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ABSTRACT 
 

Polycystic ovary syndrome (PCOS) is a disorder of the reproductive endocrine system that 

affects 6-20% of pre-menopausal women worldwide. Disruptions in the hypothalamic-pituitary-

gonadal axis (HPG axis) and its upstream control counterparts are thought to lead to the 

development of PCOS. The main symptoms of PCOS include infertility, hyperinsulinemia, 

anovulation or oligoovulation, amenorrhea or dysmenorrhea, hyperandrogenemia, secondary 

hirsutism, obesity, and the presence of multiple cysts on ovaries. The cause of PCOS is not 

exactly known, but is hypothesized to be consequent of genetic polymorphisms, exposure to 

endocrine disrupting chemicals during development, and hypermethylation in reproductive 

genes. Mutations can predispose a patient to PCOS; polymorphisms in CYP and AR genes are 

some of the most well- researched. Exposure to plasticizers may also lead to the development of 

PCOS phenotypes including cystic ovaries and problems with fertility and steroidogenesis. Data 

also suggest that there are epimutations resulting from contact with endocrine disrupting 

chemicals during development that can be carried through a germline. Current treatments for 

PCOS include a combination of oral contraceptives, metabolic medications, and lifestyle 

changes. Typically, patients are treated with variations of all three categories to manage the wide 

range of symptoms. Novel treatments aim to target symptoms directly from the source with 

increased efficacy and fewer side effects, however, more research is necessary to perfect a 

lifelong treatment for PCOS. 
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OVERVIEW OF PCOS 
 

Polycystic ovary syndrome (PCOS) is a multifaceted reproductive endocrinopathy that 

affects between 6-20% of reproductive-age women worldwide. PCOS is caused by disruptions in 

the hypothalamic-pituitary-gonadal axis (HPG axis) and its upstream control counterparts: 

kisspeptin, neurokinin B, and dynorphin (KNDy). Dysfunctions in this pathway cause the main 

symptoms that characterize PCOS; infertility, hyperinsulinemia, anovulation or oligoovulation, 

amenorrhea or dysmenorrhea, hyperandrogenemia, secondary hirsutism, obesity, and the 

presence of multiple cysts on ovaries. Current treatments for PCOS can be categorized into three 

groups: hormonal supplements such as oral contraceptives, metabolic medications, and lifestyle 

changes that include a more balanced diet and increased exercise. Typically, patients are treated 

with variation in all three categories to manage their diverse symptoms (Witchel et al., 2019). 

 
 
HPG AXIS & THE MENSTRUAL CYCLE 

 
The HPG axis and KNDy system consist of neuropeptides and hormones that all play a 

significant role in the healthy function of female reproductive organs. The organs responsible for 

the operation of this pathway are the hypothalamus, anterior pituitary gland, and the gonads 

(ovaries) (Figure 1). Hormonal and neuronal components include hypothalamic KNDy neurons 

that control gonadotropin-releasing hormone (GnRH) release, the pituitary gland gonadotropins, 

and the gonadal steroid hormones. This pathway is the main regulator of the menstrual 

(ovulatory) cycle in women. 

The most upstream part of the HPG axis is the KNDy system, comprised of the 

neuropeptides kisspeptin, neurokinin B, and dynorphin. The interplay of these three components 

control the release of GnRH from the nuclei of the hypothalamus in response to negative 

feedback from the gonadal steroid hormones. Found within the nuclei of the hypothalamus are 
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kisspeptin receptors which when bound, trigger the release of GnRH from the hypothalamus. 

Kisspeptin can express sex-steroid receptors and mediate the effects of estrogen on GnRH 

(Zeydabadi Nejad et al., 2017). The network of vessels that direct GnRH to the anterior 

pituitary gland are known as the hypophyseal portal system (Figure 1). Once in the anterior 

pituitary, GnRH binds to a GnRH receptor (GnRHR) which triggers the molecular cascade 

resulting in the biosynthesis and release of LH and FSH (Casteel & Singh, 2020). 

 

 
Figure 1. An overview of the HPG axis and its purpose in proper endocrine functioning in the gonads. The image 
shows the hypothalamus releasing GnRH into the hypophyseal portal system, the anterior pituitary gland circulating 
its gonadotropins LH and FSH, and the gonads along with their function. Image retrieved from: Site Assets: HPG axis. 
(2014). Thackray Lab. 

 
 

When FSH is released from the anterior pituitary into the bloodstream, it targets ovarian 

granulosa cells to impact follicular growth and control steroidogenesis (Figure 2). 

Folliculogenesis, the development of ovarian follicles, is caused by higher levels of FSH and 

dominates during the first half of the menstrual cycle. During the follicular phase, serum estrogen 

levels rise with the growing follicle and the presence of FSH can increase the number of LH 

receptors on ovarian cells. This promotes the release of LH from the anterior pituitary and 

stimulates P450 aromatase (CY19) activity, overall regulating steroidogenesis. This is  important 
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leading up to ovulation on day 14 of the cycle. An LH spike precedes the rupture of the mature 

follicle and release of the egg from the ovary. This begins the second half of the menstrual cycle, 

the luteal phase. LH is essential because it stimulates the production of androstenedione and 

testosterone, both of which are converted to estrogens by CYP 19 (Reed & Carr, 2000). 

