by phagocytosis of the oocyte by the surrounding granulosa cells (Gondos, 

1969). Atresia of medium-sized follicles involves shrinkage of the oocyte and cessation 

of granulosa cell growth (Byskov, 1979). In large follicles, atresia progresses through 

three steps (Byskov, 1974). Step one involves pyknotic granulosa cells and an increase in 

luteinization in granulosa cells and theca cells. Stage two is marked by an increase in the 

number of pyknotic nuclei with a concurrent increase in phagocytosis of apoptotic bodies 

from the granulosa cells. The collapse of the follicle, due to decreased numbers of 

granulosa cells, signals the final stage (Byskov, 1974). Also in large follicles, the theca 

layer thickens as atresia progresses due to increased luteinization while the oocyte also 

undergoes a progressive degeneration (Byskov, 1978). In cycling rats, most follicles 

undergo atresia at the early antral stage (Osman, 1985). 

Atresia in follicles has been demonstrated to occur via apoptosis. This is also 

supported by demonstration of intracellular markers of apoptosis involving cascades, 

such as the caspases and the bcl-2/bax family of proteins (Darzynkiewicz et al, 1997). 

Morphological analysis of follicles has shown traits common to apoptosis (Springer et al, 

1996a). The characteristic laddering of DNA has also been seen in follicles, evidence 
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that follicular atresia may be through apoptosis as DNA laddering is a common 

characteristic of apoptosis (Hughes and Gorospe, 1991; Tilly et al, 1991). The CL also 

undergoes apoptosis, as seen by the characteristic laddering of the corpus luteum DNA 

(Shikone et al, 1996). Apoptosis of follicles has also been seen using steroids. An atretic 

follicle that is releasing more progesterone is also undergoing apoptosis (Amsterdam et 

al, 1998). This increase in steroid production is possible until the biochemical apparatus 

for the production are infolded into the apoptotic blebs. Another trait of apoptosis is an 

increase in the tumor suppressor gene p53 (Tilly et al, 1995a). 

So in summary, some characteristic traits of apoptosis in follicles have been 

determined. However, the exact mechanisms of these apoptotic effects are still unclear. 

To better elucidate this understanding, the following studies were done using known 

environmental and industrial chemicals. First, it was hypothesized that there were 

varying ovarian effects of the enantiomers of VCH in B6C3Fi mice. Second, it was 

hypothesized that there were ovarian effects of BDE were in F344 rats. 
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CHAPTER 2 

OVARIAN TOXICITY OF THE S- & R- ENANTIOMERS OF VCH 
IN B6C3F, MICE 

Abstract 

Ovotoxicity induced by the occupational chemical 4-vinylcyclohexene diepoxide 

(VCD) results in selective destruction of the small pre-antral follicles in the ovaries of 

rats and mice (Flaws et al, 1994b; Hoyer and Sipes, 1996). The parent compound, 4-

vinylcyclohexene (VCH), is ovotoxic in mice but not rats (Smith et al, 1991a) and exists 

as two enantiomers, S-VCH and R-VCH. The following study was designed to 

determine whether each enantiomer of VCH produces equivalent loss of ovarian follicles. 

B6C3Fi female mice, age d28, were divided into five groups: sesame oil control, 400 

mg/kg racemic VCH, 800 mg/kg racemic VCH. 800 mg/kg S-VCH, and 800 mg/kg R-

VCH. Animals were dosed daily (ip) for 15 days and killed 4 hours after the final dose. 

Ovaries were collected, fixed and sectioned for histological analysis and follicle 

populations determined by counting. Small primary follicle numbers were decreased in 

all treatment groups compared to control (p<0.05) except R-VCH. Furthermore, numbers 

of small primary follicles were decreased to a greater degree (p<0.05) in the S-VCH 

group as compared to the R-VCH group. Taken together, these data suggest that the S-

VCH enantiomer is significantly more ovotoxic compared to the R-VCH enantiomer. 

These data can be useful for further elucidating the biochemical pathway of the 

bioactivation of VCH to VCD and the biological effects of VCH on the reproductive 

system. 
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Introduction 

Research in our laboratory has focused on the ovotoxic effects of the occupational 

chemical, 4-vinylcyclohexene (VCH) and its metabolite 4-vinylcyclohexene diepoxide 

(VCD) in mice and rats. VCH and VCD are chemicals released during the manufacture 

of rubber materials, insecticides and pesticides (Rappaport and Fraser, 1977; lARC, 

1982). The ovotoxicity caused by these chemicals is specific for small pre-antral follicles 

(primordial and primary) and this can lead to premature ovarian failure (Hirshfield, 1991; 

Flaws et al, 1994b and Hoyer and Sipes, 1996). VCH has been shown to have a toxic 

effect on the small follicles of mice, which was not observed in rats (NTP 1986, Smith et 

al, 1990b). This species difference has been related to greater bioactivation of VCH by 

mice compared to rats (Smith et al, 1990b,c). Thirty days of daily dosing with VCH in 

mice caused a decrease in ovarian weight and a decrease in the number of small and 

growing follicles (Hooser et al, 1993; Hooser et al, 1994). VCH dosing also caused an 

increase in cytochrome P450 activities, which aids in the conversion of VCH to the toxic 

metabolite VCD (Doerr-Stevens et al, 1999). 

The metabolism of VCH to VCD involves the formation of two intermediate 

chemicals via hepatic cytochrome P450: 4-vinyl-l-cyclohexene 1,2-epoxide (1,2-

epoxide) or 4-vinyl-l-cyclohexene 7,8-epoxide (7,8-epoxide). The subsequent 

conversion of these intermediates via P450 gives the ultimate ovotoxic metabolite VCD 

(Watabe et al, 1981; Flaws et al, 1994a; Fontaine, 2001b). VCH and VCD, however, are 

enantiomeric compounds. VCH consists of 2 enantiomers, S- (left) and R- (right) VCH. 

The conversion to VCD leads to the formation of 4 pairs of enantiomers. Thus, VCH is a 
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racemic mixture of 2 enantiomeric compounds, while VCD could consist of 8 

enantiomers (Fig 2.1). Because enantiomers possess varying stereochemistry, they may 

selectively interact with the biological molecules that confer toxic properties within the 

body. 

