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Abstract

Polycystic ovary syndrome (PCOS) is indeed one of the most common gynecological endocrine disorders, affect-

ing a significant number of females in their reproductive age. While the exact cause of PCOS is not fully under-

stood, several factors are believed to contribute to its onset. The relationship between polycystic ovary syndrome
(PCOS) and low-grade chronic inflammation is complex and not fully understood. While there is evidence to sug-
gest an association between PCOS and inflammation, the exact cause and causal nature of this relationship are still
under investigation. Several inflammatory markers, including IL-6 (interleukin-6), TNF-a (tumor necrosis factor-alpha),
IL-17 (interleukin-17), CRP (C-reactive protein), NLR (neutrophil-to-lymphocyte ratio), and PLR (platelet-to-lymphocyte
ratio), have been studied about PCOS. These markers are substances produced by the immune system in response
to inflammation. Increased levels of IL-17, IL-1, and IL-8 were correlated with PCO. CRP to albumin ratio can be
employed as a precise bio-marker for PCOS. The neutrophil-to-lymphocyte ratio (NLR) indicates poor cardiovascular
health and metabolic syndrome (MS) and can be considered a negative regulator for FSH which indirectly stimulates
testosterone production. Platelet/lymphocyte ratio (PLR) and mean platelet volume (MPV) are also recently found

to be associated with PCOS. The literature explaining the underlying mechanisms with specific inflammatory markers
and how inflammation relates to PCOS will be highlighted in this review article. It will also discuss the roles of inflam-
mation and the association of different inflammatory markers in the pathogenesis of PCOS, which may usher in a new
era in the treatment approach for PCOS.

Keywords PCOS, Inflammation, Metabolic syndrome, Hyperandrogenism, Inflammatory markers

*Correspondence: 7 Department of Zoology, Sonarpur Mahavidyalaya [Affiliated

Koushik Bhattacharya to the University of Calcuttal, Sonarpur, Kolkata, West-Bengal, India
koushik22.2009@gmail.com 8 Department of Physiology, International Medical School, Management
! Department of Medical Laboratory Technology, Swami Vivekananda and Science University, Shah Alam, Malaysia

University, Barrackpore, West-Bengal, India ? Post-Graduate Department of Physiology, Hooghly Mohsin College,

2 School of Paramedics and Allied Health Sciences, Centurion University Chinsurah, Hooghly, West-Bengal, India

of Technology and Management, Jatni, Bhubaneswar, Odisha, India 19 Department of Anatomy, PtJN.M. Medical College, Raipur,

3 School of Allied Health Sciences, Brainware University, Barasat, Chhattisgarh, India

West-Bengal, India

4 Department of Physiology and Biochemistry, Hitkarini Dental College
and Hospital, Jabalpur, Madhyapradesh, India

° Department of Nutrition, AKPC Mahavidyalaya [Affiliated

to the University of Burdwan], Goghat, Hooghly, West-Bengal, India

© Department of Physiotherapy, Nopany Institute of Health Care Studies,
Kolkata, West-Bengal, India

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-0153-4357
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43043-023-00158-2&domain=pdf

Dey et al. Middle East Fertility Society Journal (2023) 28:33

Introduction

Today, polycystic ovary syndrome (PCOS) has become
a recurring gynecological condition with a wide variety
of different endocrine symptoms and is one of the lead-
ing causes of infertility in women of reproductive age [1,
2]. When other specific diagnoses, such as hyperprol-
actinemia and non-classical congenital adrenal hyper-
plasia, have been ruled out [3], PCOS is characterized by
symptoms of ovarian dysfunction (oligo-ovulation and/or
polycystic ovarian morphology, or PCOM) and androgen
excess (hirsutism and/or hyperandrogenemia). Preva-
lence rates for PCOS among premenopausal women are
higher than those among other women of childbear-
ing age, ranging from 6% (using earlier, more restrictive
standards) to 20% (using current, more thorough stand-
ard definitions) [4]. Menstrual irregularity and clinical
or biochemical hyperandrogenism findings were used to
diagnose PCOS in 1990, according to the National Insti-
tute of Health, after ruling out other androgen increases.
The diagnosis of PCOS is determined if at least two of the
symptoms are present after ruling out other endocrine
disorders, such as oligo-amenorrhea, clinical and/or lab-
oratory evidence of hyperandrogenism, and polycystic
ovary appearance on ultrasonography [5]. The Andro-
gen Excess Society (2006—-2009) established criteria for
diagnosing PCOS that take into account hyperandrogen-
ism (hirsutism and/or hyperandrogenemia), ovulatory
dysfunction (oligo-anovulation and/or polycystic ovary),
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and the elimination of other endocrinopathies that ele-
vate androgen [3, 6]. Even if the diagnostic criteria are
what they are, PCOS has long-lasting repercussions on
women’s lives that last throughout their entire lifespans
(Fig. 1).