 
 

 
Figure 2. A diagram of ovarian theca and granulosa cells and their roles in the production of gonadal steroid hormones. 
LH binding to the thecal cell signals a cascade that drives the conversion of cholesterol to androstenedione by multiple 
enzymatic processes. Androstenedione is then moved across the basement membrane to the granulosa cell, where 
bound FSH stimulates P450 aromatase (CYP19) leading to the conversion of androstenedione to estradiol (Reed & 
Carr, 2000). 

 
 

Estrogens are steroid hormones including estradiol, estriol, and estrone that are mainly 

produced in the cells of the ovary. They play a large role in development of female 

secondary sex characteristics and specifically, estradiol impacts maturation of the main follicle in 

the ovary (Witchel et al., 2019). In studies of women with PCOS, cells of their ovaries were 

found to have little CYP19 activity, fundamentally halting the conversion of testosterone to 

estrogen (Prapas et al., 2009). Malfunctional CYP19 can lead to an abundance of testosterone 

and a shortage of estrogens; abnormally low amounts of estrogen cause patients to experience 

menstrual cycles over 35 days (considered oligomenorrheic) and patients to experience a loss of 

menstruation (considered amenorrhoeic). This dysregulation also causes oligoovulation or 
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anovulation, as the cycles are ultimately intertwined with one another (Reed & Carr, 2000). 

Increases in androgen levels can lead to hyperandrogenemia, hyperinsulinemia, secondary 

hirsutism and hair loss phenotypes in women with PCOS. 

 
 
ETIOLOGY OF PCOS 

 
The cause of PCOS is not certain but is thought to result from specific genetic mutations, 

contact with endocrine disrupting chemicals, and epigenetic factors that impact the HPG axis. 

Mutations in the form of single nucleotide polymorphisms (SNPs) or repeat polymorphisms are 

some of the ways a patient may be predisposed to PCOS. Polymorphisms are common allele 

replacements or allele pattern variations that alter a normal gene sequence and can affect normal 

molecular functioning, leading to pathological development. In order to determine if a certain 

allele or repeat sequence is a polymorphism, Genome Wide Association Studies (GWAS) may be 

utilized. This method of study compiles genomes of people with and without the disorder to 

search for common genetic patterns; if a point or repeat mutation is recurrent in patients with the 

disorder but absent in normal patients, it may be a possible cause of that disorder (Prapas et al., 

2009). Polymorphisms in CYP and AR genes are some of the most abundantly researched 

mutations in genomes of women with this endocrinopathy. 

Epigenetic factors can also affect the development of PCOS. Epigenetics are heritable 

modifications to DNA or DNA histone proteins without changing the DNA sequence directly. 

DNA methylation is one of the most common epigenetic changes and typically downregulates the 
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transcription of a gene. During methylation, a methyl group is added to a cytosine base pair within 

a CpG island of DNA by DNA methyltransferases (DNMTs). This acts as a physical barrier to 

prevent transcription factors from binding to the DNA, thus silencing the gene. 

Research shows that the amount of methylation at certain CpG sites is correlated with the 

severity of the PCOS phenotype. Genes for enzymes and receptors of major reproductive 

pathways are typically where epimutations are found, but methylation at other metabolic and 

inflammatory gene sequences can lead to the development of the disorder as well (Li et al., 2017). 

Reproductive toxicological research provides possible reasoning for CpG site hypermethylation. 

There are various environmental molecules that can increase these alterations in the epigenome; 

some of which are plastic derivatives that can be considered endocrine disruptors. Endocrine 

disruptors can increase levels of DNA methylation through elevating the expression of DNMT 

genes in cells. They can also interfere with hormone actions by mimicking hormones, promoting 

inappropriate responses at improper times, or blocking hormone action. Exposure to endocrine 

disruptors such as bisphenol-A (BPA) and phthalates has been shown to lead to the development 

of PCOS, potentially in a transgenerational or multigenerational manner. The parental generation 

can directly expose the F1 generation and the F1 germ cells (therefore F2 generation) to 

endocrine disruptors prenatally, which is considered a multigenerational impact. A 

transgenerational impact is when a phenotype is observed in a generation not directly exposed to 

the disruptor during gestation and is a result of inherited epigenetic changes in the previous 

generation. Research shows that exposure to BPA and phthalates can lead to the development of 

multiple symptoms of PCOS including cystic ovaries and problems with fertility (Rattan & 

Flaws, 2019). Evidence suggests that there are potential epigenetic alterations during 

development that may carry this disorder through a germline.  
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This review will analyze common polymorphisms, endocrine disrupting chemicals, and 

epimutations to determine their functions in the development of PCOS in reproductive-age women. 

It will also examine current treatments and their shortcomings as they typically work by managing 

symptoms and can have a wide range of undesirable and potentially dangerous side effects 

themselves. After compiling this research, novel treatments will be reviewed to determine their 

effectiveness at treating PCOS. 