Various enantiomers of many compounds have been shown to be selectively 

effective in biological systems, and thus to have different pharmacological or 

toxicological effects in these systems (FDA, 1992). A number of studies have compared 

the varying pathways for activation of enantiomers. For example, racemic 4-hydroxy-

2(E)-nonenal (HNE) is detoxified via two separate pathways, depending upon the 

enantiomeric composition (Hiratsuka et al, 2001). Additionally, the S- and R-

enantiomers of 3-(3,4-dimethylphenyl)-l-propylpiperidine demonstrate varying affinities 

for dopamine D4 receptors (Macchia et al, 2001). There are also numerous examples in 

which one enantiomer of a compound is more toxic than the other enantiomer. One such 

example is flurbiprofen, a generic analgesic drug in which the R-enantiomer is more 

ulcergenic than the S-enantiomer (Wechter er al, 1993). Conversely, some enantiomers, 

such as the antibiotic, gemifloxacin, (Ramji et al, 2001) and the beta-blocker, propranolol 

(Toet et al, 1996) have no differences in their effects. 

Recent research has evaluated the bioactivation in vitro of the enantiomers of 

VCH. R-VCH formed significantly more VCH-l,2-epoxide and S-VCH formed 

significantly more VCH-7,8-epoxide than the opposite enantiomer in both B6C3Fi mouse 

and F344 rat microsomes, with the rats forming significantly less than the mice (Fontaine 

et al, 2001b). The 1,2-epoxide was the major metabolite seen, which suggests more of 
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the R-enantiomer was converted. Neither enantiomer formed detectable levels of VCD in 

either species (Fontaine et al, 2001b). Because there are two enantiomers of VCH, which 

can be metabolized to 8 possible pairs of enantiomers of VCD, the following study was 

undertaken to investigate a potential biological preference. It was designed to test the 

hypothesis that the R- and S- enantiomers of VCH do not cause equivalent degrees of 

ovotoxicity in B6C3Fi mice. 

cr a" 
/ (S).VCH  ̂ / C -̂VCH Q 

0̂ ° "O " 0̂  
(S)-VCH-1.2-«P0)d<J» (S)-VCH.7.i.«pOB(l« v y 

Figure 2.1: Schematic of All Possible Stereoisomers of VCH and its Toxic Metabolites. 
Bioactivation of VCH to the epoxides by cytochrome P450s. Fundamentals of 

stereochemistry prove that it is impossible for S- and R- VCH to form the same epoxide 
metabolite stereoisomers (taken from Fontaine etal, 2001b). 
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Results 

Counting of Oocytes 

To observe the ovarian effect of 15 days of daily dosing with the S- and R-

enantiomers of VCH, oocytes contained in primordial, small primary, large primary and 

secondary follicles in ovaries from control, low racemic (rac)-VCH, high rac-VCH, S-

VCH and R-VCH treated mice were counted. The number of oocytes for each group 

were counted individually for one ovary of each mouse, every 20"' section. There were 

significant decreases for every dosing group in primordial, large primary and secondary 

follicles (p<0.05) (Fig. 2.2A, C and D). For small primary follicles, there where 

significant decreases for both doses of racemic VCH and S-VCH (p<0.05) (Fig. 2.2B), 

but not for R-VCH. There was also a significant decrease between the S-VCH from R-

VCH (p<0.05) for small primary follicles. 

Body tVeight Averages 

Body weights were decreased significantly following treatment with R-VCH for 

15 days of treatment (p<0.05) (Fig 2.3). Body weights of the other treatment groups were 

not decreased from control. 

IFet Tissue Weights 

Ovaries, uterus, liver, kidneys, spleen and adrenals were removed 4 hours after 

the final dose, weighed and compared to control as a percent of body weight (Fig 2.4). 
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There was a significant decrease in normalized ovarian weights for high rac-VCH, S-

VCH and R-VCH (p< 0.05) compared to control. There was no difference in uterine 

weights. Liver weights were significantly higher in high rac-VCH (p<0.05) compared to 

control with a decrease in R-VCH (p<0.05) compared to control. Wet tissue weights for 

kidney, spleen and adrenal were also significantly affected. Kidney weights were 

significantly increased for low rac-VCH, high rac-VCH and S-VCH (p<0.05). Spleen 

weights were significantly reduced for low rac-VCH, high rac-VCH and S-VCH 

(p<0.05). Adrenal weights were also significantly reduced for S-VCH (p< 0.05). 

Mortality 

The effect of dosing with the S- and R-VCH enantiomers was assessed using 

mortality as an indication of overall effect on the health of the mice. For the highest dose 

of racemic VCH (1600 mg/kg) there were 100% dead after only 3-4 days of dosing. No 

other parameters were measured on these mice. Four out of 15 mice dosed with 800 

mg/kg of S-VCH also died (Table 2.1). 
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Figure 2.2: Ejfect of Daily Dosing on Follicle Numbers in B6C3Fi Mice. 
Mice were dosed daily with control, low rac-VCH, high rac-VCH, S-VCH or R-VCH 
(low- 400 mg/kg, high- 800 mg/kg, S-VCH- 800 mg/kg, R-VCH- 800 mg/kg, ip) for 15 
days. Four hours after the last dose (d 15), ovaries were removed, and histologically 
processed as described in methods. A) Primordial follicles, B) Small Primary follicles, 
C) Large Primary follicles, D) Secondary follicles (values represent the mean ± standard 
error; n=ll-16, different letters are (p<0.05) from each other). 
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Figure 2.3: Ejfect of Daily Dosing with VCH Enantiomers on Body Weights in B6C3Fi 
Mice. Mice were dosed daily with control, low rac-VCH, high rac-VCH, S-VCH or R-
VCH (low- 400 mg/kg, high- 800 mg/kg, S-VCH- 800 mg/kg, R-VCH- 800 mg/kg, ip) 
for 15 days. Body weight was measured every day before dose was administered. The 
last day of dosing is represented by treatment group (values represent the mean ± 
standard error; n=l 1-16, different letters are (p<0.05) from each other). 
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Figure 2.4: Effect of Daily Dosing with VCH Enantiomers on Wet Tissue Weights in 
B6C3Fi Mice. Mice were dosed daily with control, low rac-VCH, high rac-VCH, S-
VCH or R-VCH (low- 400 mg/kg, high- 800 mg/kg, S-VCH- 800 mg/kg, R-VCH- 800 
mg/kg, ip) for 15 days. Four hours after the last dose (d 15), organs were removed, 
weighed and compared to control as a percent of body weight. A) Ovary, B) Uteri, C) 
Liver. D) Kidney, E) Spleen, F) Adrenal (values represent the mean ± standard error, 
n=l 1-16. different letters are (p<0.05) from each other). 
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Dose Compound Day of Death Number Dead Weight (ems) 
800 mg/kg S-VCH 5 I 15 
800 mg/kg S-VCH 6 I 12 
800 mg/kg S-VCH 8 1 14 
800 mg/kg S-VCH 9 1 20 
1600 mg/kg Racemic VCH 3 2 14,15 
1600 mg/kg Racemic VCH 4 6 12-15 

Table 2.1: Mortality: Effect of Daily Dosing with VCH Enantiomers on Mortality in 
B6C3Fi Mice. Mice were dosed daily with control, low rac-VCH, high rac-VCH, S-
VCH, R-VCH (low- 400 mg/kg, high- 800 mg/kg, S-VCH- 800 mg/kg, R-VCH- 800 
mg/kg, ip) for 15 days. Mortality was assessed by death of the animal within one day of 
death. Day of death designates number of days animals were in study, they were not 
dosed on day of death. 
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Discussion 

Previous research has shown that enantiomers can have similar or varying 

properties in biological systems (FDA, 1992). As such, it is thought that the different 

enantiomers of VCH, S- and R-, may have varying effects on the ovarian toxicity caused 

by the racemic VCH. This study was proposed to elucidate this probability. 