Due to insulin resistance, PCOS has been linked to
serious and persistent metabolic and cardiovascular
diseases [5]. Additionally, chronic low-grade inflam-
mation has been linked to it, and this is supposed to
increase long-term cardiovascular illness [7, 8]. The
fundamental mechanisms of PCOS are unknown,
despite how common it is. A substantial amount of
research links insulin resistance and androgen over-
production to the pathophysiology of the condition.
According to several researches, hyperandrogenism
in PCOS women is positively correlated with persis-
tent low-grade inflammation. However, it is unclear if
this link is causative [7, 9]. Subcutaneous adipose tis-
sue (SAT) has a higher androgen production rate,
which may be a factor in PCOS-related hyperandro-
genemia [10, 11]. Emphasis on the inflammatory fac-
tors and their relationship to PCOS has increased as
a result of the association between the prevalence of
PCOS and chronic inflammation [12]. PCOS’s etiology
may be influenced by the imbalance of pro-inflamma-
tory and anti-inflammatory cytokines and cytokine
gene polymorphisms [13]. As a result, inflammatory
responses serve as mediators and aid in the emergence

PCOS )

_ l

| androgens (TT) by ovarian
theca cells

N

‘ Androgen

Excess

ﬁ ‘ In-vitro secretion of
FSH | |

LH secretion

l

Androgen
Synthesis from
Theca cells

LH: FSH

o=

CYP19A1 Activity

Indirectly

Excess circulating insulin

/ \g:)

SHBG synthesis from Liver
| Free circulating androgens
(TT)

. Altered F olliculogenesis

Number of Primary and
small preantral follicles ‘

l

| AMH Secretion from those

FSH Action

Fig. 1 Pathophysiological milieu causes the onset of polycystic ovary syndrome (PCOS)



Dey et al. Middle East Fertility Society Journal (2023) 28:33

and exacerbation of PCOS’s metabolic characteristics.
Polycystic ovary syndrome (PCOS) and insulin resist-
ance are likely to be associated with obesity, and adi-
pocytes (fat cells) that can contribute significantly to
the synthesis of pro-inflammatory mediators, leading to
chronic inflammation [14]. It has been uncovered that
the activation of inflammatory pathways in adipocytes
can impair triglyceride accumulation and contribute
to insulin resistance. Inflammation within adipose tis-
sue can disrupt the normal balance of lipid metabolism,
leading to an increased release of free fatty acids (FFAs)
from adipocytes [15]. Under normal conditions, adi-
pocytes store excess energy as triglycerides. However,
when inflammatory pathways are activated, certain
pro-inflammatory cytokines (such as TNF-a and IL-6)
can interfere with the process of storing triglycerides
and promote the breakdown of stored fats. This results
in the release of FFAs into the bloodstream. Elevated
levels of FFAs, particularly saturated fatty acids, can
have detrimental effects on insulin signaling and glu-
cose metabolism. These FFAs can accumulate in non-
adipose tissues such as the skeletal muscle, liver, and
pancreatic beta cells. In these tissues, FFAs can inter-
fere with insulin signaling pathways, leading to reduced
insulin sensitivity or insulin resistance. The presence
of excess FFAs can induce inflammation and activate
intracellular signaling pathways, such as the serine
kinases and nuclear factor kappa B (NF-«B), which can
further promote insulin resistance. These pathways
interfere with insulin receptor signaling and down-
stream glucose uptake and utilization. Furthermore, the
accumulation of FFAs in the liver can lead to increased
hepatic glucose production and contribute to hyper-
glycemia. The presence of high levels of FFAs can also
affect pancreatic beta cells, impairing insulin secretion
and further exacerbating insulin resistance. Overall, the
inflammatory activation in adipocytes can disrupt nor-
mal triglyceride accumulation and increase the release
of FFAs into the circulation. These FFAs can promote
insulin resistance in various tissues, contributing to
the development and progression of metabolic disor-
ders such as type 2 diabetes and obesity-related insulin
resistance. In addition to several other inflammatory
markers, blood levels of C-reactive protein (CRP) are
frequently used to evaluate low-grade chronic inflam-
mation. Activated macrophages, as well as adipocytes,
release interleukin-6 (IL-6) which eventually stimulates
the liver to generate CRP, an acute-phase protein [16,
17]. Obese women having diabetes and cardiovascu-
lar complications show elevated serum CRP levels that
are closely associated with long-term health hazards
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[18]. However, there are significant disputes regarding
whether or not PCOS is an inflammatory process [19].