 
 
GENETICS OF PCOS 

 
Finding a candidate gene that causes a complex, heterogeneous disorder like PCOS is 

unrealistic; in order to study the genetic components of PCOS, GWAS are helpful in finding 

possible polymorphisms that affect endocrine functioning (Khan et al., 2019). Genomic studies 

have shown that changes to genes related to steroidogenesis, gonadotropin action, and insulin 

regulation are among the most common in PCOS. Phenotypes that characterize PCOS can be 

induced by polymorphisms to reproductive genes and the severity of symptoms may be 

associated with the amount and type of mutations at certain loci (Joseph et al., 2016). 

 
Cytochrome family genes: 

 
Mutations in genes of cytochrome enzymes have impacts on ovarian steroidogenesis. The 

CYP11A gene codes for the P450 cytochrome side chain cleavage enzyme that is responsible for 

the first step in steroidogenesis, the conversion of cholesterol into progesterone (Prapas et al., 

2009). Studies have found that a repeat polymorphism in the 5’UTR of CYP11A is associated 

with PCOS and can cause hyperandrogenemia (Gharani et al., 1997). The CYP19A gene encodes 

the enzyme complex aromatase (composed of cytochrome P450 aromatase and NADPH 

cytochrome P450 reductase) that converts androgens to estrogens. Aromatase deficiency is 

associated with hyperandrogenemia and little aromatase activity has been found in PCOS ovarian 
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granulosa cells (Prapas et al., 2009). Petry et al. (2005) examined the genotypes of two separate 

populations of young women to explore the association between variations in the CYP19A gene 

and hyperandrogenism. They examined 4 common SNPs found in the aromatase gene, including 

SNP44, SNP50, SNP60, and SNP64 [nomenclature from Haiman et al., (2003)] (Petry et al., 2005). 

Out of these polymorphisms, SNP50 was found to have a positive association with increased 

androgen concentrations and PCOS. Other studies have found mutations in exons 3, 5, 6, 9, and 

10 of CYP19A to lead to loss of function of aromatase and therefore the development of PCOS or 

related symptoms (Petry et al., 2005). Altogether, the genetic basis of steroidogenesis is controlled 

by the sequence and expression of cytochrome family genes and polymorphisms that alter 

aromatase function may lead to the pathogenesis of PCOS. 

 
Androgen receptor genes: 

 
Mutations in genes for receptors involved with reproductive endocrine regulation may also 

lead to PCOS. Androgen excess may be a result of a polymorphism in the gene sequence coding 

for androgen receptors (ARs). There are CAG and GGN repeat sequences in exon 1 of the AR 

gene located on the X chromosome and each repeat can vary in length. Data show that a shorter 

CAG repeat sequence is associated with increased transcription of the gene, but Yuan et al. 

(2015) also examined how variations in GGN repeats can lead to hyperandrogenemia. They 

compared AR sequences and mRNA expression in two groups of women with and without PCOS 

and examined CAG and GGN repeat sequences. Yuan et al. (2015) found that the GGN repeat 

sequences were significantly longer in women with PCOS when compared to the control 

group and that this increase may be an indicator for the potential to develop 

hyperandrogenemia. Shorter GGN repeat sequences (deletions) are shown to reduce AR gene 

action by about 20-30%, representing less activity in the androgen pathway. In summary, the 

expression levels of AR mRNA were relatively similar between experimental and control 
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groups, but longer GGN repeat polymorphisms in this gene are significantly associated with the 

development of PCOS (Yuan et al., 2015). 

 
Kisspeptin genes: 

 
The KISS1 gene encodes the kisspeptin protein which, when bound to GPR54 in the 

hypothalamus, signals release of GnRH into the hypophyseal portal system. Albalawi et al. 

(2018) compared genotypes of women with and without PCOS to determine if there was a 

polymorphism in the KISS1 gene that could explain the development of the disorder. They 

discovered a rs4889 polymorphism in an exon of this gene to be correlated with PCOS. This 

polymorphism alters the protein sequence at one amino acid, but this change may alter the 

structure, function, and binding affinity of kisspeptin to its receptor and dysregulate the HPG axis 

hormones (Albalawi et al., 2018). 

 
DENN domain containing 1A gene: 

 
DENN domain containing 1A gene (DENND1A) belongs to a family of proteins that act as 

guanine nucleotide exchange factors (GEFs) within clathrin-mediated endocytosis pathways and 

regulates many biochemical processes including the production of androgens. Many studies have 

strongly associated DENND1A variants with PCOS. In one study, two transcripts (V1 and V2) of 

this gene were identified due to alternative slicing. In ovarian theca cells containing the V2 

protein, there were higher rates of androgen biosynthesis and inhibiting the V2 protein in these 

theca cells reduced androgen biosynthesis (Dapas et al., 2019). Zhu et al. (2020) found that out 

of five SNPs analyzed, polymorphisms rs2479106 and rs2468819 in DENND1A were 

significantly associated with PCOS (Zhu et al., 2020). Variants in this gene and its expression 

may be rare in patients with PCOS but are significantly associated with the dysregulation of the 

reproductive endocrine system by affecting steroidogenesis (Dapas et al., 2019).
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ENDOCRINE DISRUPTING CHEMICALS AND PCOS 
 

Endocrine disruptors are exogenous environmental molecules that are known to alter 

hormone actions and lead to the development of reproductive pathologies (Pivonello et al., 

2020). One category of endocrine disruptors are plasticizers which are synthetic chemicals that 

increase the flexibility or solvation of a material. They can be found in personal care items 

including shampoos, creams, and feminine hygiene products, food and beverage packaging, 

detergents, building materials, etc. (Rattan et al., 2019). 