A racemic mi.xture by definition consists of equal amounts of the enantiomers. 

Therefore, it was hypothesized that one pure enantiomer, if solely responsible for the 

ovotoxicity. would be twice as effective as the racemic mixture at the same 

concentration. There was, however, no indication that either enantiomer produced effects 

that were twice the effects of the racemic mixture as shown by follicle counts. 

As indicated by follicle counts, both enantiomers caused loss of primordial, but 

not primary, follicles. Furthermore, this loss was to a similar degree as that obtained with 

the racemic mixture at a similar dose (Fig. 2.2). However, the strain of mouse used, 

B6C3Fi, is known to have highly variable numbers of follicles between individual 

animals (unpublished observations). There was, however, a greater (p<0.05) loss of 

small primary follicles in the S-enantiomer group as compared with the R-enantiomer 

group. This was also the only follicle class in which the R-VCH enantiomer was not 

significantly less than control. Whether this is truly reflective of a stereoselective 

preference for the S-enantiomer in induction of ovotoxicity requires further investigation. 

However, observations in other tissues indicate that VCH may cause enantiomer 

specific effects. R-VCH treated mice had a significantly lower body weight throughout 

much of the 15 day dosing regime. This suggests a possible generalized toxicity caused 
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by the R-enantiomer, which was not seen with racemic VCH or the S-enantiomer. 

Whereas there was an increase in normalized liver weights in the high rac-VCH group, 

normalized liver weights in animals treated with R-VCH were significantly lower than 

controls. This demonstrates that there was likely no induction in metabolic capabilities in 

R-VCH treated livers. 

Previous studies, however, have indicated a preference in bioactivation of 

enantiomers. Fontaine et al (2001b) reported that the R-VCH enantiomer formed more of 

thel,2-epo.xide in murine liver microsomes in vitro than did S-VCH, which was found to 

be the major metabolite. The authors concluded that more of the R-enantiomer was 

bioactivated to the monoepoxide, which could then be further activated to the ultimate 

toxicant, VCD. Various cytochrome P450 (CYP)-inducers also caused a larger increase 

in formation of the 1,2-epoxide compared to the 7,8-epoxide (Fontaine et al, 2001b). The 

induction of CYP enzymes resulted in measurable levels of VCD, which were 

undetectable without the induction. However, pretreatment with VCH in vivo resulted in 

comparable abilities of both enantiomers to form VCD. 

There are several explanations for the varying results between in vivo dosing and 

in vitro incubation studies. First, the in vitro study observed the effect on the initial 

epoxidation reaction, whereas the in vivo study reflects the result of both epoxidation 

steps (to VCD). The trend for a greater response from S-VCH compared with R-VCH 

may relate to differences in the rate of either reaction. Second, metabolism of a 

xenobiotic compound can occur in other tissues beside the liver, for example, the ovary 

(Mapoles et al, 1994) and kidney (Maser and Bannenberg, 1994). The in vitro study did 
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not consider the effect the ovary has on bioactivation and detoxification of VCH. Daily 

dosing with VCH for 15 days causes an increase in the microsomal epoxide hydrolase 

(mEH) in small follicles of the ovary (Cannady et al, 2001. in preparation). mEH is one 

of the detoxification methods of the liver and has been seen previously to be elevated in 

response to VCH and VCD (Giannarini et al, 1981). Also, the induction enzymes used 

for the in-vitro study may not have induced the CYP enzymes responsible for VCH 

metabolism, which would not allow a correlation of the in-vitro effects to the in-vivo 

results. This is possible because pre-dosing with VCH for 10 days did not show a 

difference in microsomal capacity to form VCH from either enantiomer (Fontaine et ai, 

2001b). It is unknown at present exactly which CYP enzymes are responsible for 

bioactivation of VCH in vivo (Fontaine et al, 2001a). 

In summary, the S-VCH and R-VCH were both effective at causing loss of 

primordial follicles. This effect was similar to that seen with racemic VCH. The only 

enantiomer-selective ovotoxicity observed was in the population of small primary 

follicles. Whether this reflects a true biological preference is yet to be determined. 

Therefore, the S-VCH enantiomer may be the more ovotoxic form. 
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CHAPTERS 

THE OVOTOXICITY OF BDE ON F344 RATS FOR DAYS 10,12 AND 15 

Abstract 

1,3-Butadiene (BD) is an occupational chemical released in large amounts for use 

in the manufacture of synthetic rubbers (lARC, 1986). BD inhalation studies have 

demonstrated many genotoxic and carcinogenic effects in mice and rats. In previous 

studies, butadiene diepoxide (BDE), a metabolite of BD, was determined to be the 

ultimate toxicant (de Meester et al, 1980). Thirty days of daily dosing with BDE on 

B6C3Fi mice and Sprague-Dawley rats have shown destruction of small preantral ovarian 

follicles (Doerr et al, 1996). Therefore, a dosing study was done to determine whether 

F344 rats are also susceptible to BDE. F344 female rats were dosed daily for 10, 12 and 

15 days with BDE (0.14 mmol/kg, ip). Ovaries were collected on dlO, dl2 and dl5 and 

processed for histological evaluation. There was no effect of BDE on follicle numbers 

for primordial, small primary, large primary, secondary or antral follicles for days 10, 12 

or 15. Vaginal opening was seen on dl2 in 3 out of 5 control animals (mean day of 

opening 37.37 ± 1.3), while there was no opening in treated animals. On dl5 all controls 

had opened (N=5; mean day of opening 38.2 ± 2.2), and no treated animals had opened. 