Possible mechanism of inflammation in PCOS

A common symptom of PCOS is chronic inflammation,
and new research suggests that people with PCOS have
higher levels of inflammatory markers like C-reactive
protein (CRP), leukocytes/white blood cells (WBCs), cer-
tain interleukins, and tumor necrosis factor (TNF) [20,
21]. Chronic low-grade inflammation has been associated
with obesity and insulin resistance as well as endothelial
dysfunction, atherosclerosis, and coronary heart disease
[22]. Although the exact etiology of the chronic inflam-
mation process associated with PCOS is not known, it is
believed that patients who have already begun the inflam-
matory responses have a higher chance of developing
insulin resistance, obesity, and cardiovascular problems.
Although studies have linked PCOS with insulin resist-
ance the underlying interconnected pathways causing
these two conditions remain unknown [8]. Nearly 30%
of the women with PCOS have visceral fat, or abdominal
adiposity, which is closely associated with insulin resist-
ance [23]. The body enters a pro-inflammatory condition
because the adipose tissue is a primary source of cytokine
release [24]. The exact mechanisms underlying inflam-
mation in women with PCOS are not fully understood.
However, there is a high prevalence of excess adiposity in
PCOS, which is characterized by enlarged adipocytes and
the presence of immune cells within adipose tissue. This
leads to chronic low-grade inflammation [25]. However,
the higher level of inflammation observed in both obese
and non-obese PCOS patients must have some specific
explanations. Experimental proofs pointed out the hered-
itary origin of such persistent low-grade inflammation in
PCOS. Some studies have reported a connection between
specific proinflammatory genotypes, such as those asso-
ciated with TNF-a, TNF receptor (Type II), and IL-6,
and PCOS [26, 27]. Inflammation of adipose tissue has
also been linked to PCOS-related hyperandrogenism
as a potential underlying cause. Deligeoroglou et al. [8]
hypothesized that adipocyte hypertrophy induced by
androgens leads to the narrowing of stromal arteries,
which subsequently triggers inflammation due to tis-
sue hypoxia. A recent meta-analysis data [18] revealed
the appearance of PCOS-related chronic inflammation
characterized by higher levels of circulatory CRP. A mod-
erate rise in CRP levels of PCOS women not exceeding
5.0 mg/I indicates low-grade inflammation [18]. With lit-
tle and contradictory data, the IL-6 and TNF-a-mediated
inflammatory mechanisms involved in PCOS remain
unclear. However, IL-6 and TNF-«a are known to play a
role in stimulating the production of C-reactive protein
(CRP) in the liver. Therefore, the elevated CRP level can
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be used as an indirect marker for higher IL-6 and TNF
levels. The same meta-analysis [18] further described
that the appearance of PCOS amplifies with increasing
CRP levels caused by obesity. Although the elevated lev-
els of circulating CRP associated with PCOS are notice-
able in women of normal weight, they are less significant
among obese PCOS patients than in obese control sub-
jects [28, 29]. Gonzalez made the hypothesis that obesity
may make PCOS-related CRP rises harder to see [30]. It
reveals that CRP level in obese PCOS patients, acts as a
sensitive biomarker for chronic inflammation [30], but
PCOS women had lower levels of adiponectin, which is
considered a well-known anti-inflammatory protein [31].
Similar decreases have also been observed in pentraxin-3
(PTX3), a protein with structural similarities to CRP that
regulates inflammation and may have anti-atherosclerotic
activity that can reduce cardiovascular risks [32]. This
abovementioned discussion pointed out a dual mecha-
nism of prolonged inflammation in PCOS, with rising
pro-inflammatory factors and falling anti-inflammatory
protective ones. Additional evidence corroborating the
idea that the severity of inflammation in PCOS is unre-
lated to obesity was established by a few research stud-
ies [33] that looked at how weight loss has been observed
to impact inflammatory markers in both obese women
with and without PCOS who lost weight experienced a
positive reduction in inflammatory markers, the PCOS
group’s response to weight loss was slower and less pro-
nounced. These findings offer more proof in favor of the
theory that PCOS disease, separate from obesity, is linked
to chronic inflammation. Most of the research works link
insulin resistance and androgen overproduction to PCOS
etiology. Chronic inflammation has a substantial correla-
tion with both excess testosterone and insulin resistance
[18]. It is still unclear how precisely these three patho-
genic entities interact and which role they play in the
development of PCOS.

