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Introduction 

 The female reproductive cycle is a delicate and complex system that normally 

lasts throughout the majority of a woman’s life. It begins when primordial germ cells 

differentiate to become oogonia (McLaughlin et al., 2008). The newly developed oogonia 

then travel to the gonad where they become oocytes. The process of folliculogenesis 

begins when pregranulosa cells are gathered around an oocyte to form a primordial 

follicle. The oocytes remain inactive at this stage, meitotic prophase I, until they are 

needed for ovulation. Only some oocytes are stimulated into further development and 

only one is selected for ovulation during each menstrual cycle. The oocytes grow and the 

follicles mature to become primary, secondary and antral follicles. Once they have 

reached the latter stage, the synthesized zona pelucida has proliferating granulosa cells 

around it. An increase in lutenizing hormone at the time of ovulation induces maturation 

and the completion of the first meitotic division.  

Unlike males, females can not renew their germ cell reserve; the amount of 

oocytes is finite and limited. Apoptosis, programmed cell death, occurs natually in the 

female gonad. The loss of oocytes begins before birth. It is predicted that 7X106 germ 

cells exist at week 20 of gestation, but by birth the number is decreased to about 1X106. 

Only 400 to 600 oocytes are lost through ovulation in a woman’s lifetime, thus, oocyte 

atresia is the common cause of follicle loss (Guylas et al., 1979). At about the fifth 

decade of life most of the oocytes in a woman’s body are depleted (Tilly, 1998). The 

complete depletion of ovarian follicles causing permanent cessation of menstruation is 

called menopause. 
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 Menopause has three distinct stages that all women must undergo (Silbergeld et 

al., 1999). The first stage in this transition consists of an increase in the rate of follicular 

atresia and an increase in anovulatory menstrual cycles. This change also shows a rise of 

FSH (follicle stimulating hormone) and a decrease in progesterone and inhibin. In the 

second stage, the rate of atresia continues to increase and body levels of 17β-estradiol 

begin to fall. The menstrual cycle is also affected with changes in length and bleeding 

patterns. At the final stage, the ovary is completely emptied of follicles, circulating levels 

of FSH and LH are significantly high and synthesis of estrogen is shifted to adipose 

tissue. All of the stages are subject to hot flashes and night sweats.  

 Menopause is an important event in a woman’s life for two reasons. First, a 

woman’s reproductive lifestyle becomes severely limited with the loss of fertility. 

Secondly, menopause is associated with an increase in risk for several diseases. Some 

examples are osteoporosis, cardiovascular diseases, several cancers and impaired immune 

function (Silbergeld et al., 1999). These health risks occur because of the marked 

decrease in estrogen production. To help combat this, women can undergo hormone 

replacement therapy which significantly lowers the chances of disease. The sooner a 

woman undergoes menopause, the higher her risk of disease will become. If menopause 

occurs around age 40, it is called premature menopause. Since menopause leaves a 

woman more susceptable to disease, the chance of acquiring one increases if more of her 

lifetime is spent at this stage. Recent studies have also shown that women that experience 

menopause prematurely are also more likely to have shorter lifespans (Silbergeld et al., 

1999).  
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For these reasons, any environmental inducers of menopause or premature 

menopause are considered to be dangerous and are the focus of much research. Women 

encounter many of these chemicals in regular everyday situations. Since there are several 

ways to disrupt or harm the female reproductive system, the focus of this paper will be on 

toxic chemicals that directly affect the ovary. 

Toxic Chemicals Affecting Oocytes 

4-Vinylcyclohexene Diepoxide 

Women who work in manufacturing plants of synthetic rubber, tires or 

insecticides are routinely exposed to the chemical 4-vinylcyclohexene diepoxide (VCD) 

(Hoyer et al, 1996).                              

Originally this chemical was studied for its cancerous properties which particularly 

affected the ovary with mice and rats used as model organisms. It was later shown that 

repeated exposure of VCD caused a rapid decrease in the number of oocytes in the ovary.  

The earliest signs of damage from VCD were be observed after ten days of 

constant exposure and loss of oocytes began soon after (Hoyer et al, 1996). After 30 days 

of exposure, 80% of the primordial follicles had been destroyed. Repeated dosage of 

mice with VCD revealed that the depletion of oocytes was occuring through apoptosis, 

programmed cell death, of primordial follicles. There was little direct affect seen on 

larger sized follicles. They were affected once the pool of available primordial follicles 

began to lessen and they decreased accordingly. The apoptosis of these follicles was 

Figure 1. 4-vinylcyclohexene 
diepoxide 
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morphologically similar to the naturally occuring process of atresia. It was determined 

that VCD affects the ovary by increasing the rate of atresia (Hoyer et al, 1996).  

