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Polycystic ovary syndrome (PCOS) is an important public health concern with 
reproductive, metabolic, and psychological features. PCOS is one of the most com-
mon endocrine disorders in reproductive-aged women affecting 8–13% of them [1]. 
Except meeting the diagnostic criteria, women with PCOS present with metabolic 
disturbances including insulin resistance (IR), metabolic syndrome, prediabetes, 
type 2 diabetes (DM2), and cardiovascular risk factors [1]. The prevalence of insulin 
resistance ranges from 50 to 70% [2].

Obesity is associated with deterioration of reproductive and metabolic status in 
women with PCOS. Hence, it is necessary to address any factor that increase the 
risk of obesity in PCOS. Among environmental factors endocrine-disrupting chemi-
cals (EDCs), advanced glycated end products (AGEs), and vitamin D are proposed 
to have an impact on obesity and insulin resistance in polycystic ovary syndrome.

Exposure to environmental toxins, EDCs and AGEs, may lead to endocrine, met-
abolic, and reproductive disruption resulting in development of different PCOS phe-
notypes and adverse health effects. Metabolic disorders include increase in insulin 
resistance, oxidative stress, and inflammation that result in increased adipogenesis 
and finally leads to obesity [3]. Vitamin D deficiency has been postulated to play a 
role in the pathogenesis of insulin resistance and to be related to metabolic risk fac-
tors in PCOS [4, 5].
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4.1  Endocrine-Disrupting Chemicals

A 2000 report documented 2300 pesticide exposures in American schools from 
1993 to 1996.

In 2004, levels of polybrominated diphenyl ethers (PBDEs) were about 40 higher 
in North American women than in Swedish women, based on samples of breast 
milk. A 2001 study showed that 96% of the pregnant women surveyed tested posi-
tive for bisphenol A (BPA).

As of October 2013, there are nearly 1000 endocrine-disrupting chemicals on 
The Endocrine Disruption Exchange’s (TEDX) list. A 2008 study showed that 19 
out of 20 children tested had PBDE levels an average of 3.2 times higher than their 
mothers [6].

Most of the 2000 chemicals that come on the market each year don’t go through 
even simple tests to determine toxicity [6].

An endocrine-disrupting chemical (EDC) is an exogenous chemical, or mixture 
of chemicals, than can interfere with any aspect of hormone action. It is suggested 
that EDCs influence hormone action in different ways. EDCs or their metabolites 
can influence hormone metabolism in tissues-specific manner, and may directly 
interfere with hormone action only in those tissues where they are generated. EDCs 
or their metabolites may also interact with hormone receptors in a tissue-specific 
manner and exert direct agonist or antagonist effects, either because some tissues 
exhibit greater receptor density or because different receptor isoforms are expressed 
in different tissues [7].

4.1.1  Bisphenol A

One of EDCs, bisphenol A is considered to interfere with the endocrine system and 
play a role in the development of insulin resistance and obesity with major contribu-
tors being modern human diet and genomic composition.

Bisphenol A (BPA) is one of the most common plasticizers; it was first synthe-
sized in 1891 and was discovered to be estrogenic in 1936. The xenoestrogen PBA 
is especially prevalent as a component used in rigid plastic products such as com-
pact discs, dental materials, cosmetics, food and beverage containers, food and for-
mula can linings, and glossy paper receipts. The BPA from food containers can 
leach into foods when they are heated or scratched and then be ingested [8]. More 
BPA is produced annually that any other chemicals (EDCs) with 15 billion pounds 
produced in 2013.

In the human urine, BPA was detected in 52 up to 100% of participants [9]. 
These findings indicate broad human exposure to BPA.  The Environmental 
Protection Agency (EPA) in the USA has established the tolerable daily intake 
(TDI) for BPA at 50 mg per kg (body weight) per day in 1988 [10]. In January 2015, 
European Food Safety Authority has reduced TDI for BPA from 50 to 4 mg per kg 
(body weight) per day [10].
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BPA exert diabetogenic and obesogenic effects. BPA contributes to insulin action 
in several mechanisms. It has an impact on insulin synthesis and release by 
b- pancreatic cells, and insulin signaling within liver, muscle, adipose tissues [11].