Chronic inflammation and obesity

Metabolic consequences are more likely to occur in
obese people. The well-known trials of Dunaif et al.
[34, 35] provided a clear illustration of the impact of
obesity and PCOS. These studies demonstrated the
independent and cumulative effects of PCOS and obe-
sity. The main difference between the two, however,
is obesity, which is linked to reduced insulin action in
normal women compared to PCOS alone in normal-
weight women [35]. Women with PCOS who are nor-
mal weight are comparatively more protected from
developing impaired glucose tolerance than overweight
and obese women since further obesity is linked to an
increase in that risk [1, 2, 36]. Obesity can disrupt the
usual progression of insulin resistance to diabetes by
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affecting normal time-related development. Initially,
there is compensatory excessive secretion of insulin by
cells, but over time, there is a decline in insulin pro-
duction, leading to the development of glucose intol-
erance and fasting hyperglycemia. This is indicated by
the elevated occurrence of glucose intolerance in obese
adolescents with PCOS [1, 37]. As obesity increases,
there is a corresponding increase in the prevalence of
dyslipidemia, metabolic syndrome, and diabetes, which
are all associated with obesity as related complications
[1]. However, it is noteworthy that women with PCOS
and a BMI under [1] who participated in a large mul-
ticenter experiment did not experience the onset of
the metabolic syndrome. An individual with a normal
waist circumference is typically associated with a nor-
mal metabolic profile and the absence of metabolic syn-
drome, including waist circumference-related issues,
about PCOS [1]. Obesity has been linked to a higher
risk of numerous malignancies, including endometrial
and breast cancers, in the general population [38, 39].
The degree of epidemiological occurrence of breast
cancer within the subpopulation of PCOS is lower;
however, multiple epidemiological studies have pro-
vided evidence showing that women diagnosed with
PCOS have a higher risk of developing certain types of
cancers [40-42]. The majority of these studies lacked
the statistical or long-term follow-up ability to exam-
ine the moderating effects of obesity on cancer risk in
PCOS-affected women.

Understanding the pathophysiology of obesity and
its associated conditions helps to clarify how obesity
contributes significantly to metabolic syndrome via
inflammatory adipokines. These comorbidities include
endothelial dysfunction and hypertension, which are
brought on by the activity of RAS-secreting adipokines,
diabetes mellitus type 2, and dyslipidemia, which is
brought on by hypercholesterolemia and hypertriglyc-
eridemia. Insulin resistance is made worse by TNF-a
and other inflammatory adipocyte secretagogues. The
consequences of fatty acid lipotoxicity and these issues
encourage atherogenesis, which includes coronary artery
disease. The visceral white adipose tissue (WAT) inflam-
matory adipokines that trigger NF-«B hurt all of these ill-
nesses. Chronic renal illness [43], obstructive sleep apnea
[43], non-alcoholic fatty liver disease [44], and even
reproductive dysfunctions [45] are additional diseases
that can lead to metabolic syndrome. These diseases
cause inflammation to spread, which improves the func-
tionality of the affected tissue—adipose tissue, muscle, or
vascular endothelium—or in several organs including the
liver, heart, and kidneys [45]. In conclusion, these inflam-
matory adipokines have a significant impact on obesity
and its comorbidities, such as atherosclerosis, making
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obesity the most avoidable public health issue in the USA
and a menace that is fast spreading throughout the rest of
the world [45].

Chronic inflammation and insulin resistance

Up to 70% of PCOS women have been shown to have
insulin resistance [46], and PCOS women also have
40% worse insulin sensitivity [47], despite obesity fur-
ther compromising insulin metabolism. In both obesity
and type 2 diabetes (T2D), the contribution of chronic
inflammation in adipose tissue to the emergence of insu-
lin resistance is well documented [48]. TNF-a and IL-6
are two of the main inflammatory cytokines produced by
adipose tissue that have been linked to insulin resistance.
The initial identification of TNF-« as the inflammatory
cytokine associated with the onset of insulin resistance
was primarily attributed to its release by macrophages
residing in adipose tissue [11, 14, 49]. TNF-a levels and
other indicators of insulin resistance have also a positive
correlation [17]. Obese mice lacking TNF-« or its recep-
tor exhibited inhibitory effects upon the onset of insu-
lin resistance in rodents [15]. The primary method that
TNF-a induces insulin resistance by promoting post-
receptor serine phosphorylation of insulin receptor sub-
strate-1 (IRS-1); although, TNF-«a disrupts the insulin
signaling pathway, as it promotes lipolysis and the release
of free fatty acids, which contribute to increased hepatic
glucose production [50]. Adiponectin, a hormone gener-
ated from adipocytes that helps to maintain peripheral
glucose and lipid homeostasis, is similarly downregu-
lated by it [51, 52]. Contrasting literature studies make it
less obvious how IL-6 contributes to insulin resistance.
According to several studies, the interaction between
IL-6 and the metabolism of insulin varies depend-
ing on factors such as metabolic status, tissue type, and
the duration of IL-6 elevation, whether it is transient or
chronic [48]. For instance, a brief increase in IL-6 during
exercise has both an anti-inflammatory and an increase
in glucose absorption in the skeletal muscle [53]. The pro-
tein suppressor of cytokine signaling 3 (SOCS3), which
binds to and blocks the insulin receptor, is upregulated
by IL-6, which on the other hand has proinflammatory
effects and causes insulin resistance in adipose tissue and
the liver [54]. Additionally, it suppresses the transcrip-
tion and phosphorylation of IRS-1 [55, 56]. Based on the
aforementioned, there appears to be a vicious loop trian-
gle between these three aspects of PCOS, even though
the exact causal relationship between chronic inflamma-
tion, insulin resistance, and hyperandrogenism in PCOS
is still not fully understood [57]. One potential expla-
nation is that hyperandrogenism brought on by PCOS
causes adipose tissue inflammation, which in turn causes
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dysregulated adipokine production and insulin resistance
[57].