Cigarette Smoke and Polycyclic Aromatic Hydrocarbons 

Along with the many risks that smoking produces, it is also detrimental to the 

ovary. Cigarette smoke is frequently encountered during daily life. A connection between 

cigarette smoke and early menopause was first made when women smokers were found 

to have high levels of FSH as compared with non smokers. As previously mentioned FSH 

levels increase in women who are undergoing or approaching menopause making it a 

very useful biomarker (Windham et al., 2005). It was first determined that smoking 

causes women to have changes in their menstrual cycles. In particular it decreased the 

length by shortening the follicular phase (Windham et al., 2005). This is assumed to be 

caused by the high levels of FSH recruiting follicles to participate in ovulation faster, 

thus eventually decreasing the number of primordial follicles. This decrease in time also 

did not allow the follicles to develop adequately and compromised the function of the 

corpus luteum.  

Cigarette smoke has several toxic chemicals that could induce premature 

menopause thus allowing for several mechanisms to take place. One specific group of 

chemicals found to damage oocytes directly is polycyclic aromatic hydrocarbons (PAHs) 

(Matikainen et al., 2001). Of this group three chemicals have been further studied 9:10-

dimethyl-1:2-benzanthracene (DMBA), benzo(a)pyrene (BP) and 3-methylcholanthrene 

(MC) seen in Figure 2. PAH compounds cause the oocyte to undergo apoptosis by 

activating a specific gene called Bax, which will be further discussed later. Once all of 

the oocytes have been depleted ovarian tumors may arise (Mattison, 1979). Mice were 
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shown to be more sensitive to these compounds than the rats. When tested, these 

chemicals produced a loss of oocytes within 14 days in mice which was followed by a 

later loss in rats (Mattison, 1979). DMBA was shown to target both small and large 

follicles (Hoyer et al., 1996). Given that no other PAHs were able to exhibit this activity, 

DMBA is classified as an extremely potent chemical for oocyte destruction (Hoyer et al., 

1996).  

In another study the effects of MC on primordial 

follicles were observed (Guylas et al., 1979). Specific stages of follicle destruction were 

studied by use of an electron microscope. Cells that were in the advanced stages of 

destruction were identified in thick sections. The shape of the nucleus had been deformed 

and ooplasm density was greater. The mictochondrial cristae had been severly damaged 

or removed, the perinuclear space was swollen and there were large amounts of clumping 

of the peripheral chromatin. In larger follicles the damage went even further. Both the 

nucleoplasm and cytoplasm of the oocyte were condensed. Lysosomes and residual 

bodies were present in large amounts in the cytoplasm. Surrounding follicular cells 

appeared to have engulfed portions of the damaged oocyte. After only 3 days of exposure 

to MC, only 2-3% of small primary and primordial follicles remained.  

Other chemicals found in cigarette smoke also have the potential to affect ovarian 

function. The toxic metal, Cadmium (Cd), has been seen to disrupt oocyte development 

in many species (Thompson et al., 2008). For example, in hamsters ovulation was 

inhibited by a dose of about 5mg/kg of CdCl2. This failure was attributed to necrosis, 

Figure 2. 3-methylcholanthrene 
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hemorrhage and low progestrone levels. At this dosage, the lesions healed after four days 

but at higher doses ovulation was stalled for longer periods. High doses of Cd halt oocyte 

maturation, decrease the number of oocytes and increase oocyte degeneration. The 

principal alkaloid in cigarette smoke is nicotine and it is easily absorbed throught the 

permeable membranes of ovarian follicles (Zenses, 2000). At extremely high doses, 

nicotine is capable of stopping oocyte maturation and causing meiotic arrest.  

Cancer Treatments 

Chemotherapy and Radiotherapy have both been used as methods to increase the 

lives of many young cancer patients (Meirow et al., 2001). However major side effects 

have been observed that severely compromise ovarian function and cause sterility. The 

probability of premature menopause is discussed with patients beforehand since treatment 

has the ability to decrease the quality of life and self esteem a patient might have after 

cancer therapy. 

Radiation is known to affect ovarian function of patients differently with respect 

to their age, older women being at greater risk for sterility. It is estimated that 20Gy 

produces ovarian failure in patients under forty while only 6Gy is needed in those over 

forty. Radiation also has greater probability of procuring damage to the ovary when it is 

being used to treat cancers that affect the pelvic area such as cervical or rectal cancer.  

