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Insulin resistance is documented in clamp studies in 75% of women with polycystic ovary syndrome (PCOS).
Although it is not included in the diagnostic criteria of PCOS, there is a crucial role of this metabolic impairment,
which along with hormonal abnormalities, increase each other in a vicious circle of PCOS pathogenesis. Insulin
resistance in this group of patients results from defects at the molecular level, including impaired insulin receptor-
related signaling pathways enhanced by obesity and its features: Excess visceral fat, chronic inflammation, and

reactive oxygen species.

| 1. Introduction

Polycystic ovary syndrome (PCOS) is a significant health burden that impairs women’s quality of life (L. It is a
common condition &, but its precise worldwide presence is very difficult to evaluate due to the lack of a universal
definition for this disease, diversity of its phenotypes, the possible influence of age, ethnicity (2, and different
diagnostic criteria usage 24, For these reasons, the prevalence of PCOS ranges from 2.2% to 26% in different
studies 2. Although the exact reason for PCOS is not yet discovered, there are multiple genetic El8 and

environmental factors that play an important role in the occurrence of this disorder €],

The essence of PCOS is a heterogenous presentation of androgen excess (which appears as hyperandrogenism,
hirsutism, acne, alopecia, and seborrhoea), ovulatory dysfunction (which appears as oligo-ovulation, menstrual
dysfunction, and subfertility) and polycystic ovarian morphology (PCOM). It is believed that hyperinsulinemia is the
main reason for increased androgen secretion because insulin acts as a co-gonadotropin on the ovary, facilitates
androgen secretion from the adrenal glands, and modulates releasing of luteinizing hormone (LH) €. Because of
these reasons, women with increased insulin levels (regardless of their endo-or exogenous origin) have increased
prevalence of PCOS. Androgen excess by favoring visceral adiposity contributes to insulin resistance (IR) and to
the development of hyperinsulinism 2! As studies show, visceral adipose tissue in women with PCOS differs from
that in healthy women, and in genomic, transcriptomic, and proteomic profiles is like male visceral adipose tissue.

However, the fact that PCOS does not appear in every woman with IR or hyperinsulinemia and the fact that not
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every woman suffering from PCOS presents IR, suggests that there must be another malfunction that favors

androgen excess in response to insulin or other triggering factors £,

Depending on the presenting features, there are three different clinical manifestations of PCOS. The classic
phenotype consists of hyperandrogenism and oligo-ovulation. It is linked with the most severe insulin resistance
and metabolic comorbidities. The next phenotype is ovulatory PCOS which comprises hyperandrogenism and
PCOM. It co-occurs with moderate IR and metabolic dysfunction. The least severe is the non-hyperandrogenic
phenotype, which presents with oligo-ovulation, PCOM and has the weakest connection with IR and metabolic

comorbidities &,

Treatment of PCOS should be adjusted to the individual needs of the patient's complaints and symptoms 19,
Androgen excess, IR, obesity, and oligoovulation might be the targets of treatment X9 Early prevention of
metabolic consequences needs to be highlighted. Hyperglycemia, obesity, hypertension, and dyslipidemia define
the metabolic syndrome, which occurs with PCOS more often 11, Therefore, women with PCOS must be regularly
screened for obesity (using BMI and waist circumference), blood pressure, glucose, and lipid profile 2. The
excess nutrients cause hypertrophy or hyperplasia of adipocyte and induces IR, hyperinsulinemia XX/ higher serum
free fatty acids, lipogenesis, and increased fat storage in the liver, pancreas, and skeletal muscles 13, In

consequence, glucose tolerance disorders lead to type-2 diabetes mellitus (T2DM) 2],

Education, counseling, and a healthy lifestyle, including appropriate diets and physical activity, should be the focus
of the therapeutic proceedings 14!, A low-glycemic load (20 to 40 g/day), as well as low-fat diets (40 g of fat per
day), were confirmed to be effective for weight control but not for biochemical hyperandrogenism. There is also no
indication that a low-glycemic loan diet was better than a low-fat diet for attenuating hyperandrogenism 12!, There
is not enough strong evidence that any specific diet leads to better clinical outcomes. Diet should be managed
individually and should include energy deficit to reduce weight. Regular healthy eating and physical exercise
improve general health conditions and optimize hormonal balance . Losing 5-10% of body weight is considered a
significant clinical improvement, especially among patients with excess weight 2. A minimum of 250 min/week of
moderate intensity or 150 min/week of vigorous intensity activities or an equivalent combination of both, and
muscle-strengthening activities involving major muscle groups on two non-consecutive days/week are
recommended L. However, among obese women, joints problem and arthritis could be significant limitations to
exercise. Therefore, physical activity must be tailored to personal abilities 18, Lifestyle interventions should be
supported by interactions with a mental health professional and should include psychological care to improve a
patient’'s emotional state. It is worth noting that anxiety and depression relatively often coexist with PCOS. The
research confirmed depressive symptoms in 44% and anxiety disorder in 41.9% of women with PCOS 1. Lower
mood, loss of motivation co-occurring with negative body image usually causes the lifestyle change to be a real
challenge for patients. Women with PCOS are more likely to follow weight management practices 27/, although
they also consider achieving and maintaining this reduction challenging 18. Moreover, there is evidence that
suggests that women with PCOS may encounter more barriers and difficulties in losing weight due to reduced
utilization of lipid stores 22/ and decreased brown adipose tissue activity 2%, There is also a lack of data describing