Phthalates are types of plasticizers that are non-covalently bound to the polymer chains of 

products; this means that they can easily leach or evaporate into food, water, soil, or other 

materials. Human exposure to phthalates can be direct or indirect; contact typically occurs through 

using a product that contains phthalates or one in which phthalates have leached into, or through 

physical proximity to environmental contamination. Phthalates are either absorbed dermally, 

inhaled, or ingested (Heurdorf et al., 2007). For instance, it is estimated that average human 

exposure to di(2-ethylhexyl) phthalate (DEHP) is about 3 to 30 μg/kg/day. A study by Rattan et 

al. (2019) illustrated that contact with DEHP may interfere with gonadal function in mice and that 

concentrations of DEHP metabolites in urine are negatively associated with the quantity, 

maturation, and fertile potential of oocytes. This study found that mice of the F2 and F3 generation 

who were directly (F2) and ancestrally (F3) exposed to DEHP showed decreased expression of 

genes 17β-hydroxysteroid dehydrogenase (HSD17B1) and P450 aromatase (CYP19A1) when 
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compared to controls (Figure 3) (Rattan et al., 2019). P450 aromatase biotransforms 

androstenedione and testosterone into estrone and 17β-hydroxysteroid dehydrogenase mediates 

the reduction of estrone to estradiol. Decreased expression of both enzymatic genes will fail to 

generate normal serum estradiol levels and will increase the amount of androgenic hormones in 

the body (Hilborn et al., 2017). 

 
 
 

a 
 
 
 
 
 
 
 
 
 

b 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. The effects of prenatal and ancestral exposure to DEHP on HSD17B1 (a) and CYP19A1 (b) expression in 
ovaries of the F1, F2, and F3 generations. Graphs represent mean ± standard error of the mean from 3 to 6 ovaries per 
treatment group. * p ≤ .05, 0.05 < ̂  p < .10 (Rattan et al., 2019). 

 
 

Meling et al. (2020) provided similar data when testing how culturing antral follicles in a 

mixture of phthalates including monoethyl phthalate (MEP), mono(2-ethylhexyl) phthalate 

(MEHP), monobutyl phthalate (MBP), monoisononyl phthalate (MiNP), and monobenzyl 

phthalate (MBzP) affected follicle growth and steroid hormone production in the ovaries of mice.
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Doses of 65 µg/mL and 325 µg/mL were found to significantly inhibit and decrease follicle 

growth over the 96-hour treatment window when compared to the control, respectively. All but 

the lowest two doses of treatment caused testosterone levels in the follicle to be significantly 

higher after 24 and 96 hours of exposure; additionally, the highest dose (325 µg/mL) of treatment 

caused a significant drop in estradiol levels after 96 hours of treatment when compared to the 

control. The higher doses of treatment also decreased expression of enzymatic genes CYP11A1, 

CYP17A1, CYP19A1, and HSD17B1 when analyzed against the control, thus explaining the 

pattern found in testosterone and estradiol concentrations (Figure 4) (Meling et al., 2020). This 

evidence implies that phthalate exposure can deregulate the female reproductive system by 

altering hormone production, affecting the development of mature and viable oocytes which 

induces infertility, and possibly increasing methylation in ovarian tissues which silences 

important reproductive genes (Rattan et al., 2019). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. The effects of concentrations of the phthalate mixture on enzymatic genes CYP11A1 (b), CYP17A1 (d), 
CYP19A1 (f), and HSD17B1 (e) retrieved from antral follicles of mice. All gene expression is compared to the control 
group treated with DMSO. The graphs indicate mean ± standard error of the mean from 3-7 separate cultures, each 
culture containing 8-12 follicles/treatment (Meling et al., 2020). 
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Another plasticizer that humans are regularly in contact with is bisphenol-A [2,2-bis(4- 

hydroxyphenyl) propane (BPA)] (Pivonello et al., 2020). The use of BPA has increased globally 

and was produced at more than 10 million tons per year in the last decade (Lee et al., 2013). BPA 

is mainly used to form polycarbonate resins of which plastic food containers and packaging such 

as cans, water bottles, and bags are primarily composed. It easily leaches into food products, 

especially after heating and repeated use, therefore the main source of exposure to BPA is dietary. 