Compared with controls ,  body weights  were reduced on al l  days,  dlO,  d l2  and dl5 

(p<0.05). Wet tissue weights were also affected. Compared to controls, ovary weights 

were decreased at dl2 and dl5 (p<0.05), uterus weights were decreased at dlO, dl2 and 

dl5 (p<0.05) ,  l iver ,  k idney and spleen weights  were increased a t  dIO,  d l2  and dl5 

(p<0.05) and adrenal weights were increased at dlO and dl5 (p<0.05). Activity of the 
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pro-apoptotic enzyme, caspase-3, was significantly reduced compared to controls for 15 

days of dosing in >250um (F3) antral follicles (control 2325.090 ± 934.893, BDE 

327.423 ± 42.392, per 30 ^ig protein, p<0.05). Taken together, these data support that, at 

the dose administered, repeated daily dosing produces a generalized toxic effect in F344 

rats. Furthermore, this effect appears to extend to the ovary and impair normal function. 

These effects are suggestive of a necrotic, rather than apoptotic, pathway. 
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Introduction 

At birth, mammalian ovaries contain a finite number of oocytes contained in 

primordial follicles that, once destroyed, cannot be regenerated (Hirshfield, 1991). 

Previous studies in our laboratory have utilized the occupational toxicant 4-

vinylcyclohexene diepoxide (VCD) as a model for ovarian toxicity. Studies have shown 

that VCD causes similar follicular damage in both B6C3Fi mice and Fischer 344 (F344) 

rats (Kao et aL 1999). Thirty days of daily dosing with VCD significantly decreased the 

number of small and large ovarian follicles (Smith et al, 1990b; Flaws et al, 1994a). 

VCD has also been shown to cause follicular depletion after only 15 days of daily dosing 

(Springer et al, 1996a). It is thought that VCD toxicity may occur due to its diepoxide 

structure. To determine this, a study was performed in which mice were dosed with the 

diepoxide, VCD, or structural analogues of VCD (Doerr et al, 1995). This included 

another occupational chemical butadiene diepoxide (BDE), a diepoxide metabolite of 1,3-

butadiene (BD). Both diepoxides induced follicular loss inB6C3Fl mice and Sprague-

Dawley rats. 

1,3-Butadiene (BD) is an occupational and environmental chemical used in the 

synthesis of polymers, resins and plastics (lARC, 1986). BD is released as a by-product 

from the production of ethylenes via oxidative dehydrogenation and enters the 

environment during its production, use, storage and transport, and from cigarette smoke 

or gasoline vapors (NTP, 1984). The parent compound, BD, is metabolized in the body 

via cytochrome P450s to the monoxide, butadiene monoxide (BMO). This is further 

metabolized to the ultimate metabolite, butadiene diepoxide (BDE) (de Meester et al. 
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1980; Cochrane and Skopek, 1994; Bond et al, 1995; Thornton-Manning et al, 1995a). 

BD and BDE have both been shown to have genotoxic and carcinogenic effects in mice 

and rats (NTP, 1984). Mice, however, are more susceptible to the effects of BD as 

compared to the rat (Owen et al, 1987). 

Previous studies confirm that using BDE causes ovarian effects on mice and rats. 

A study using B6C3Fi mice showed a dose-dependent decrease in ovarian weights and 

uterine weights after 30 days of daily dosing (Doerr st al, 1996). There was also a dose-

dependent decrease in the numbers of small and large preantral follicles. The ED50 for 

follicle loss indicated that doses of 0.10 and 0.14 mmol/kg were sufficient to cause 50% 

loss of follicles (Doerr et al, 1996). Similar results were observed in Sprague-Dawley 

rats but at higher doses. However, the ED50 for follicle loss was not determined in rats as 

the highest dose used only produced a 32% loss of follicles (Doerr et al, 1996). A 

separate study by Doerr et al (1995) found that the 0.14 mmol/kg dose of BDE caused an 

85% and 63% decrease in small and growing follicle, respectively, in B6C3Fi mice. 

Most follicles never undergo development to ovulation and are shunted down a 

pathway of atresia via apoptosis. Apoptosis is a naturally occurring cell death which can 

result from either physiological processes or can be induced by injury. Apoptosis has 

been shown to be the pathway of follicular death after treatment with VCD (Springer et 

al, 1996a). A common marker of apoptosis is the cysteine protease caspase-3. An 

increase in activity of this enzyme has been previously seen in correlation with follicular 

atresia (Boone and Tsang, 1998) and after treatment with VCD (Hu et al, 2001). 



To correlate the ovarian toxicity seen using VCD to other structurally related 

diepoxides, a dosing study was done using BDE on F344 rats. Fischer 344 rats were 

utilized because these rats previously exhibited follicular loss after 15 days of daily 

dosing with VCD. Previous studies with BDE, however, were done using a 30 day 

dosing regime, so another marker of follicular apoptosis, caspase-3, was measured. 

Therefore, the following study was designed to compare follicle numbers, wet tissue 

weights and caspase-3 activity after dosing with BDE for 10, 12 and 15 days. 
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Figure 3.1: Metabolism of 1,3-Butadiene (BD) to Butadiene Diepoxide (BDE). 
(Taken from Thornton-Manning et al, 1995b). 
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Results 

Counting of Oocytes 

To observe the first day of dosing with BDE that results in significant preantral 

follicle loss, oocytes contained in primordial, small primary, large primary and secondary 

follicles in ovaries fi'om control and BDE treated rats were counted. The number of 

oocytes for each group for days, 10, 12 and 15 were counted individually for one ovary of 

each rat, every 40'*' section. There were no significant differences in the follicle numbers 

for any follicle group or day of dosing (Fig. 3.2). Also, the numbers of antral follicles 

and presence of corpa lutea (CL) were observed in ovaries for treated versus control 

animals. The BDE treated animals showed no significant difference in the amount of 

antral follicles compared to control (Fig 3.3). For dI2 and dI5 there was a significant 

increase in the presence of CLs in the control animals compared to treated (p<0.05) 

(Table 3.1). 

Vaginal Opening 

Vaginal opening was assessed for animals on each day of dosing for d 10, 12 and 

15 (Table 3.2). There was no vaginal opening in treated or control animals dosed lOd. 

On d 12,3 out of 5 control animals displayed vaginal opening (mean day of opening 

37.37 ± 1.3) while no treated animals had opened. On dl5, all 5 controls had opened 

(mean day of opening 38.2 ± 2.2) and no treated animals had opened. 
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Body Weights 

Body weights of treated animals were significantly lower on dlO (p<0.05), dl2 

(p<0.05) and dl5 (p<0.05) (Fig. 3.4). 