long-term compliance among patients with PCOS with the dietary regime and lifestyle modifications, which
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translates into the effectiveness of the therapy. Although even in well-supported programs such as lifestyle
intervention in randomized controlled trials, there was a high risk of dropping out during long-term follow-up 21,
and investigators report high attrition rates (2223, |t is considered that among adolescents with PCOS, only around
60% adhere to nutritional interventions 24/,

On the other hand, more radical methods of treatment, like bariatric surgery and specific medicaments, can be
considered. According to guidelines for obesity management 22, bariatric surgery is recommended for patients
with BMI = 35 kg/m2 and a minimum of one severe complication. Evidence in the treatment of PCOS is limited, and
there is no recommendation available. This experimental therapy can induce malabsorption and eating disorders. It
could also impact future pregnancies and the fetus, and it increases neonatal mortality 25, Anti-obesity
medications can be a consideration for adults with PCOS. However, due to the possible side effects, as well as
variable availability, it is recommended to avoid pregnancy as long as such medications are being taken .
Reduction of obesity, as well as testosterone levels, and as a result, improving ovulation, can be achieved by using
metformin. It decreases gluconeogenesis, lipogenesis, and enhances uptake of glucose in the skeletal muscle,
liver, and adipose tissue. It should be recommended in PCOS with BMI = 25 kg/m2 in addition to a healthy lifestyle
(271 particularly for patients with disturbed glucose tolerance (28|, Different diabetic medicines like the insulin-
sensitizing treatment in PCOS-glucagon-like peptide-1 receptor agonists (GLP-1RAs), dipeptidyl peptidase 4 (DPP-
4) inhibitors, and sodium-glucose cotransporter (SGLT2) inhibitors could also be considered as a part of the
treatment of PCOS 221139,

GLP-1RAs release glucose-dependent insulin from the pancreatic cells. The main action of GLP-1RAs is
summarized in the diagram (Figure 1). Using GLP-1RAs leads to a reduction in weight, testosterone levels, and
improves ovulation among obese patients L. The entry is focused on the role of the GLP-1RAs in the treatment of
PCOS. The entry presents current data on the possible use of GLP-1 agonists in PCOS therapy, based on articles
from 2010 to 2022.
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Figure 1. Effects of GLP-1RAs on organs and tissues. The drugs increase glucose-dependent insulin release by
acting on pancreatic islets 3 cells and inhibit glucagon release by acting on pancreatic islets a cells. It leads to
decreased glucose release from liver glycogen to circulation. They also enhance the proliferation of 3 cells. By
acting on the central nervous system, GLP-1RAs reduce appetite, which along with slower gastric emptying, leads
to reduced food intake. All these effects contribute to a reduction in blood glucose levels. Pictures used to create

this figure is designed by macrovector Freepik.

| 2. The Pathomechanism and Role of IR in PCOS

IR is an impairment of insulin effect on cells, especially muscle cells, adipocytes, and hepatocytes. It leads to
carbohydrate, lipid, and protein metabolism alterations. IR is an important element of metabolic disorders, including
T2DM and pre-diabetes (impaired glucose tolerance and impaired fasting glucose) 2. In PCOS, IR is present in
obese and overweight patients, as well as in those of normal weight, although in the latter group, with a lower

frequency (59.3% in normal weight vs. 77.5% in overweight and 93.9% in obese patients) (22|, This difference is
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probably the result of an increase in adipose tissue volume, which plays a crucial role in the pathomechanism of
IR. The incidence of IR is also different according to the phenotype of PCOS. It has been shown that IR is present
more often in the classic phenotype (80.4%) than in the ovulatory (65.0%) and normoandrogenic (38.1%) 24,

Moreover, it is more frequent in patients with anovulatory compared to those with ovulatory cycles in PCOS 22,