It is hypothesized that BPA has a large effect on female reproductive health due to its estrogen- 

mimicking behavior and high affinity for estrogen receptors (Pivonello et al., 2020). Data show 

that serum BPA levels are significantly higher in women with PCOS in comparison to healthy 

people, indicating that BPA exposure has a role in the development of this disorder, whether that 

be pre- or postnatally (Kandaraki et al., 2011). BPA has been identified as a hazard to fetal 

development as it has been found to accumulate in fetal serum and amniotic fluid throughout 

gestation (Hewlett et al., 2017). This bioaccumulation is what makes BPA dangerous and 

increasing exposure to this chemical in utero is known to cause reproductive abnormalities 

throughout development (Rattan & Flaws, 2019). Prenatal exposure to BPA can cause impairment 

of ovarian and uterine morphology and physiology, especially affecting steroidogenesis and 

folliculogenesis (Pivonello et al., 2020). Mansur et al. (2016) examined the impact of BPA 

exposure on steroid hormone production in human luteinized granulosa cells in vitro. The 

expression of P450 aromatase genes (specifically CYP11A1 and CYP19A1) were significantly 

downregulated after BPA administration (Figure 5). 
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a 
 
 
 
 
 
 
 
 
 
 

b 
 
 
 
 
 
 
 
 
 

Figure 5. The effect of BPA administration on mRNA levels of aromatase genes, normalized against Bactin. Treatment 
with 20 µg/ml BPA significantly reduced mRNA levels of both (a) CYP19A1 and (b) CYP11A1 genes (P = 0.03 and 
P = 0.003, respectively) (Mansur et al., 2016). 

 

Downregulated expression of aromatase genes decreased the concentration of estrogens 

which impairs follicle development and simultaneously increased the concentration of 

androgens, both of which are patterns in PCOS. 

Lee et al. (2013) tested the effect of BPA exposure on concentrations of estradiol, P450 

aromatase, and 17-hydroxysteroid dehydrogenase as well as overall cellular and histological 

alterations in rat ovaries. They treated rats with either a low dose (1 µg/kg bodyweight/day) or 

high dose (0.1 mg/kg bodyweight/day) of BPA and found that both experimental groups had 

significant reductions in serum estradiol levels when compared to the control (Figure 6). 
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Figure 6. The effect of BPA exposure on estradiol (E2) concentration in adult female rats. Treatment with both 0.001 
mg and 0.1 mg BPA/kg bodyweight/day significantly reduced serum E2 concentration (**p < 0.01, ***p < 0.001) 
when compared to the control (Lee et al., 2013). 

 
Lee et al. (2013) also discovered that caspase-3 expression was significantly upregulated 

in granulosa and luteal cells in the rat ovaries after BPA exposure. Caspase-3 proteins are 

involved with regulating cell apoptosis; abnormally high caspase-3 expression due to BPA 

exposure can disturb follicle selection and other physiological processes that maintain healthy 

ovarian function (Widmann, 2007) (Lee et al., 2013). Although they did not find significant 

reductions in 17B- hydroxysteroid dehydrogenase expression after BPA treatment, Lee et al. 

(2013) demonstrated that long-term exposure to both the low and high doses of BPA 

downregulated expression of P450 aromatase in rat granulosa cells. The estrogenic nature of BPA 

markedly has an impact on estradiol and aromatase levels even at extremely low levels of 

exposure (Lee et al., 2013). 

In summary, humans are constantly exposed to endocrine disrupting chemicals due to their 

wide range of uses in common products and their increasing presence in environmental 

contamination. Chemicals such as BPA or phthalates can mimic hormones, block hormone 

action, or affect expression of endocrine-related genes, leading to the development of 

reproductive disorders including PCOS. Exposure to plasticizers happens over a lifetime, 

including prenatally, and can have impacts on the reproductive health of the individual 

themselves or generations after direct contact (Heurdorf et al., 2007). 
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EPIGENETICS OF PCOS 
 

Though the effects of plasticizers on female reproductive health are generally known, it is 

hypothesized that they may also epigenetically cause disease that can be inherited through 

generations. During the epigenetic process of DNA methylation, DNMTs leave a mark as 5- 

methylcytosine (5mC) in the DNA sequence and are typically associated with gene repression at 

that loci. A methyl mark may be replicated from the parental epigenome in developing embryonic 

cells, indicating that methylation is potentially heritable (Kohli & Zhang, 2013). 

Methylation at specific CpG sites is associated with the occurrence of many PCOS 

symptoms. The heterogeneity in phenotypes of the disorder may be due to the number of 

epimutations within the DNA. Although there have been common methylation patterns found in 

patients with PCOS, not all have epimutations at the same locations, and this likely influences the 

variation in the type and severity of symptoms (Li et al., 2017). In a genome-wide analysis of 

patients with and without PCOS, Li et al. (2017) found that the CpG sites associated with 

pathways involving estradiol were hypermethylated in patients with PCOS compared to patients 

without PCOS. Methylation at these sites can have negative effects on steroid hormone 

biosynthesis and aromatase activity (Li et al., 2017). Jia et al. (2016) identified an association 

between porcine ovarian tissue hyperhomocysteinemia, a condition that can result in an increase 

in mtDNA methylation, and reproductive dysfunction. Homocysteine (Hcy) is a molecule that is 

involved with the donation of methyl groups to DNMTs; an elevation in Hcy levels indicates an 

increased rate of methylation in that tissue. Data gathered from the expression of various oocyte 

mtDNA genes presented a significant increase in the percentage of methylated CpG nucleotides 

in the group with high levels of Hcy and polycystic ovaries when compared with the control 

group. This suggests potential evidence for a link between hypermethylation in ovarian tissues 

and poor oocyte quality (Jia et al., 2016). 
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Though many studies can associate PCOS with hypermethylation of certain genes, not all 

provide a direct cause for epimutations. Exposure to endocrine disruptors such as plasticizers while 

in utero potentially leads to alterations in the epigenome and the development of PCOS that can be 

carried through a germline. Toxicological studies suggest that prenatal contact with endocrine 

disruptors affects the expression of DNMT genes and increases the amount of methylation within 

the developing cells of an embryo. 