Wet Tissue Weights 

Ovary, uterus, liver, kidney, spleen and adrenal tissues were removed on dlO, dl2 

and dI5 and normalized as a percent of body weight (Fig. 3.5). Compared with controls, 

ovarian weights significantly decreased for d 12 and dl5 (p<0.05), uterine weights were 

significantly decreased for dlO, dl2 and dl5 (p<0.05), liver weights were significantly 

increased for d 10, d 12 and dl5 (p<0.05), kidney weights were significantly increased for 

dlO, dl2 and dl5 (p<0.05), spleen weights were significantly decreased for dlO, dl2 and 

dI5 (p<0.05) and adrenal weights were significantly increased for d 10 and dl5 (p<0.05). 

Caspase-3 Activity 

Caspase-3-like activity is an indicator of apoptosis in cellular systems. Caspase-3 

measurements were done on isolated follicle fractions, Fl, F2 and F3 (as shown in 

methods), and for each day 10, 12 and 15. Results indicated a decrease in caspase-3 in 

fraction 3 follicles for dl5 of dosing and are shown as fluorescence per 30 |ig sample 

(control 2325.090 ± 934.893, BDE 327.423 ± 42.392, p<0.05) (Fig. 3.6). 
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Serum Estradiol 

Serum estradiol was measured using radioimmunoassay. Blood samples from rats 

dosed 15 days with control or BDE were collected and measured as described (Appendix 

1). Results indicate a significantly lower level of serum estradiol in BDE treated rats 

after 15 days of dosing compared to control rats (p<0.05) (Fig 3.7). 
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Figure 3.2: Effect of Daily Dosing with BDE on Follicle Numbers in F344 Rats. 
Rats were dosed daily with control or BDE (0.14 mmol/kg, ip) for 10, 12 or 15 days. 
Four hours after the last dose (d 10, 12 and 15), ovaries were removed, and histologically 
processed as described in methods. A) Primordial follicles, B) Small Primary follicles, 
C) Large Primary follicles, D) Secondary follicles (values represent the mean ± standard 
error, d 10, 12 and 15; n=5-7). 
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Figure 3 J: Effect of Daily Dosing with SDE on Antral Follicle Numbers in F344 Rats. 
Rats were dosed daily with control or BDE (0.14 mmol/kg, ip) for 10, 12 or 15 days. 
Four hours after the last dose (d 10,12 and 15), ovaries were removed and histologically 
processed as described in methods. Total antral follicle counts ford 10, 12 and 15 
(values represent the mean ± standard error, d 10, 12 and 15; n=5-7). 
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Treatment Ovary with CL P value 
dlO Control  0/5; 0% 

dlOBDE 0/7; 0% 

dl2 Control  3/5; 60% »p<0.05 
dl2 BDE 0/6; 0% 

»p<0.05 

dl5 Control  5/5; 100% 
•p<0.05 

dl5 BDE 0/6; 0% 
•p<0.05 

Table 3.1: Effect of Daily Dosing with BDE on Corpus Luteum in F344 Rats. 
Rats were dosed daily with control or BDE (0.14 mmol/kg, ip) for 10, 12 or 15 days. 
Four hours after the last dose (d 10, 12 and 15), ovaries were removed and histologically 
processed as described in methods. Total CL were counted for d 10, 12 and 15 and 
presented as percent of animals that have CL (d 10, 12 and 15; n=5-7; *p<0.05). 

Treatment Mean Day of vo 
dl2 Control  37.667 

dl2BDE N.O. 

dl5 Control  38.8 

dl5 BDE N.O. 

Table 3.2: Effect of Daily Dosing with BDE on Day of Vaginal Opening in F344 Rats. 
Rats  were dosed dai ly  with control  or  BDE (0.14 mmol/kg body weight ,  ip)  for  10,12 or  
15 days. At time of daily dosing, rats were checked for vaginal opening. Results are 
presented as mean day of vaginal opening. No rats at dIO were open, (vo: vaginal 
opening; N.O.: no opening; d 10, 12 and 15; n=5-7). 
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Figure 3.4: Effect of Daily Dosing with BDE on Body Weight in F344 Rats. 
Rats were dosed daily with control or BDE (0.14 mmol/kg, ip) for 10, 12 or 15 days. 
Body weight was measured every day before dose was administered. The last day of 
dosing is represented by treatment group (values represent the mean ± standard error, d 
10, 12 and 15; n=5-7, *p<0-05). 
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Figure 3.5: Effect of Daily Dosing with BDE on Wet Tissue Weights in F344 Rats. 
Rats were dosed daily with control or BDE (0.14 mmol/kg, ip) for 10, 12 or 15 days. 
Four hours after the last dose (d 10, 12 and 15), organs were removed, and weighed. 
Results are presented as percent of body weight. A) Ovaries, B) Uteri, C) Liver (values 
represent the mean ± standard error, d 10, 12 and 15; n=5-7 *p<0.05). 
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Figure 3.6: Effect of Daily Dosing with BDE on Caspase-3 Activity in F344 Rats. 
Rats were dosed daily with control or BDE (0.14 mmol/kg, ip) for 10, 12 or 15 days. 
Four hours after last dose (d 10, 12 and 15), ovaries were removed, weighed and digested 
with BSA and collagenase. Follicles were then separated into separate Fl, F2 and F3 
fractions, protein was isolated, and caspase-3 activity measured using fluorescence as 
discussed in the methods. Samples are shown using arbitrary units per 30 ng protein. A) 
dlO. B) dl2, C) dl5 (values represent the mean ± standard error, d 10,12 and 15; n=5-7 
•p<0.05). 
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Figure 3.7: Effect of Daily Dosing with BDE on Serum Estradiol in F344 Rats. Rats 
were dosed daily with control or BDE (0.14 mmol/kg, ip) for 15 days. Four hours after 
last dose (dl5), trunk blood was collected and serum estradiol measured using 
radioimmunoassay. The last day of dosing is represented by treatment group (values 
represent the mean ± standard error; n= 5-6, *p<0.05 from control). 
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Discussion 

Previous studies have demonstrated a decreased number of small and growing 

follicles after treatment for 30d with BDE (Doerr et al, 1996). Mice demonstrated a 50% 

loss of follicles and rats showed a 32% loss of follicles. However, this study was 

conducted in B6C3Fi mice and Sprague-Dawley rats. The present study involved daily 

dosing for 10, 12 and 15 days in Fischer 344 rats. Ovotoxicity has been observed in F344 

rats after 15 days of daily dosing with a related diepoxide, 4-vinylcyclohexene diepoxide, 

VCD (Springer et al, 1996a). Because repeated dosing with VCD induces follicular loss 

after 15d and 30d in F344 rats, this study was designed to determine whether a 15d 

dosing regime with BDE would produce similar results. 