The mechanism of IR in PCOS is complex and still not fully understood. Increased adipose tissue volume,
especially visceral adipose tissue, plays an important role in IR development 2. It is influenced by many factors,
including excessive energy intake and high androgen levels that promote a change in body fat distribution with an
increase in visceral fat volume 26 |n PCOS, hypertrophic adipocytes are associated with metabolic disorders
(371 In a study on adipocytes from healthy women, it was observed that testosterone, acting through its receptor,

induces IR in these cells by affecting insulin-stimulated phosphorylation of protein kinase C (PKC) (Figure 2) 28,

GLUCOSE

Testosterone

Figure 2. Alterations in the insulin receptor pathway, resulting from the activity of pro-inflammatory cytokines and
androgens. Tumour necrosis factor a (TNF-a) affects insulin signaling by phosphorylation of serine in insulin
receptor substrate-1 (IRS-1) through activation of several serine kinases, including c-Jun-NH2-terminal kinase
(JNK) and extracellular signal-regulated kinase (ERK). It inhibits insulin-induced tyrosine phosphorylation of IRS-1
and downregulates phosphoinositide 3-kinase (PI3K) activity. Decreased adiponectin concentration results in
increased membrane sn-1,2-diacylglycerols (sn-1,2-DAGSs) activity. It leads to impaired kinases activity and
decreased insulin signaling. Testosterone induces insulin resistance in cells by affecting insulin-stimulated
phosphorylation of protein kinase C (PKC). All these mechanisms contribute to decreased glucose transporter type

4 (GLUT-4) expression and decreased glucose transport into cells.
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In over-expanded adipose tissue, the profile of adipokines secreted by adipocytes is impaired. As adipose tissue
volume increases, the concentration of adiponectin, having an insulin-sensitizing and anti-inflammatory impact,
declines. Its lower concentration is associated with the development of IR and T2DM 29, Adiponectin reduces lipid
storage in the liver and muscles, which results in decreased plasma membrane sn-1,2-diacylglycerol-induced PKC
activity and increases insulin signaling. Adiponectin mediates these effects by promoting the storage of triglyceride
(TG) in white adipose tissue through stimulation of lipoprotein lipase and by increasing muscle fat oxidation and
glucose uptake by stimulation of 5' adenosine monophosphate-activated protein kinase (AMPK) in muscle (Figure
3) 49, Moreover, in PCOS, adiponectin levels are decreased in both obese and nonobese patients 4142l Changes
in other adipokines, such as apelin, vaspin, resistin, and chemerin, are also observed in women with PCOS. Apelin
is adipokine expressed in adipocytes, and ovarian cells, and its expression is stimulated by insulin. It increases the
secretion of progesterone and estradiol in granulosa cells in response to stimulation by insulin-like growth factor-1
(IGF-1). Vaspin, an adipokine expressed mainly in visceral adipose tissue and in the ovary, enhances granulosa
cells’ steroidogenesis and proliferation. The expression of resistin is upregulated by androgens, therefore there is a
positive association between hyperandrogenism and high levels of resistin in PCOS patients. Resistin may be
involved in the pathogenesis of IR in PCOS. Chemerin is expressed in ovarian cells and plays an important role in
adipose tissue inflammation 3],
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Figure 3. Role of adiponectin in maintaining proper insulin signaling. Adiponectin reduces lipid storage in the liver
and muscles, which results in decreased membrane sn-1,2-diacylglycerol levels and increases insulin signaling.
Adiponectin mediates these effects by promoting the storage of triglyceride in white adipose tissue through
stimulation of lipoprotein lipase and by increasing muscle fat oxidation and glucose uptake by stimulation of 5'

adenosine monophosphate-activated protein kinase (AMPK) in muscle.

Adipose tissue growth without adequate vascularization results in hypoxia. Reduced adipose tissue oxygenation
contributes to IR by decreasing branched-chain amino acid catabolism and increasing plasma branched-chain
amino acid concentrations 4., Chronic inflammation also develops with increased levels of tumor necrosis factor a
(TNF-a), monocyte chemotactic protein-1 (MCP-1), C-reactive protein (CRP), interleukin-1 (IL-1), interleukin-6 (IL-
6), and other pro-inflammatory cytokines, which have been found elevated in PCOS. Additionally,
hyperandrogenism can increase inflammation through activation of the nuclear factor kappa B (NF-kB)
inflammation pathway #2461, Hormones, adipokines, and cytokines associated with inflammation affect the
intracellular enzymatic pathways associated with the insulin receptor. Insulin acts through binding and activation of
insulin receptors type A and B (IR-A and IR-B) located in the cell membrane. Activation of receptor subunits, which