Santangeli et al. (2016) measured expression of DNMT genes in female zebrafish after 

exposure to various concentrations of BPA. They found that the experimental group treated with 

the lowest dose of BPA (5 µg/L) showed the most upregulation of genes DNMT1 and 

DNMT3 when compared to the control group. This is concerning due to the fact that the lowest 

concentration of BPA which is consistent with normal human environmental exposure was the 

most impactful on increasing rates of methylation through overexpression of DNMTs 

(Santangeli et al., 2016). Similarly, Rattan et al. (2019) examined the effect of prenatal DEHP 

exposure on DNMT gene expression. From gestation day 10 to birth, F0 mice were orally dosed 

with either the control or a mixture containing DEHP. This period of gestation was chosen for 

treatment because it is when sex determination and ovarian development happens in the fetus, as 

well as the demethylation and imprint erasure (epigenetic reprogramming) of primordial germ 

cells (PGCs) (Rattan et al., 2019). Exposure to an endocrine disruptor at this developmental 

window targets PGCs and would alter the process of the erasure of DNA methylation patterns in 

those cells, so results would be seen multigenerationally and transgenerationally (Kohli & Zhang, 

2013) (Rattan et al., 2019). Rattan et al. (2019) found that in the F1 generation, prenatal exposure 

to 20 μg/kg/day of DEHP increased the amount  of methylation (%5mC) compared to controls. 

The F1 generation also had increased expression of DNMT1 in the mice at all levels of 

treatments when compared to the control, which explains the increased percentage of 5mC in the 
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F1 generation (Figure 7). The F1 mice were directly exposed to DEHP as a developing fetus, so 

the lower dosage of DEHP had a larger effect on DNA methylation when compared to the F2 and 

F3 generations (Rattan et al., 2019). 

 

 
Figure 7. The effects of prenatal and ancestral exposure to DEHP on DNMT1 expression in the ovaries of the F1, F2, 
and F3 generations. Graphs represent mean ± standard error of the mean from 3 to 6 ovaries per treatment group. * 
p ≤ .05, 0.05 < ^ p < .10 (Rattan et al., 2019). 

 
 

Though the F1 generation was the only one to show a strong pattern of increased 

methylation in response to DEHP exposure, there were still remarkable impacts on 

steroidogenesis and overall reproductive dysfunction in later generations. Residual effects of 

methylation in the F1 generation could have caused reproductive alterations in the F2 and F3 

generations, though it is possible that it was not through epigenetic inheritance. Epimutations 

change the estrogen and androgen response by silencing genes coding for enzymes required for 

steroidogenesis, thus impacting the development of functional oocytes, the process of follicular 

growth, and the overall healthy functioning of the reproductive system in the F1 generation and 

those beyond (Rattan et al., 2019). 
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Overall, there is convincing evidence that PCOS is associated with higher levels of 

methylation in ovarian and uterine tissues, but more studies are needed to analyze the connection 

between endocrine disrupting chemicals and their ability to cause epimutations that are inherited 

through generations after exposure. Direct contact with plasticizers such as BPA and phthalates 

have been shown to cause hypermethylation in the developing fetus, but more evidence is needed 

to conclude that these specific marks have a transgenerational effect. It is apparent that abnormal 

methyl marks from fetal exposure to plasticizers have a reproductive impact on that organism 

itself and this damage may be the cause of ovarian dysfunction that has been observed in later 

generations. 

 
 
CURRENT PCOS TREATMENTS 

 
Prescribed treatment plans for PCOS typically requires a combination of lifestyle changes, 

metabolic medications, and oral contraceptives due to its heterogeneous symptoms. 

 
Lifestyle changes: 

 
Healthy lifestyle changes are necessary for women with PCOS because they are prone to 

weight gain due to insulin resistance. They are at an increased risk for obesity and inflammation 

that can lead to higher levels of androgens in the body (Witchel et al., 2019). Insulin resistance 

affects androgen concentration and vice versa; lipid excess in adipose cells will negatively impact 

insulin signaling and continue this cycle (Hardy et al., 2012). Lifestyle interventions consist of 

maintaining a healthy diet (typically reducing intake of simple sugars and saturated fats) and 

increasing physical activity. While these changes are physically beneficial, it is also important to 

manage a patient’s psychological condition to prevent disordered eating, anxiety, or depression 

resulting from a stricter routine (Witchel et al., 2019). In a one-year study on outpatient lifestyle 

interventions on PCOS, Lass et al. (2011) found that weight loss in girls with PCOS was associated 
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with significant reduction in androgen levels and an improvement in menses irregularities. Weight 

loss due to lifestyle interventions also significantly improved cardiovascular risk factors like 

cholesterol levels, blood pressure, and blood glucose levels in girls with PCOS (Lass et al., 2011). 

 
Metabolic medications: 

 
PCOS is partly defined by hyperinsulinemia and overall metabolic dysfunction that can 

lead to the development of type 2 diabetes mellitus, hypertension, and heart disease long-term. 