BPA has been shown to act through variety of receptors, such as the estrogen 
receptors alpha and beta, ERa and ERb, membrane receptor G-protein-coupled 
receptor 30 (GPR30), and the estrogen-related receptor gamma ERRγ [12].

It was reported that BPA between 1 and 10 nmol/l concentrations interferes with 
adipocyte metabolism by increasing oxidative stress and contributing to inflamma-
tion due to inhibition of adiponectin release and stimulation of interleukin 6 and 
tumor necrosis factor release [13]. Additionally, Wells et al. suggested a relation 
between BPA exposure and central obesity. They observed higher BPA concentra-
tions in individuals with higher waist-to-hip ratio [14].

BPA acts as a xenoestrogen, thus binding to estrogen receptors. However, the 
interaction of BPA with ER receptors is relatively weak, ranging 2–3 orders of mag-
nitude lower compared to estrogens [10].

It has been well described that all three estrogen receptors (ERa, ERb, and the G 
protein coupled ER (GPER)) are present on rodent and human b cells [10]. It has 
been reported that BPA mimics the action of estradiol and exerts effects on energy 
balance and glucose homoeostasis [15]. In vitro, BPA increased the frequency of 
glucose-induced ionized calcium oscillations in pancreatic beta cells and enhanced 
insulin secretion. In vivo, male mice taking daily doses of BPA presented higher 
insulin concentration in pancreatic beta cells and enhanced insulin secretion in com-
parison with control mice [15]. These changes result in hyperinsulinemia.

It is also known that BPA binds estrogen receptors in both adipocytes and pan-
creatic beta cells, and BPA-exposed cells develop lipid accumulation [15].

BPA acts in human tissues through ER receptors alpha, beta, and gamma result-
ing in gene expression. Additionally, BPA binds to membrane receptors resulting in 
non-genomic effects. Gene transcription depends on ER confirmation induced by 
BPA.  Conformation alterations are responsible for recruitment of transcriptional 
co-regulators [10].

Other than the proposed ER-activation mechanism that involves binding to nuclear 
receptors, it has been suggested that BPA may exert its effects through rapid non-
genomic pathways [10]. Binding to membrane ER receptor promotes rapid influx of 
calcium ion [10]. BPA causes membrane depolarization followed by alteration of con-
formation of voltage-dependent calcium channels. These changes do not require high 
BPA concentration; they occur at picomolar and at nanomolar concentrations [10].

In the animal study of Jayashree et al. [16], it has been demonstrated that after 
BPA administration glucose oxidation and glycogen content in the liver were 
decreased [11]. Another factor promoting hepatic insulin resistance – decreased Akt 
phosphorylation – was also reported. Additionally, decreased phosphorylation of 
Akt and GSK3b in skeletal muscle was found. It may explain how BPA contributes 
to insulin resistance in the muscle. Menale et al. [17] showed that BPA decrease the 
expression of PCSK1 gene in human pancreatic cell line [11]. PCSK1 contributes to 
insulin synthesis. The BPA action on adipose tissue was also investigated [11]. BPA 
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administration caused increase in circulating inflammatory factors and local inflam-
mation in the white adipose tissue. In addition higher plasma leptin levels were 
detected.

Decreased glucose utilization and phosphorylation of insulin receptor contrib-
utes to impaired insulin action in 3T3-L1 cells [11]. It has been demonstrated that 
BPA induced adipogenesis in 3T3-L1 preadipocytes [8]. Its actions comprise 
enhanced mRNA expression and increased enzymatic activity of 11β-hydroxysteroid 
dehydrogenase type 1 (11-βHSD type 1). 11-βHSD type 1 induces adipogenesis in 
human adipose tissue [8]. It suggests that BPA contributes to obesity suscepti-
bility [8].

Also from an epidemiologic point of view, there are several studies to investigate 
positive correlation between exposure to PBA and obesity. In 3390 Chinese adults 
aged 40 year or older BPA were was positively associated with generalized obesity, 
abdominal obesity, and insulin resistance [18]. Another study provided evidence for 
a positive association between urinary BPA concentrations and waist circumference 
in the group of 1030 Korean adults [19]. In the National Health and Nutritional 
Examination Survey (NHANES) 2003–2008, the association between urinary BPA 
levels and obesity in the US population was reported [20]. Moreover, Hong et al. 
found that higher urinary BPA levels are associated with obesity and insulin resis-
tance in Korean reproductive-aged women [15].