are glycoproteins with tyrosine kinase activity, leads to phosphorylation of the insulin receptor substrates (IRS-1
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and IRS-2). Then, the signal is transmitted through intracellular signalling pathways. The phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt) pathway is involved in carbohydrate metabolism by increasing intracellular
glucose transport through glucose transporter type 4 (GLUT-4) in muscle cells and adipocytes, inhibiting hepatic
gluconeogenesis and glycogenolysis, and promoting glycogenesis. The mitogen-activated protein kinase (MAPK)
pathway is involved in promoting proliferation and cell growth 7, Defects in insulin signal transduction play a
crucial role in the pathomechanism of IR. It is a result of protein modifications, such as increased IRS-1 serine
phosphorylation, which affects metabolic pathways in many tissues, including the ovary “8. TNF-a affects insulin
signaling by phosphorylation of serine in IRS-1 through activation of several serine kinases, including c-Jun-NH2-
terminal kinase (JNK) and extracellular signal-regulated kinase (ERK), which inhibits insulin-induced tyrosine
phosphorylation of IRS-1 and downregulates PI3K activity 2. It causes decreased GLUT-4 expression and
decreased glucose transport into cells (Figure 2). Moreover, mitochondrial damage, increased oxidative stress,
and endoplasmic reticulum stress are also involved in the development of IR 29, Metabolic inflexibility is the
impaired ability to switch from lipid to carbohydrate oxidation under insulin-stimulated conditions. This state is
associated with IR. However, some data show that PCOS women have normal metabolic flexibility, which could

suggest a distinct pathophysiological mechanism for IR in this group .

Studies on mice have shown that activation of androgen receptors by dihydrotestosterone in the brains of the
tested animals led to the development of IR, whereas rodents deprived of these receptors did not develop this type
of disorder. That observation suggests that androgens may also promote IR by acting on the central nervous

system 2. Moreover, prenatal exposure to high levels of androgens can probably lead to the development of IR
and PCOS [22154][55],

The role of other factors in pathomechanism of IR is also under investigation. MicrcoRNA (miRNA) are about 22
nucleotides long non-coding RNA molecules that are responsible for post-transcriptional regulation of gene
expression 28], Studies show that these particles, located in exosomes of adipocytes and macrophages of adipose
tissue and secreted from them into the circulation, can influence the development of IR through mechanisms, such
as inhibition of peroxisome proliferator-activated receptor (PPAR-gamma) expression and affecting PI3K/AKT-
GLUT4 signaling pathway 245859 An altered profile of miRNA particles in plasma has been observed in PCOS
(601 As a result, miRNAs can be used as diagnostic markers and, in the future, be important in the therapy of PCOS
and IR.

The result of all the processes described above is impaired glucose transport into cells by insulin-dependent
membrane GLUT 4 transporters, reduced glycogen synthesis and decreased inhibition of hepatic gluconeogenesis.
This leads to hyperglycemia and to compensatory hyperinsulinemia. IR, the resulting hyperinsulinemia, and
increased androgen levels influence each other, and it is difficult to determine which phenomenon occurs first
(Figure 4) 811 Insulin acting on ovarian theca cells increases androgen synthesis by increasing activity of the
cytochrome P450C17a, which has 17-hydroxylase and 17,20-lyase activities [52]. Insulin acts on ovarian theca cells
by further increasing LH stimulatory effect 53], Moreover, insulin affects the hypothalamic-pituitary system. Through
MAPK and increased gonadotropin-releasing hormone (GnRH) gene expression, it increases the frequency and

amplitude of GnRH release pulses and, in consequence, LH release, which stimulates ovarian cells to androgen
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synthesis 64, Insulin also upregulates adrenal androgen synthesis by affecting steroidogenic factor 1 (SF-1), which

is a transcriptional factor playing an important role in steroid hormone synthesis by regulating the transcription of
steroidogenic genes, including StAR, Cypllal, Cypl7, Cypllbl, Cypl1b2, and 3B-Hsd 53, Moreover, insulin

decreases the release of sex hormone-binding globulin (SHBG) from the liver, thus increasing the amount of the

free, non-protein-bound androgen fraction, which exerts biological effects on tissues. Studies indicate that SHBG

can be useful as a marker for a higher risk of PCOS 8],

Hyperinsulinemia

Insulin resistance

Stimulates androgen secretion
in theca cells,

Increases androgen response to

GnRH agonist stimulation,
Increases adrenal androgen
secretion stimulated by ACTH,
Affects the liver and peripheral
tissues, increasing androgen
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Lowers insulin induced glucose
uptake in adipose tissue
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Figure 4. Possible relationships between polycystic ovary syndrome and insulin resistance. The main conclusion is

that insulin resistance, the resulting hyperinsulinemia, and increased androgen levels influence each other, and it is

difficult to determine which phenomenon occurs first.
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