Insulin resistance is also strongly associated with hyperandrogenism and anovulation. Medications 

are second to the prescription of lifestyle modifications in PCOS patients; if a change in daily 

habits is not impacting a patient’s metabolism, drug prescriptions may be required for more drastic 

action. Metformin, an insulin-sensitizing agent, is one of the most prescribed medications for the 

treatment of hyperinsulinemia. It helps regulate metabolic function by improving blood sugar 

levels, decreasing lipogenesis, increasing insulin sensitivity, and reducing androgen 

production in the ovaries. Although many studies on metformin have found promising results, 

there are claims that metformin had no significant effect on insulin and glucose levels in women 

with PCOS. Findings suggest that the effect of metformin may be more pronounced in patients 

with the greatest insulin resistance, indicating that this medication might not have benefits for all 

patients who vary in severity of PCOS phenotypes. Metformin also has many side effects that are 

uncomfortable and potentially dangerous. It is associated with nausea, reduced appetite, 

vomiting, diarrhea, and in severe cases, lactic acidosis (Duleba, 2012). Orlistat is another drug 

that targets metabolic dysfunction and can be prescribed to treat PCOS. It acts on the intestine by 

reducing fat absorption and inhibiting enzymes involved with lipid digestion. In terms of weight 

loss and BMI reduction, studies have found that orlistat may be more effective than metformin, 

however most research shows that both medications are very similar in their actions on 

reducing androgen levels and improving fertility. Common side effects of orlistat include 
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increased bowel movement and some stomach pain that usually subside as treatment proceeds, and 

in severe cases, liver problems. Orlistat may be more tolerable than metformin because the 

gastrointestinal side effects are not as severe, allowing patients to be more compliant with 

treatment (Panda et al., 2018). 

 
Oral contraceptives: 

 
Oral contraceptives (OCs) are used to treat PCOS because of their ability to reduce 

androgen synthesis and regulate the menstrual/ovulatory cycle (Podfigurna et al., 2020). OCs 

typically contain a combination of synthetic estrogen (ethinyl estradiol) and a form of progestin, 

and variations in the type and amount of progestin contribute to the overall effects of the drug. 

OCs increase levels of sex hormone-binding globulin (SHBG) that reduce the bioavailability of 

testosterone in the body while exogenous estrogen is increased in circulation. Women with PCOS 

tend to produce more testosterone than estradiol, which leads to impairments in follicle 

development and ovulation, and side effects such as insulin resistance and hirsutism. When 

estradiol reaches its peak in the follicular phase, it triggers ovulation; without sufficient levels of 

estrogens in the body, there is a lack of feedback to the hypothalamus. This causes decreased 

GnRH release and lower FSH levels that interrupt follicle development. OCs provide a source of 

bioavailable estrogen that maintains healthy gonadotropin levels; the 21-day OC pill and 7-day 

placebo combination mimic sex hormone levels over the course of a natural cycle and can help 

women with PCOS balance their abnormal hormone profiles. OCs also prevent the formation of 

new cysts by blocking ovulation. Cysts form from the buildup of follicular fluid because of an 

absence of the follicle rupture during ovulation due to altered estrogen/FSH levels. If ovulation is 

blocked and FSH levels are normal, there will be no follicular fluid buildup or new cyst formations. 

This method of treatment can be short or long term to manage cysts and other symptoms, but when 
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aiming to get pregnant, OC use should be discontinued (Hampson, 2020). Continuous use of OCs 

has the potential to increase the risk of hypertension, thromboembolisms and other arterial 

problems, and breast cancer (Gierisch et al., 2013) (Liu et al., 2017) (Hee et al., 2012). OCs treat 

symptoms that are more downstream in the HPG axis and instead, new therapies should target 

neuronal or gonadotropin action directly to prevent ovarian dysfunction with less side effects. 

Overall, these three methods of treatment are independently effective on their own, but are 

usually prescribed in combination to target the wide range of symptoms of PCOS. Studies have 

shown that metformin or orlistat alone are not as effective in treating hyperinsulinemia and 

hyperandrogenemia as when they are paired with lifestyle modifications (Duleba, 2012). 

Metabolic drugs and weight loss interventions do not have a large impact on preventing cyst 

formation, hence the use of OCs in treatment. Due to the side effects and the temporary nature of 

these treatments, novel drugs that affect androgen levels and activity may be more effective and 

practical for life-long management of PCOS. 

 
 
DISCUSSION 

 
PCOS is a complex endocrinopathy that disrupts the HPG axis and reproductive 

functioning in pre-menopausal women. It is characterized by hyperandrogenemia, 

hyperinsulinemia, anovulation/oligoovulation, infertility, and polycystic ovaries. Although the 

etiology of PCOS is not completely known, there is evidence that genetic, environmental, and 

epigenetic factors all play a role in the development of this disorder. Polymorphisms and 

abnormal methylation in genes involved in steroidogenesis, receptors, or other components of the 

reproductive system are hypothesized to lead to PCOS, as well as exposure to endocrine disrupting 

chemicals such as BPA or phthalates during gestation. In order to treat all aspects of PCOS, a 

combination of drugs and lifestyle modifications are typically prescribed. Lifestyle changes 
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include adopting a well-balanced diet absent of simple sugars and saturated fats as well as 

increasing physical activity to prevent further insulin resistance and increased androgen 

concentrations due to adipose tissue growth. Metabolic medications such as metformin or orlistat 

are taken to combat insulin resistance and potentially decrease androgen levels. To manage 

ovarian health, oral contraceptives are prescribed to prevent the formation of ovarian cysts by 

inhibiting ovulation and the buildup of follicular fluid. OCs can also increase the concentration of 