After daily dosing for lOd, 12d and I5d with BDE. there was no effect on the 

numbers of primordial, primary or growing follicles. These results suggest that the 

ovotoxicity seen in mice and different strains of rats may be due to a longer dosing 

regime than the one employed here. If previously, only a 32% loss of follicles were seen 

after 30 days, dosing for 15 days would hypothetically show only a 16% loss of follicles. 

Alternatively, F344 rats may not be as sensitive to this effect as Sprague-Dawley rats. 

Body weights of the BDE treated animals were significantly lower in all treatment 

groups. There were also significantly lower numbers of ovaries with copra lutea (CL). 

Vaginal opening in treated animals was delayed up through the dl5 time point, whereas 

ail control animals had opened by that time. This could result ft-om a direct effect on 

antral follicle development or ftmction. '^p-estradiol is thought to be responsible for 

vaginal opening (Meijs-Roelofs et al, 1975). Thus, retarded antral follicle development 
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would result in reduced ''P-estradiol levels. Alternatively, vaginal opening in rats is used 

as a positive indicator of the onset of puberty. Therefore, delay of vaginal opening 

caused by BDE dosing may be an indirect result of retarded weight gain. Also, the 

significantly lower circulating estradiol in 15-day BDE treated rats indicates a delay in 

onset of puberty. In human females, the onset of puberty is correlated with menarche, the 

first menstrual cycle. It has been shown that a growth hormone deficiency, causing 

stunted growth, will delay the onset of puberty in human females (Lee, 2000). The 

reduced body weights, lack of vaginal openings and lower circulating estradiol in BDE 

treated rats indicates that puberty has been delayed. 

Normalized tissue weights of treated animals were significantly different from 

control: ovary, uterus and spleen were lower while liver, kidney and adrenal were higher. 

Ovarian weights were significantly decreased on days 12 and 15. Although there were no 

significant differences in the numbers of antral follicles, the decrease in ovarian weights 

could be caused by the absence of CL in the BDE treated ovaries. Uterine weights were 

also significantly decreased in BDE treated animals. This is likely the result of reduced 

' P-estradiol production by antral follicles, which was shown to be the case for BDE 

treated rats. Before the onset of sexual maturation, the levels of '^P-estradiol are low in 

the rat and increase to detectable levels with onset of puberty (Meijs-Roelofs et al, 1975; 

Castro et al, 2001). This increase of' P-estradiol at puberty has a proliferative effect on 

the uterus (Mori et al, 2001). Without the sexual maturation of the treated rats, there will 

be no concurrent increase in '^P-estradiol and no increase in uterine weight. 
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Liver weights in BDE treated animals were increased compared to control. The 

liver is a major site of bioactivation and detoxification of drugs and chemicals within the 

body. Previous studies have shown an induction in liver enzymes when exposed to 

foreign compounds (Debersac et al, 2001) and drugs (Nishimura et al, 2001). The 

increased liver weights may be caused by a hypertrophy of the detoxification enzymes in 

the liver. This would enhance the detoxification efforts of the body against the toxic 

effects of BDE. 

The fact that follicular atresia occurs via apoptosis has been well documented 

morphologically (Springer ei al, 1996a) and by intracellular characteristics (Tilly et al, 

1991). Another early apoptotic event is the cleavage of procaspase-3 to yield caspase-3, 

which then proceeds to cleave other cellular proteins in the pathway to cell death (Boone 

and Tsang, 1998). An increase in caspase-3 has been shown in the small preantral 

follicle fraction following 15 days of dosing with VCD (Hu et al, 2001). However, this 

was not seen with the BDE treatment in small preantral follicles. Conversely, there was a 

significant decrease in caspase-3-like activity observed after BDE treatment in >250um 

diameter flection (F3) antral follicles after 15 days of dosing. This suggests that BDE 

impacts antral follicles by a necrotic process, which would involve degradation of 

proteins including caspase-3. 

Treatment of F344 rats with BDE had a general toxic effect on the whole body, as 

demonstrated by reduced body weights. Furthermore, an ovarian effect was also seen as 

evidenced by delayed vaginal opening and decreased caspase-3 activity in antral follicles. 

In conclusion, BDE has a general toxic effect on the body seen concurrently with an 
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overall reproductive effect involving delayed puberty and possible necrosis of the large 

antral follicles as shown by decreased caspase-3. 
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CHAPTER 4 

Conclusions 

The purpose of these studies was to better understand the ovarian toxicity 

produced the environmental chemicals VCH and BDE. Previous research has shown that 

various environmental chemicals can have an effect on the reproductive system of 

mammalian females (Mattison and Schulman, 1980). These chemicals can have varying 

consequences depending on which stage of follicular development is affected. 

Administration of an environmental toxicant can lead to ovarian follicular death via 

apoptosis or necrosis. The ovarian effects of the S- and R-VCH enantiomers (Chapter 2) 

and butadiene diepoxide (Chapter 3) were evaluated on B6C3Fi mice and F344 rats, 

respectively. 

The environmental chemical, 4-vinylcyclohexene (VCH), is an occupationally 

released chemical from plastic and rubber manufacturing (Rappaport and Fraser, 1977; 

I ARC, 1982). This compound has been shown to significantly decrease the numbers of 

small and growing follicles after 15 and 30 days of daily dosing (Hooser et al, 1993; 

Doerr et al, 1995). Previous studies have shown a difference in the different 

pharmacological or toxicological effects of the enantiomers (FDA, 1992). The racemic 

mixture of VCH consists of two equal amounts of the enantiomers, S- and R-VCH. The 

ovarian effects of S- and R-VCH were determined after 15 days of daily dosing via 

follicle numbers and wet tissue weights. Significant decreases were seen in numbers of 

primordial, large primary and secondary for all treatment groups (low rac-VCH, high rac-

VCH, S-VCH and R-VCH). However, in small primary follicles, there was a significant 
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difference in the low rac-VCH, high rac-VCH and S-VCH with no significant loss of 

follicles for R-VCH. There was also a significant difference between the follicle 

numbers for S-VCH and R-VCH. This indicates that although the R-VCH enantiomer 

had an ovarian effect, the S-VCH enantiomer may be more ovotoxic. 

Follicles S-VCH R-VCH 
Primordial i 

Primary i — 

Secondary i i 

Tissues S-VCH R-VCH 
Ovary i i 
Liver — i 

Kidney t — 

Spleen i — 

Adrenal i — 

Table 4.1: Effect of Daily Dosing with VCH Enantiomers on Follicle Numbers and 
Tissue Weights in B6C3F1 Mice. Mice were dosed daily with control, low rac-VCH, 
high rac-VCH, S-VCH, R-VCH (low- 400 mg/kg, high- 800 mg/kg, S-VCH- 800 mg/kg, 
R-VCH- 800 mg/kg, ip) for 15 days. 