It is known that BPA promotes hyperandrogenism state, impairs oocyte develop-
ment and folliculogenesis, and has a negative impact on metabolic parameters such 
as insulin resistance, obesity, oxidative stress, and inflammation [4]. Additionally, 
another studies have been conducted to investigate relationship between metabolic 
disturbances in PCOS and BPA. That is, a case control study of 71 women with 
PCOS and 100 women without PCOS showed positive association between BPA 
and insulin resistance. Moreover, higher serum BPA concentration was found in 
PCOS women [21].

Authors of meta-analysis have also demonstrated that BPA levels in PCOS 
women were significantly higher than controls. They found that high BPA levels 
were significantly associated with high BMI and high HOMA-IR [22]. Several 
mechanisms have been proposed to explain BPA action on insulin resistance. 
Findings from different studies pointed to changes of the structures and metabolism 
of pancreas leading to impaired insulin secretion. They also showed changes of 
insulin signaling in liver and muscles [22]. Studies in women with PCOS did not 
reveal the exact mechanisms for impact of BPA on insulin resistance [22], but there 
are numerous studies conducted in animals or cell culture elucidating these mecha-
nisms (as described before).

4.2  Advanced Glycation End Products

Advanced glycation end products (AGEs) are derivatives of nonenzymatic glu-
cose–protein, glucose–lipids, and glucose–nucleic acids reactions [23]. They are 
the end products of a chemical procedure called Maillard reaction [23]. These 
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processes are irreversible. Aging, hyperglycemia, obesity, oxidative stress, and 
hypoxia accelerate the generation of their precursors [24]. AGEs are formed exog-
enously from thermally processed foods that are rich in proteins and reducing sug-
ars. It is known that 10% of ingested AGEs are absorbed [25]. It has been reported 
that AGEs play a role in the pathogenesis of different diseases by causing oxidative 
stress, altering enzymatic activities, affecting cytotoxic pathways, or damaging 
nucleic acids.

It has been shown that serum AGEs are elevated in women with PCOS [26]. In 
another study increased serum levels of AGEs and upregulation in advanced glyca-
tion end products receptor (RAGE) expression in circulating monocytes in women 
with PCOS with insulin resistance without hyperglycemia had been found [26]. 
AGEs have also been reported to correlate with insulin, HOMA, and waist-to-hip 
ratio in these women [27]. Elevated serum AGEs levels were also found in lean 
women with PCOS without insulin resistance [27].

AGEs group includes over 20 heterogeneous compounds [11]. They bind to 
receptor or form crosslinks with extracellular matrix [24]. The AGE receptor 
(RAGE) binds also other molecules/ligands (i.e., amyloid b peptide) [24]. When 
ligands bind to RAGE, they activate signaling pathways (the PI3K/AKT pathways 
or the mitogen-activated protein kinase (MAPK) signaling pathways), and finally, 
genes associated with inflammation and apoptosis are transcripted [24]. The AGE–
RAGE binding activates also JAK-2/STAT-1, another signaling pathway that con-
tributes to inflammation and cytokine production. This signaling pathway is 
associated with the composition and activity of proteasomal subunits [24].

Physiological role of RAGE is yet not well understood, but it displays a role in 
immune or inflammatory response. Cytokines (IL-1, IL-6, IL-8) and chemokines 
are formed after AGE binding to RAGE which leads to the activation of inflamma-
tory processes. Then through NADPH oxidase, as well as activation of the transcrip-
tion factor NF-kB, excess oxidative stress is generated [24]. The excessive reactive 
oxygen species (ROS) production leads to upregulation in RAGE expression [24].

Insulin resistance and hyperinsulinemia are found in approximately 50 up to 
70% of women with PCOS. Oxidative stress and inflammation contribute to hyper-
insulinemia and insulin resistance [24]. It is suggested that excessive oxidative 
stress is one of the features of PCOS and it cannot be compensated by the antioxi-
dant mechanisms [24].

Increased AGEs level is associated with inflammatory markers such as high- 
sensitivity C-reactive protein (CRP), fibrinogen, 8-isoprostanes (a marker of lipid 
peroxidation), TNF-a, and vascular adhesion molecule-1 (VAM-1) [28].