SHBG that reduces the bioavailability of testosterone and increase estrogen activity in women 

with PCOS. Current treatments are effective when combined with each other, but host a range of 

complications and side effects that may be undesirable and dangerous. These treatments are also 

used more short term and may not be suitable for lifelong PCOS management. Outlined below are 

a few possible novel treatments for this disorder including anti-androgen medications, kisspeptin 

treatments, and vitamin D supplementation. 

 
Anti-androgen drugs: 

 
There is evidence that polymorphisms in the AR gene can cause PCOS symptoms; anti-

androgen treatments that act as antagonists to this receptor have been shown to restore ovulation, 

decrease androgen levels, and increase insulin sensitivity in women with PCOS. Ryan et al. 

(2018) used animal models to study the impact of flutamide, a nonsteroidal AR antagonist, on 

PCOS phenotypes. Serum hormone concentrations in mice improved with flutamide treatment; 

circulating levels of testosterone and LH were significantly lowered when compared to the control. 

Additionally, ovulatory cycles were restored, body weight and adipocyte size was decreased, and 

cyst-like follicles were significantly reduced in the flutamide-treated mice when compared to the 

control (Ryan et al., 2018). Similar results were found in clinical trials testing flutamide effects in 
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women with PCOS. De Leo et al. (1998) found that flutamide treatment over three months restored 

ovulation in PCOS patients and also significantly decreased levels of testosterone. Flutamide is 

able to inhibit ARs and lessen the effect of LH on ovarian theca cells, ultimately reducing 

concentrations of androgens in the body and improving PCOS conditions (De Leo et al., 1998). 

 
Kisspeptin treatment: 

 
Kisspeptin administration has shown promising results for the treatment of PCOS, as 

neuroendocrine interactions are vital to healthy reproductive function. Kisspeptin and its receptors 

are the most upstream regulators of the HPG axis and mediate the effects of the sex steroids in the 

body. Kisspeptin controls the release of GnRH and ultimately gonadotropin action on the ovary, 

so PCOS may be treated safest from this source. Romero-Ruiz et al. (2019) found that preclinical 

testing with doses of kisspeptin analogs showed noticeable gonadotropin responses and in a 

clinical trial on women with PCOS, some cases resulted in restored ovulation (Romero-Ruiz et al., 

2019). Other studies demonstrate that doses of kisspeptin may have a larger impact on 

gonadotropin response at first, but desensitization occurs after regular injections (Jayasema et al., 

2009). More clinical studies need to be performed to perfect the dosage and administration period 

for effective kisspeptin treatment. 

 
Vitamin D supplementation: 

 
There is increasing evidence that vitamin D deficiency is associated with PCOS and can 

potentially cause metabolic and hormonal disturbances in patients (Menichini & Facchinetti, 

2019). Many observational studies report that vitamin D deficiency is inversely related to the 

degree of insulin resistance. Vitamin D is a fat-soluble vitamin that is synthesized endogenously 

and plays roles in calcium and bone health, but findings show that the vitamin D-vitamin D 

receptor complex can regulate genes related to glucose uptake, insulin regulation, and gonadal 
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function. Vitamin D receptors have been found in various reproductive tissues, including ovarian 

and endometrial, and directly affect the production of estrogen and progesterone in the ovary 

(Krul-Poel et al., 2018). Normal vitamin D levels help the female reproductive system function 

properly, but elevated concentrations of this molecule may be harmful to oocyte quality; restoring 

levels of vitamin D to normal and monitoring so they are never in excess is important for 

successful treatment. Vitamin D supplementation paired with probiotics is hypothesized to 

improve inflammation and oxidative stress that stems from metabolic complications in PCOS, as 

well as balance hormone levels and increase fertility (Ostadomohammadi et al., 2019). 

Ostadomohammadi et al. (2019) found that this combination of vitamin D and probiotics given to 

women with PCOS over a 12-week period significantly improved serum testosterone levels and 

hirsutism when compared to the control. Probiotics may have increased insulin sensitivity by 

enhancing absorption of dietary nutrients while vitamin D acted on enzymes within the steroid 

biosynthesis pathway. Probiotics are also known to increase the expression of vitamin D receptors 

in tissues, so co-supplementation may be more effective than either probiotic or vitamin D alone. 

More research is needed to fully compare this combination to single supplement methods, but this 

study provided convincing evidence that vitamin D co-supplementation can improve 

hyperinsulinemia, hyperandrogenemia, and anovulation in patients with PCOS 

(Ostadomohammadi et al., 2019). 

 
To conclude, PCOS is a complex disorder of the female reproductive system that has 

effects on metabolism, fertility, and overall lifestyle. Although current treatment mechanisms are 

adequate, continued research is necessary to develop more innovative and successful long-term 

solutions for  PCOS. 
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