Chronic inflammation and hyperandrogenism

In PCOS, hyperandrogenism may be the root cause of
low-grade chronic inflammation. By increasing mono-
nuclear cell sensitivity, it also promotes glucose-induced
inflammation [58]. On the other side, pro-inflammatory
cytokines like TNF can increase androgen synthesis by
upregulating steroidogenic enzymes and stimulating
the growth of theca cells. Additionally, TNF is a modu-
lator of insulin resistance, suggesting that the underly-
ing mechanisms of insulin resistance in PCOS are likely
diet-induced inflammation [59]. Women with PCOS have
been found to have hypertrophic adipocytes due to expo-
sure to high androgen. Inflammation was more likely
to occur in hypertrophic adipocytes [60]. Adipose tis-
sue adipocytes secreted compounds, some of which are
inflammatory agents, in an autocrine/paracrine manner,
which contributed to the low-grade inflammation associ-
ated with PCOS [24]. There may be a connection between
PCOS’s low-grade chronic inflammation and hyperan-
drogenism and hypertrophic adipocyte [61]. Evidence
from recent studies strongly suggests that adipose tissue
plays a critical role in modulating chronic inflammation
in obesity and diabetes [18]. Increased levels of circulat-
ing proinflammatory cytokines are primarily brought on
by the hypertrophied adipocytes and immune cells that
are located in adipose tissue (lymphocytes and mac-
rophages) in obesity. Additionally, “metabolic inflamma-
tion”, which is associated with obesity, is thought to play
a substantial role in the development of insulin resistance
and T2D [18, 25]. Considering the established associa-
tions between obesity, type 2 diabetes (T2D), and PCOS,
it is plausible to propose that inflammation within adi-
pocytes could be a significant contributing factor in the
development of PCOS. Previous studies have indicated
that adipose tissue can be a potential source of elevated
androgen production in women with PCOS [10, 11, 62,
63]. Additionally, several studies have reported a corre-
lation between the hyperandrogenism observed in PCOS
and the presence of persistent low-grade inflammation
[64]. The precise relationship between chronic inflam-
mation and increased androgen synthesis in adipose tis-
sue in the context of PCOS remains largely unknown,
primarily due to the limited availability of conflicting
evidence in the existing literature [7-9]. As previously
mentioned, Deligeoroglou et al. [8] demonstrated that
inflammation could be caused by an excess of androgen,
but according to the findings of Gonzélez et al. [30], it
has been revealed that inflammation triggered by food
intake in women with PCOS can be directly contributed
to the development of hyperandrogenism. Hence, further
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research is necessary to gain a deeper understanding of
the interactions between hyperandrogenism and adi-
pose tissue inflammation in PCOS. Earlier investiga-
tions that explored circulating markers of inflammation
in women with PCOS did not specifically study adipose
tissue as a source of inflammation [30]. Given that adi-
pose tissue plays notable roles in the onset of prolonged
inflammatory state and excessive synthesis and avail-
ability of androgen, future research must concentrate on
the inflammatory state of adipose tissue in PCOS [65].
Additionally, genetic determinants of PCOS should also
be studied to minimize the potential risks. Reports sug-
gest that PCOS is very common among first-degree rela-
tives and siblings with autosomal dominant inheritance.
Moreover, monogenic causes of hirsutism and oligome-
norrhea were identified in PCOS women. On the con-
trary, twin studies claimed that it is X-linked polygenic in
nature [66] (Fig. 2).