There is a system of glyoxalases that protects cells from damage caused by cyto-
toxic metabolites such as AGEs [24]. This is the glyoxalase detoxification system. 
It comprises two glyoxalases GLO-I and GLO-II [24]. Significant reduction of 
ovarian GLO activity has been reported in PCOS animal study. Animals fed a high- 
AGE diet had lower ovarian GLO activity than animals fed a low-AGE diet [24].

AGEs change insulin cell signaling and modify glucose transporters and glucose 
metabolism in insulin-sensitive cells, also in ovarian cells. That is, RAGE overex-
pression led to a decrease in GLUT-4 gene expression and attenuation of insulin 
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signaling in adipocytes and caused morphological changes of adipocytes [24]. 
Women with PCOS presented impaired action of GLUT-4 [24]. Insulin resistance 
(IR) in PCOS has complex molecular pathophysiology. It includes different mecha-
nisms: a post-binding receptor defect, low levels of IRS-1 expression, impaired 
IRS-1 phosphorylation, reduced activity of the serine/threonine kinase AKT2, and 
altered glucose transporter GLUT-4 translocation to the plasma membrane [24]. 
Hence, it is suggested that AGEs impair insulin signaling and glucose metabolism 
through several mechanisms.

Thera are different studies presenting the effect of AGEs on glucose metabolism. 
In one study the effect of human glycated albumin (HGA) on glucose transport in 
the human granulosa KGN cell in the presence of insulin was investigated [24]. 
Inhibition of insulin-mediated AKT phosphorylation was found in these cells. HGA 
also inhibited insulin-induced GLUT-4 translocation from the cytoplasm to the 
membrane compartments of KGN cells [24]. In skeletal muscle cells the phosphati-
dylinositol 3-kinase (PI3K)/protein kinase B (PKB) pathway (part of insulin signal-
ing cascade) was suppressed by HGA [24]. HGA activated PKCa that caused an 
increase in serine/threonine phosphorylation of IRS and ultimately altered insulin 
metabolic signals [24]. In addition, it has been reported that AGEs cause b cell mal-
function in animals [24].

Obesity is also commonly observed in women with PCOS, in 30–75% of cases 
[23]. Recent studies have shown how AGEs contribute to the development of obe-
sity [27]. For example, in animal studies, weight gain in mice fed with high-AGE 
diet and low-AGE diet was compared. Animals on H-AGE diet had a significant 
weight gain in comparison to control group [27].

The effect of high-AGE diet on hormonal and metabolic parameters in human 
was also investigated. Low-AGE diet in comparison with high-AGE diet resulted in 
lower testosterone levels, HOMA-IR, and improved oxidative stress status in women 
with PCOS [25]. Results suggest a novel treatment strategy for ovarian dysfunction 
by decreasing AGEs in diet to attenuate AGEs effects.

In another study association between AGEs/soluble receptor of advanced glyca-
tion end products (AGEs/sRAGE) and anthropometric parameters in reproductive- 
aged PCOS patients was investigated. Positive correlation between serum levels of 
AGEs and BMI was found. On the contrary serum levels of sRAGE were decreased 
along with increased BMI [23].

There is evidence that AGEs induced the production of inflammatory mediators 
in adipocytes and macrophages via RAGE activation [29]. It has been found that 
MG stimulated adipogenesis by the upregulation of Akt signaling (increased the 
phosphorylation of Akt1) [30]. MG treatment increased also the phosphorylation of 
p21 and p27. P21 and p27 are the major regulators of the cell cycle. The increased 
phosphorylation of p21 and p27 activates their degradation and leads to the entry of 
cells to S phase that enhance cell proliferation [30].

Studies have also shown that women with PCOS have increased serum CML 
(carboxymethyl-lysine, one of the AGEs) in comparison to the control group, inde-
pendently of obesity and insulin resistance [25].

A. Milewicz et al.



39

4.2.1  Vitamin D

Vitamin D receptors are expressed in 2776 genomic positions and modulate the 
expression of 229 genes in more than 30 different tissues, such as skeleton, brain, 
breast, pancreas, parathyroid glands, immune cells, cardiomyocytes, and ovaries [2].

Women with PCOS are likely to have an increased risk of vitamin D deficiency 
(VDD). The prevalence of vitamin D deficiency among the general adult population 
is estimated about 20–48% [2], while among women with PCOS approximately 
67–85% [31].