Chemotherapy-produced ovarian failure is unfortunately very common. Just as 

with radiation, the age of the patent at the time of chemotherapy reflects the amount of 

damage done to the ovary with older patients having the most risk. The reason for the 

resistance in younger patients is believed to be due to their larger reserve of follicles.  A 

study was done on breast cancer patients in which cyclophosphamide was administered 
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(Meirow et al., 2001). Around one third of the patients became amenorrheic and even a 

higher proportion experienced amenorrhea one year after their chemotherapy had been 

completed. About 28% of  patients that were under 35 had persistent irregular menses, 

demonstrating that even though older patients are at higher risk, younger women were 

also affected. Another study compared several women treated for ovarian germ cell 

tumors (Meirow et al., 2001). The median age during treatment was 15 and the median 

age during the study was 25. The results yielded that 13% of patients had abnormal 

menstruation, 15% experienced amenorrhea and 8% developed permanent amenorrhea. 

Both radiation and chemotherapy attack the DNA in ovarian follicles and eventually 

induce apoptosis. A histology-focused study was performed on the follicles following 

both treatments. The chemotherapy-exposed cells exhibited pregranulosa swelling and 

positive apoptotic staining.  

The common chemotherapeutic drug 

cyclophosphamide (Figure 3), , is also used for dermatologic treatment of skin disorders 

(Saoji, 2008). Four separate cases of cyclophosphamide-procured premature ovarian 

failure were observed. The first case was a 28 year old woman with scleroderma who was 

treated with cyclophosphamide after steroids had produced little relief. By four months 

the patient showed improvement but after a year she developed amenorrhea. The patient 

then had an endocrine evaluation in which she was determined to have premature ovarian 

Figure 3. Chemical 
structure of 
cyclophosphamide. 
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failure. Since ovarian failure had already occurred, the patient chose to continue 

treatment with cyclophosphamide rather than with steroids because it was more efficient. 

The second case was a 30 year old woman exhibiting several blisters on her body and 

oral ulcers, later diagnosed as pemphigus. The patient was treated with 

cyclophosphamide and after eight months she noticed amenorrhea. She had no 

spontaneous menses until two years after she discontinued use of the drug which was the 

same time her pemphigus returned. The patient decided to resume use of 

cyclophosphamide.  

The third case was a 29 year old woman with scleroderma that had been treated 

with steroids with minimal results. When her disease became increasingly severe, she 

was prescribed cyclophosphamide and showed improvement within three months. After 

ten months of use the patient had become amenorrheic and an endocrine evaluation 

showed that she had ovarian failure. The patient decided to discontinue the use of 

cyclophosphamide even with gradual return of disease. The final case was a 38 year old 

woman with hypersensitivity vasculitis who came to be treated with cyclophosphamide. 

After eight months the patient had developed amenorrhea and had ovarian failure. For all 

of these women cyclophosphamide provided relief but at a high cost, ovarian failure. The 

use of cyclophosphamide is a decision that must be carefully considered. 

The Bax Gene and its Affects on the Mechanism of Apoptosis 

Most of the chemicals discussed affect the ovary by inducing folliclular apoptosis. 

While apoptosis is not yet fully understood, there are some genes that have been studied 

to have major roles in the mechanism. The Bax gene is a proapoptotic member of the 

Bcl-2 family of cell death modulators (Takai et al., 2003). In mice that lacked the gene 
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coding for bax, oocytes were found to be more resistant to both natural cell death and that 

induced by toxic chemicals.  

 

Acid sphingomyelinase (ASMase) is an enzyme that produces ceramide which is 

also proapoptotic. When ceramide induces apoptosis, its regulatory step is governed by 

Bax. Mice that were born without ASMase had larger stores of primordial follicles (Takai 

et al., 2003). This enzyme has been the focus of studies concerning chemotherapy 

induced apoptosis. The first relationship between ASMase and apoptosis was found in a 

comparison of normal and ASMase lacking mice (Morita et al., 2000). Mice without this 

enzyme were much more resistant to natural apoptosis and experienced hyperplasia 

unlike their normal wildtype counterparts. Follicles were collected and analyzed from 

both groups. The normal follicles experienced a normal rate of apoptosis while the 

ASMase-lacking follicles showed a much more decreased rate. This helped explain why 

ASMase deficient mice had hyperplasia during ovarian development.  

Another protein that causes apoptosis and is regulated by Bax is the aromatic 

hydrocarbon receptor (AhR) (Matikainen et al., 2001). These receptors are required for 

oocyte cell death after exposure to PAH. To determine that it was AhR that caused 

apoptosis, both DMBA and its biological intermediate (DMBA-DHD) were injected into 

the cells of normal mice and mice with an inactive AhR. Normal mice lost oocytes to 

apoptosis while the mice lacking AhR did not. Mice that have lost the function of these 

receptors were seen to have twice as many oocytes as normal counterparts.  