Inflammatory markers related to PCOS

IL-6

One of the numerous cytokines that are generated by
adipocytes from the body’s fat reserves is interleukin-6
(IL-6) [67]. There is notable evidence of increased IL-6
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content in PCOS participants, which has been well dis-
cussed. However, the regulation of IL-6 levels is kept up
by a close relationship with other cytokines, particularly
mediated by a crucial regulator, NF-kB. To determine a
likely cause for the underlying inflammatory condition in
PCOS, the involvement of IL-6 in a wide range of other
pathological ailments is also being studied. These prob-
lems include rheumatoid arthritis, cardiovascular dis-
eases, asthma, colon cancer, and many more. IL-6 has
opposing effects on the body due to its dual pro- and
anti-inflammatory characteristics [68]. Under normal cir-
cumstances, IL-6 mediates vital processes like epithelial
renewal and bolstering the body’s defensive system. In
a recent study, it was found that insulin resistance may
affect IL-6 production, and high levels of IL-6 in young
PCOS women may also indicate an altered immune
response and help to identify individuals with a higher
risk of cardiovascular disease in the future [69]. However,
persistent inflammation brought on by disorders like
PCOS can be highly dangerous.

TNF alpha
Adipose tissue plays a significant role in the release of
various molecules such as transforming necrosis factor-a
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Fig. 2 Inflammatory consequences and possible markers related to polycystic ovary syndrome (PCOS): Considering the dietary influence, excessive
intake of carbohydrates and fats causes obesity and hyperinsulinemia/insulin resistance (IR) in young women. Obesity and IR have a positive
influence on the pathogenesis of PCOS. The obesity-induced hypertrophic adipocytes sharply increase the level of adiponectin, leptin, IL-6,

and TNF-a which cumulatively contribute to the inflammation of adipose tissue. This hypertrophic adipose tissue resulted in androgen excess which
might contribute to IR. The stimulated hepatocytes produce acute phase response protein CRP. The pro-inflammatory cytokines and leptins cause
chronic low-grade inflammation via the activation of NF-kB. The excessive production of reactive oxygen species (ROS) and cortisol is responsible
for the onset of stress-induced immune alterations as well as attenuated T cell response. Simultaneously, the increased macrophage activation,
higher neutrophil-to-lymphocyte ratio (NLR), and mean platelet volume (MPV) are observed as the hallmarks of PCOS
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(TNF-«), interleukin-6 (IL-6), and adiponectin. These
molecules exhibit altered expression patterns in the con-
text of obesity. The alterations in the expression patterns
of adipokines in obesity can have an impact not only on
adipose tissue itself but also on other tissues targeted by
these adipokines. This can contribute to the establish-
ment of a chronic, albeit mild, proinflammatory environ-
ment in individuals who are obese [70, 71]. While TNF-a
is a proinflammatory cytokine and contributes to obe-
sity-related systemic insulin resistance (IR) by blocking
the tyrosine kinase of the insulin receptor in muscle and
fat, adiponectin is an insulin sensitizer and anti-inflam-
matory molecule [72-74]. TNF-a has been linked to the
pathophysiology of PCOS because it increases IR, results
in hyperandrogenism (HA), and is involved in follicular
formation. By reducing the insulin receptor’s tyrosine
kinase activity, hyper-expression of TNF-a in muscle
and adipose tissues is thought to contribute to the devel-
opment of IR in humans [75, 76]. TNF-a has also been
linked to chronic inflammatory disorders like ulcerative
colitis, rheumatoid arthritis, and Crohn’s disease [77-79].
Previous research has shown that the expression of both
the transcript and protein of adiponectin in adipose tis-
sue can be reduced by TNF-a and interleukin-6. Con-
versely, other studies have indicated that TNF-a can
increase the expression of adiponectin [73].

Nuclear factor (NF)-«kB is a significant intracellular
TNF-canonical pathway effector [73]. In numerous ani-
mal models, this transcription factor has been linked to
insulin resistance along with a rise in blood levels of free
fatty acids or other underlying causes of obesity [73].

A pro-inflammatory environment can also be observed
in PCOS without having high body weight. The hyperan-
drogenic state present in the tissue may have positively
influenced the macrophage quantity in the normal-
weight-PCOS group. As seen in the ovaries of rats with
hyperandrogenism, androgen is known to cause mac-
rophages to produce more TNF-q, increasing inflam-
mation [80]. Elevated levels of C-reactive protein (CRP)
observed in women with PCOS, compared to age- and
BMI-matched controls, indicate the presence of an inher-
ent inflammatory process in PCOS [19, 81]. In non-obese
women with PCOS, visceral adipocytes have been found
to stimulate the release of free fatty acids into the blood-
stream, potentially contributing to a mild proinflamma-
tory environment in these individuals [73].