Vitamin D affects glucose metabolism. It contributes to increased insulin secre-
tion, increased insulin sensitivity, increased glucose uptake, and expression of insu-
lin receptor [32]. Multiple cellular and molecular mechanisms have been proposed 
to explain this. 1,25-dihydroxyvitamin D enhance insulin release from β-cells, tran-
scriptional activation of the human insulin receptor gene, and suppression of the 
release of proinflammatory cytokines that are involved in insulin resistance [33]. 
Vitamin D may also exert effect on insulin action due to the regulation of extracel-
lular calcium concentration and normal calcium influx across cell membranes [34].

Vitamin D deficiency was observed in obese individuals. In a large study com-
prising 42,024 persons, 10% increase of BMI was associated with 4% decrease of 
serum vitamin D [35]. The National Health and Nutrition Examination Survey 
(2001–2004) showed that abdominal obesity was associated with vitamin D defi-
ciency [36]. Drincic et al. recommend 2–3 times higher daily dose of vitamin D 
supplementation in obese persons in comparison to normal (2.5 IU/kg) [37].

In Tsakova et  al.’s study, higher prevalence of vitamin D deficiency in obese 
women with PCOS than in lean women with PCOS (70% vs. 60%) was found [38].

In obese individuals, a higher proportion of vitamin D, which is fat soluble, is 
sequestered in adipose tissues; and hence, bioavailability of the vitamin is low-
ered [5].

There is an evidence that vitamin D level plays an important role in insulin sen-
sitivity and glucose metabolism.

Negative correlation between serum vitamin D levels and waist circumference, 
triglycerides, fasting glucose, and HOMA-IR were found [39]. It has been reported 
that PCOS patients with vitamin D deficiency were more likely to have increased 
levels of fasting glucose and HOMA-IR compared to those without vitamin D defi-
ciency [2].

Inverse association between vitamin D concentration and HOMA-IR, glucose, 
CRP, and triglycerides have been found in many studies [2]. These studies have also 
shown positive correlation between vitamin D concentration and HDL-C or QUICKI.

It has been demonstrated that both intrinsic and extrinsic factors contribute to 
insulin resistance in PCOS women [40]. Impaired serine phosphorylation of the 
insulin receptor-1 is the intrinsic factor [40]. Ngo et al. investigated the potential 
role of vitamin D and NO responsiveness (defined as platelet response to NO donor) 
as extrinsic factors [40]. They found on multivariate analysis that NO responsive-
ness and 25(OH)D3 levels were significantly associated with QUICKI.  Low 
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vitamin D levels and low platelet response to NO donor correlated with low QUICKI 
in the whole study group.

Another prospective study investigated effects of calcium and vitamin supple-
mentation on serum insulin level, HOMA-IR, and QUICKI [41]. The 8 weeks sup-
plementation in PCOS women with vitamin D deficiency led to a significant 
reduction in serum insulin levels, HOMA-IR score, and a significant elevation in 
QUICKI index.

Li et al. reported that severe vitamin D deficiency correlated with insulin resis-
tance and was independent of BMI and waist-to-hip ratio in women with PCOS. They 
also showed higher insulin levels in women without PCOS but with severe vitamin 
D deficiency [5].

It was proposed by Irani et al. that vitamin D attenuates the effects of the AGE–
RAGE system in vitamin D-deficient women with PCOS due to increase of serum 
sRAGE levels. sRAGE acts as an anti-inflammatory factor. It binds circulating 
AGEs and blocks the intracellular events following the AGE–RAGE binding [42]. It 
has been demonstrated that vitamin D3 supplementation significantly increased 
serum sRAGE levels [42]. It was also observed that serum sRAGE was inversely 
correlated with BMI.

It has been shown that environmental factors play a role in the development of 
obesity and insulin resistance in PCOS women. There is a bulk of evidence that 
endocrine-disrupting chemicals, advanced glycated end products, and vitamin D 
deficiency contribute to these disorders. The results of in vitro and in vivo studies 
have demonstrated different mechanisms involved in the development of these con-
ditions. They suggest new ways of treatment. In addition, they point to the impor-
tance of avoidance of exposure to deleterious environmental factors.
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