Figure 4. 3D structure of Bax 
protein, coded by the Bax gene. 
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When PAH was injected into an oocyte an increase in Bax protein was observed, thus 

providing evidence for the relationship between Bax and AhR. To further support this 

theory, a Bax promoter- green flourescent protein construct was inserted into several 

oocytes to help analyze Bax transcription. In AhR null mice there was little, if any, of the 

construct present after exposure to PAH. In mice with normal AhR function the construct 

was clearly visible.  

 Bax protein is also present in apoptotic cells exposed to 4-vinylcyclohexene 

diepoxide (Springer et al., 1996). A study was done consisting of two groups of rats in 

which one was the control group injected with seasame oil and the other with 4-

vinylcyclohexene diepoxide. After ten days of regular dosage, total RNA was extracted 

from follicles in both groups. mRNA of the 4-vinylcyclohexene diepoxide-treated mice 

had increased bax mRNA relative to the control. This evidence supported the idea that 

oocytes are destroyed by 4-vinylcyclohexene through apoptosis. It also reinforced that the 

bax gene regulates cellular apoptosis. 

Efforts to Combat the Effects of Toxic Chemicals on Ovarian Function 

 Although it is beneficial to identify chemicals that produce premature menopause, 

efforts have also been made to try to reduce their potency. Since these chemicals are 

encountered on a regular basis it is difficult to lessen the amount of exposure. Instead 

ovarian function would be more efficiently protected if those chemicals were essentially 

disarmed of their harmful effects.  

  Currently, for young cancer patients who are to be treated with radiation, a very 

expensive and intrusive option is available, ovarian transposition (Figure 5) (Meirow et 

al., 2001).  
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This is a surgical procedure that reduces damage from 

radiation but not chemotherapy. The area to which the ovaries are transposed depends on 

what type of cancer the patient has and subsequently where the radiation will take place. 

For example, for cervical cancer the ovaries should be transposed high and lateral above 

the pelvic brim. The success of ovarian transposition is high but the surgical procedure 

itself can have complications. Examples include injury to vasculature, fallopian tube 

infarction and ovarian cysts.  

 While studying the activity of ASMase, researchers found a chemical that 

protected the ovary from several chemotherapy drugs and radiation. Ceramide activates 

the enzyme ASMase to produce apoptosis in the follicle (Tilly et al., 2002). 

Sphingosine-1-phosphate is a lipid that acts as an 

antagonist to ceramide. Knowing this information, a test was conducted to see how much 

protection S1P provided against chemotherapy and radiation. S1P was injected into one 

group of female mice two hours before radiation. A separate group consisted of the 

Figure 5. Common sites for ovarian 
transposition. 
     in intraabdominal paracolic gutters 
     
     laterally within pelvis 
      
     anterior to psoas muscles 
 
(Tamar etal., 2005) 

Figure 6. Structural formula of 
sphingosine-1-phosphate 
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control mice. Two weeks later the ovaries of both groups were collected. The control 

group had lost around 80% of its oocytes to radiation. The S1P mice ovaries were almost 

identical to ovaries that had not been treated with radiation, thus proving to be an 

effective shield against radiation. A separate study isolated ooytes of sphingomyelin 

phosphodiesterase 1 (SMPD1) null and normal female mice (Morita et al., 2000). It 

should be noted that SMPD1 is a type of ASMase and its deficiency is brought on by 

exposure to S1P. Both groups of oocytes were given doses of the chemotherapeutic drug, 

doxorubicin (DXR). The SMPD1 null oocytes were almost completely resistant to follicle 

destruction by DXR, which was not the case for the normal oocytes.  

 SP1 shows a lot of hope for young cancer patients but many concerns about it still 

remain unanswered. SP1 needs to be tested for harmful side effects, especially any that 

might concern reproductive function, on both the tested and its offspring. SP1 has shown 

to be effective in mice and while mice are excellent model organisms because of their 

similarity to humans, they are still not humans. 

 Very little research has been done on reducing the effects of other 

chemotherapeutic ovotoxic chemicals. This might be due to the fact that cancer is a 

difficult condition to handle. Since chemotherapy and radiation have the potential to 

combat it, they must be used and reproductive function, unfortunately, takes a backseat. 

Cancer therapy is different from smoking because of the smaller choice of freedom 

involved. People voluntarily choose to smoke whereas cancer therapy is necessary for 

survival. For this reason, it is possible that protection of the ovaries from cancer therapy, 

as opposed to other ovotoxicants, is considered the greatest priority.  
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 Research towards preventing premature menopause is promising and progressing 

rapidly. However there are still more studies and experiments needed before premature 

ovarian failure becomes a distant memory. More chemicals may exist that affect ovarian 

follicles and the exact mechanism of apoptosis and the genes involved needs to be further 

explored. The advancements made so far do not show premature menopause to be 

inevitable. On the contrary, they open doors to possiblities for preventing premature 

ovarian failure and maybe even prolonging the onset of menopause.  
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