IL-17

IL-17, IL-17a, and IL-1Ra have recently been discovered
to be strongly related to PCO [21, 82, 83]. Inflammatory
and autoimmune illnesses are mostly impacted by IL-
17a [82]. Patients with PCOS have significantly higher
levels of IL-1Ra, which can reduce insulin resistance
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and blood glucose metabolism, resulting in obesity and
metabolic syndrome [83]. Increased levels of inflamma-
tory cytokines (IL-17a, IL-1a, IL-1b, IL-2, and IL-8) can
interfere with ovarian follicle atresia, decrease apoptosis,
and prevent oocyte maturation [83]. Additionally, PCOS
patients with high anti-Miillerian hormone (AMH) lev-
els experience a decline in the connection between the
inflammatory factors [83]. Inflammatory factors are
increased by an aberrant level of AMH, resulting in a
persistently low concentration of systemic inflammation
in the human body, which causes metabolic illnesses such
as insulin resistance, improper glycolipid metabolism,
and reproductive dysfunctions [83].

CRP
Emerging studies have brought attention to the role of
persistent low-grade inflammation as a potential underly-
ing factor responsible for the long-term consequences of
PCOS [84-86]. Despite the epidemiology’s lack of clarity,
certain research does point to a potential link between
PCOS and cardiovascular (CV) morbidity and mortal-
ity [84—86]. Insulin resistance and obesity may mediate
various cardiovascular abnormalities, including early
ventricular abnormalities, endothelial dysfunction, and
arterial stiffness, as well as the development of carotid
and coronary atherosclerosis [85, 86]. The suggested
mechanisms are linked to the detrimental consequences
of insulin resistance, such as dyslipoproteinemia, hyper-
tension, elevated oxidative stress, persistent low-grade
inflammation, and disrupted homeostasis [84—86]. PCOS
is characterized by a state of low-grade chronic inflam-
mation, as evidenced by elevated levels of C-reactive pro-
tein (CRP), inflammatory cytokines like interleukin-6 and
interleukin-18, and an increased count of white blood
cells [86, 87]. Research has shown that C-reactive pro-
tein (CRP) is a dependable marker of inflammation and
an accurate predictor of cardiovascular morbidity [29, 81,
86], particularly about lipid profile parameters [87].
Recently, Kalyan et al. [88] demonstrated that when
compared to both free androgens and insulin resist-
ance, the ratio of C-reactive protein (CRP) to albumin
can serve as a more accurate and powerful indicator of
inflammation in PCOS. In comparison to markers like
insulin resistance and androgens [88], the CRP/albu-
min ratio demonstrated higher specificity and sensitiv-
ity for inflammation related to metabolic dysfunction
in matched PCOS patients. Interestingly, patients with
PCOS exhibited a higher CRP/albumin ratio regard-
less of their body mass index (BMI) [88]. This observa-
tion suggests that inflammation may play a significant
pathophysiological role in PCOS independent of BMI
and obesity. Furthermore, apart from environmen-
tal factors, variations in CRP concentrations could be
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attributed to genetic variability within the CRP gene
[89]. Nevertheless, this polymorphism may be crucial for
proving that CRP serves as a sensitive and reliable CVD
predictor and for verifying the causal link between CRP
and CV morbidity [89]. Theoretically, CRP could iden-
tify PCOS women who are more likely to develop type
II diabetes and cardiovascular disease [86]. Only two
studies that were published examined the CRP levels
in PCOS patients and discovered that they were more
likely to have high CRP levels than controls. These stud-
ies’ authors concluded that, in comparison to controls,
women with PCOS had considerably higher CRP con-
centrations [81, 90]. They examined CRP levels in a larger
cohort of PCOS patients in comparison to BMI-matched
controls to either support or refute such a link.

Neutrophil-to-lymphocyte ratio (NLR)