Another environmental chemical, butadiene diepoxide (BDE), is used in the 

synthesis of polymers, resins and plastics (lARC, 1986). BDE is a proven genotoxic and 

carcinogenic chemical (Meng et al, 2000; Henderson et al, 1999). Previous studies with 

BDE, 30d, have shown decreased follicle numbers in B6C3Fi mice and Sprague-Dawley 

rats (Doerr et al, 1995). Daily dosing with BDE for 10, 12 and 15 days produced no 

significant effects in the follicle numbers of any follicle size in F344 rats. Other 

reproductive effects, however, included decreased ovarian and uterine weights, delayed 

vaginal opening and decreased CL numbers. Caspase-3 activity was also measured using 

protein fi'om individual follicle fractions and found to be decreased in large antral 
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follicles. Taken together, this data seem to indicate a general toxicity with specific 

necrotic effects in the ovary. 

Further studies are required to fully elucidate the effects of these environmental 

chemicals on the ovaries of mice and rats. Future studies for the S- and R-VCH 

enantiomers should focus on in vitro ovarian effects and possibly the metabolism of each 

enantiomer to VCD specifically in the ovary. The effects of BDE on F344 rats need to be 

expanded greatly with a focus on longer dosing time and possible characterization of in 

vivo and in vitro species differences. 
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APPENDIX A 

Materials and Methods 

Reagents 

S- and R-enantiomers of VCH were synthesized (Mash and Gregg, 1995) and 

generously provided by Dr. Eugene Mash (Department of Chemistry, University of 

Arizona). VCD and racemic VCH were purchased from Aldrich Chemical Co. 

(Milwaukee, WI at 99% purity). Caspase-3 substrate (DEVD-AMC) was purchased from 

Alexis (San Diego, CA). M199 was purchased from Gibco/Invitrogen (Grand Island, 

NY). Triton XI00 was purchased from Promega (Madison, WI). '^(3-Estradiol 

antiserum, BDE (97% purity), sesame oil, DTT, NP-40, Tris, EDTA, NaCl, collagenase, 

DNase, BSA, PMSF, leupeptin, aprotinin, HEPES, glycerol, SDS and NaF were 

purchased from Sigma (St. Louis, MO). 

Animals 

Immature B6C3Fi mice or Fischer 344 rats (21 days) were purchased from Harlan 

Laboratories (Indianapolis, IN) and allowed to acclimate for 7 days. Animals were 

housed in plastic cages, 3-6 animals per cage, maintained on a 12 hour light/dark cycle in 

a controlled temperature of 22 ± 2°C. Animals were fed Purina rat chow and water ad 

libitum. The University's Institutional Animal Care and Use Committee approved all 

experiments using animals. 
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Dosing 

Mice (28d) were weighed and dosed (i.p.) either one day or daily for 15 days with 

either sesame oil (2.5mL/kg) as vehicle control; 80 mg/kg VCD; 400, 800, 1600 mg/kg 

racemic VCH; 200,400, 800 mg/kg S- or R- VCH. Rats (28d) were weighed and dosed 

(i.p.) daily for 10, 12 or 15 days with either sesame oil (2.5mL/kg) as vehicle control or 

BDE (0.14mmol/kg). 

Follicle Isolation 

Collection and separation of follicles into distinct size groups was done as 

previously described (Flaws et ai, 1994a). Briefly, animals were euthanized with CO2 

either four hours after I''' dose (age 28 days), 24 hours after dose (age 29 days) or four 

hours after last dose on day 10, 12 or 15 (age 37,39 and 42 days). Ovaries were removed 

and placed in cold M199. They were then diced into smaller sections and subjected to 

digestion using Ml99, collagenase, DNase and BSA and incubated in a 37°C water bath. 

Dissociate was washed several times and filtered through a 250 nm filter. The greater 

than 250 ^m fraction was saved and labeled Fraction 3 and the filtered solution was 

separated by mouth into Fraction 1 (25-100 nm) and Fraction 2 (100-250 ^m). 

Histology and Follicle Counting 

Animals were killed 4 hours after last dose. Ovaries are collected, trimmed of fat, 

weighed and placed in 1 ml Bouin's fi.xative (75 ml Picric Acid, 25 ml 37% 

formaldehyde, 5 ml glacial acetic acid). Wet tissue weights are then obtained of the liver, 

uterus, kidneys, adrenals and spleen. Ovaries are washed with 70% alcohol after 4 hours 

and rewashed 24 hours later. They were then embedded, serially sectioned into 5-7 ^m 
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sections, (every 20'*' section saved for mice or every 40'*' section for rat), mounted on 

slides and stained with hematoxylin and eosin. Follicles are counted and labeled into 

distinct groups as previously described (Smith et al, 1990a). 

Protein Determination 

Protein determination was done using the Pierce BCA Protein Assay Kit. Briefly, 

PBS (1%, 24 ul) and Working Reagant (200 ul) are added to isolated total protein (1 ul). 

Samples are incubated in a shaking HjO bath (enhanced 60°C for 30 min, standard 37°C 

for 30 min). A standard curve (Bovine Serum Albumin, BSA) of known concentrations 

(enhanced 5-250nm, standard 25-1500nm) was also analyzed. The optical density is 

determined at 562 nm. The standard curve is plotted and values for unknowns and 

samples are determined by linear regression. 

Caspase-3 Activity 

The cleavage activity of caspase-3 protease was determined using fluorescence as 

previously described (Hu ei al, 2001). Briefly, 30 ug of sample is added to a buffer (5% 

NP-40, Tris, EDTA, NaCl and H20) and HEPES/NaCl/DTT mixture. The caspase-3 

substrate (Ac-DEVD-AMC) is added to each tube and the samples are incubated at 37°C 

for 60 minutes. Fluorescence of samples and an internal standard curve is measured at 

wavelengths of 380nm for excitation and 460nm for emission. 

Radioimmunoassay 

Serum 17p-estradiol was measured by radioimmunoassay. Briefly, duplicate 

serum samples (250 |il) were extracted twice with diethyl ether. Samples were incubated 

with an E: antibody (Sigma; cross reactivity with 17a-estradiol 5%, with estrone 4.8%, 
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with estriol 1.3%, with testosterone and progesterone <0.01%) and ^H-labeled Et (NEN, 

NET-517, 118 Ci/mol; 9 pg/tube) in assay buffer (0.05 M Tris-HCl, pH 8.0,0.1 M NaCl, 

0.1% gelatin, 0.1% sodium azide) overnight at 4°C. Samples were then incubated with 

200 |il of charcoal solution (0.5% activated charcoal, 0.05% dextran T-70; in assay 

buffer) for 15 minutes and centrifiiged at 6,900 x g for 10 minutes at 4°C. Supernatant 

was poured into scintillation vials and cpm determined in a scintillation counter (5801 

Becicman. Fullerton, CA). The sensitivity of the assay was 1.711 pg/tube. 

Statistical Analysis 

All experiments for follicle isolations were repeated with separate groups of 

animals (5-6 animals/treatment group) for independent observations. Statistical analyses 

involving more than two groups in the VCH enantiomer study utilized one-way analysis 

of variance (ANOVA) and a mean separation test using Fischer's PLSD (protected least 

significant difference). Statistical analysis for the BDE study used one-way analysis of 

variance (ANOVA) for each separate day. Statistical analysis for the percentage of 

corpra lutea was analyzed using One Sample Analysis Chi Squared Test. Mean values 

were analyzed and error estimates are given as standard error of the mean (SEM). 

Statistical significance was assigned at p<0.05. Significance is shown using either 

different superscripts or asterisks from control. 
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APPENDIX B 

A SINGLE DOSE OF THE OVOTOXICANT 4-VINYLCYCLOHEXENE 
DIEPOXIDE IS NOT PROTECTIVE IN B6C3FI MOUSE FOLLICLES 

Abstract 

The occupational chemical 4-vinylcyclohexene (VCH) is converted in the body to 

yield the ovotoxic metabolite 4-vinylcyclohexene diepoxide (VCD). Administration of 

this chemical causes a significant decrease in the numbers of small and growing follicles 

in mice and rats (Flaws et al, 1994a; Kao et al, 1999). A single dose of VCD has been 

shown to cause a decreased rate of atresia in F344 rats, initiating a protective effect that 

can be correlated to decreased levels of the cell death gene box (Borman et al, 1999). To 

determine if this protective effect is also seen in mice, a single dose was given to B6C3Fi 

mice and follicle numbers were counted. There was a significant decrease in small 

primary follicles (p<0.05) and large primary follicles (p<0.05) 24 hours after a single 

dose and in small primary follicles (p<0.05) 15 days after a single dose. In conclusion, 

the injection of a single dose of VCD is not protective in B6C3Fi mice. 
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Introduction 

Research in our laboratory has focused on the occupational chemical 4-

vinylcyclohexene (VCH) and the diepoxide metabolite (VCD). Ovotoxicity caused by 

VCH and VCD is specific for small pre-antral follicles (primordial and primary) and can 

lead to premature ovarian failure (Hirshfield, 1991; Flaws et al, 1994b and Hoyer and 

Sipes, 1996). VCD has been shown to have an effect on the follicle numbers of treated 

mice and rats (Flaws et al, 1994a; Kao et al, 1999). Specifically, thirty days of daily 

dosing with VCD causes a decrease in the number of estrous cycles and follicles in adult 

Fischer 344 rats (Flaws et al, 1994a). Studies done using VCD for 15 days on F344 rats 

have also shown a significant decrease in primordial and primary follicles (Springer et al, 

1996a). There has also been a study dosing with VCD for 1 day. This was shown to 

have a 'protective effect' in the ovary, as there were significantly increased numbers of 

primary follicles 15 days after 1 dose (Borman et al, 1999). This was correlated to a 

decrease in the cell death gene box seen 24 hours after 1 dose. It is thought that VCD 

initiates its protective effect through a decreased rate of atresia in these follicles. 

Previous results show decreases in follicle numbers in B6C3Fi mice 30 and 15 

days after dosing with VCD (Doerr et al, 1996; Kao et al, 1999). This study was 

designed to show a correlation between the rat protective effect and the effect in mice 

after 1 day of dosing with VCD. 
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Results 

Counting of Oocytes 

To observe the ovarian effect of 1 day of dosing with VCD, oocytes contained in 

primordial, small primary, large primary and secondary follicles in ovaries from control 

and VCD treated mice were counted after 24 hours and 15d (days 2 and 15). The number 

of oocytes for each group were counted individually for one ovary of each mouse, every 

20"^ section. There was no significant effect for primordial or secondary follicles for 

either group (24 hours or 15d). However, small primary follicles (p<0.05) and large 

primary follicles (p<0.05) were significantly decreased 24 hours after 1 dose and small 

primary follicles were significantly decreased 15 days after 1 dose (p<0.05). 
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Figure B.l: Effect of I Dose with VCD on Follicle Numbers after / Day and 15 Days. 
Mice were dosed with control or VCD (80 mg/kg, ip) for 1 day and euthanized after 24 
hours or 15 days (d 2 and 15). Ovaries were collected and histologically processed as 
described in methods. A) Primordial follicles, B) Small Primary follicles, C) Large 
Primary follicles, D) Secondary follicles (values represent the mean ± standard error; 
n=12 •p<0.05). 
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Discussion 

Research in our laboratory and others have shown the effect of VCH on small and 

large follicles in F344 rats and B6C3Fi mice (Flaws et al, 1994a; Kao et al, 1999). After 

15 and 30 days of daily dosing, there is a significant decrease in the numbers of affected 

follicles. A recent study has shown the effect of a single day of dosing in F344 rats 

(Borman et al, 1999). Fifteen days after a single dose, there was an increase in primary 

follicles numbers with a concurrent decrease in box mRNA. This study was designed to 

ascertain the effect of VCD in B6C3Fi mice after 1 dose. Twenty-four hours and 15 days 

after a single dose of VCD, there was a significant decrease in the numbers of primary 

follicles. This eliminates the theory of a 'protective effect' in mice from VCD dosing. 

The varying results between the rats and mice may be caused by metabolism of 

the toxicant. B6C3Fi mice are more susceptible to VCH, the parent compound of VCD. 

Mice metabolize VCH quicker than rats with 95% metabolized in 24 hr for mice while 

rats require 48 hours to metabolize 95% (Smith et al, 1990a). This quicker metabolism 

of VCH to the ultimate toxicant VCD causes the increased follicle loss seen in mice 

compared to rats (Smith et al, 1990b). The mouse may also be more susceptible to VCD 

because of its enhanced bioactivation and decreased detoxification as compared to the rat 

(Smith et al, 1990c). In conclusion, the metabolism of B6C3Fi mice may not allow the 

single dose of VCD to have a protective effect in ovarian follicles. The inferior ability of 

mice to detoxify VCD causes an increased rate of atresia that can be seen as early as 24 

hours after the initial dose. 
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