In the body, lymphocytes and neutrophils serve as the
initial line of defense against foreign invaders. The ear-
liest markers for inflammation and regulation that are
discovered in wounded tissues are neutrophils and lym-
phocytes, respectively. Major cell types implicated in
both acute and chronic inflammation are activated.
Today, several studies employ the neutrophil-to-lympho-
cyte ratio (NLR), which is determined by dividing the
neutrophil count by the lymphocyte count, as a marker
to assess the severity of inflammatory diseases [91-94].
Cardiovascular disease incidence has been linked to
increased levels of systemic inflammatory markers [95,
96]. Numerous epidemiological studies have also shown
that obesity [97], metabolic syndrome [98-100], diabetes
mellitus [98], hypertension [98], and chronic low-grade
inflammation are all linked. C-reactive protein and total
leukocyte count have been comprehensively examined in
several observational studies about various chronic dis-
eases [101-103]. White blood cell (WBC) count meas-
urements of low-grade inflammation have also been
associated with the classic risk factors for chronic dis-
eases, such as smoking, obesity, hypertension, and high
triglyceride levels [98, 104, 105]. PCOS patients have a
higher risk of developing cardiovascular illnesses because
of their unusual hormonal pattern, which is marked by
hyperandrogenism, insulin resistance, dyslipidemia, and
an inflammatory state [106]. Besides the commonly rec-
ognized cardiovascular risk factors such as hypertension,
diabetes, inflammation, and high cholesterol levels, the
recent studies mentioned above draw attention to inter-
esting similarities among these patients [107] and unmis-
takably show that PCOS may negatively affect or hasten
the development of a negative cardiovascular risk profile
and even of subclinical atherosclerosis signs [108]. Addi-
tionally discovered to be related to poor cardiovascu-
lar health was elevated neutrophil-to-lymphocyte ratio
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(NLR) values [98, 109]. Numerous cancer survival stud-
ies have revealed that NLR is a major predictor of patient
survival overall and for each illness [94]. Given its afford-
ability, accessibility, and ease of calculation, the neutro-
phil-to-lymphocyte ratio has the potential to be a key
indicator of systemic inflammation. The risk of metabolic
syndrome (MS) has been observed to increase when NLR
grows, and NLR readings may be a valuable tool to antici-
pate the onset of MS [94]. Increased NLR was found to
be an inflammation marker in PCOS patients [110, 111]
and was found to be negatively correlated with FSH lev-
els as well as positively correlated with free testosterone
[112], androstenedione [112], sex hormone binding glob-
ulin [112], insulin resistance, and altered lipid param-
eters [22]. However, it was also found to occasionally not
be associated with obesity [112, 113]. In addition, it was
found that people with PCOS can have elevated NLR
levels despite similar high-sensitivity C-reactive protein
(hsCRP) levels [110, 113].

Platelet/lymphocyte ratio (PLR), in addition to NLR,
has been discovered to be an additional inflammatory
marker for PCOS. All PCOS participants had consider-
ably higher PLR than the BMI-matched controls. PLR
increased in normal weight-PCOS even while obesity
caused it to decline. These findings provide credence to
the idea that PCOS is a chronic inflammatory condition
distinct from obesity. In PCOS, mean platelet volume
(MPV) levels were independently correlated with clinical
pregnancy rate (CPR) [114]. PLR and various hormonal
and metabolic markers appear to be connected.

Conclusion

PCOS is a gynecological disorder mostly affecting women
at post-pubertal age worldwide. Interestingly, nowadays,
the prevalence of PCOS is approximately 1 in every 10
women. The pathophysiology in terms of hormonal dysreg-
ulation has been well understood. Along with insulin resist-
ance (IR) and hyperandrogenism (HA), there are influences
of environmental factors, genetics, and epigenetics. Despite
some clinical manifestations in correlation with the altered
hormonal levels, there are no such definite tests for PCOS
diagnosis to date. In this review, we have tried to correlate
the pathogenesis of PCOS with its inflammatory conse-
quences intending to develop novel markers for the precise
and accurate diagnosis of PCOS. Moreover, those inflam-
matory parameters will help to predict the susceptibility
of an individual to develop polycystic ovaries or ovulatory
dysfunction. Though inflammatory aspects are impor-
tant for oocyte growth higher counts of leukocytes, and
increased concentration of CRP in the peripheral blood is
also associated with the progression of PCOS. When focus-
ing on the pro-inflammatory cytokines, it was observed
that TNF-a had a positive correlation with IR. Moreover, IR
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may elevate the IL-6 level which is known to be a risk fac-
tor for cardiovascular disease in women. Increased levels of
IL-17, IL-1, and IL-8 were correlated with PCO. Research-
ers suggest that a hyperandrogenic state during PCOS
could stimulate the resident macrophages which contrib-
uted to the pro-inflammatory environment. As an obvi-
ous result, the higher amount of acute phase protein CRP
is elevated in PCOS patients. Additionally, CRP to albumin
ratio can be employed as a precise bio-marker for PCOS.
Inflammatory cells like lymphocytes and neutrophils could
be increased during PCOS and can be depicted as the earli-
est marker. Evidence suggested that the neutrophil-to-lym-
phocyte ratio (NLR) indicated poor cardiovascular health
and metabolic syndrome (MS). This is to be further noted
that NLR is a negative regulator for FSH which indirectly
stimulates testosterone production. Therefore, NLR could
serve as another inflammatory marker for PCOS diagnosis.
On the other hand, the platelet/lymphocyte ratio (PLR) is
also helpful in assessing the prognosis of PCOS. For bet-
ter clinical correction, further research should be done to
reveal the mechanistic aspect of those inflammatory mark-
ers in PCOS. Taking together all the facts, it can be inferred
that the establishment of such important inflammatory
biomarkers is beneficial for the early detection and man-
agement of PCOS patients.
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