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Abstract: The pathophysiology of Polycystic Ovary Syndrome (PCOS) is quite complex and different
mechanisms could contribute to hyperandrogenism and anovulation, which are the main features
of the syndrome. Obesity and insulin-resistance are claimed as the principal factors contributing to
the clinical presentation; in normal weight PCOS either, increased visceral adipose tissue has been
described. However, their role is still debated, as debated are the biochemical markers linked to
obesity per se. Oxidative stress (OS) and low-grade inflammation (LGI) have recently been a matter
of researcher attention; they can influence each other in a reciprocal vicious cycle. In this review,
we summarize the main mechanism of radical generation and the link with LGI. Furthermore, we
discuss papers in favor or against the role of obesity as the first pathogenetic factor, and show how
OS itself, on the contrary, can induce obesity and insulin resistance; in particular, the role of GH-IGF-1
axis is highlighted. Finally, the possible consequences on vitamin D synthesis and activation on the
immune system are briefly discussed. This review intends to underline the key role of oxidative stress
and low-grade inflammation in the physiopathology of PCOS, they can cause or worsen obesity,
insulin-resistance, vitamin D deficiency, and immune dyscrasia, suggesting an inverse interaction to
what is usually considered.

Keywords: obesity; insulin-resistance; hyperandrogenism; antioxidants

1. Introduction

Polycystic ovary syndrome (PCOS) is a gynecological endocrine disorder afflicting
female of fertile age. PCOS has always attracted researcher attention due to high incidence;
since it is the most frequent endocrine/metabolic disorder in the female population (about
6–14% of childbearing age) [1] and cardiovascular/oncological risk in the affected cohort
of patients. Its diagnosis is based on Rotterdam criteria [2] since hyperandrogenism,
chronic oligo- or anovulation, and echographic pattern of polycystic ovaries are the main
features, differently combined in the various phenotypes of the syndrome [3]. The role
of hyperandrogenism is stressed for its relation to metabolic derangement; therefore, the
AE-PCOS Society maintains hyperandrogenism as mandatory for diagnosis, coupled with
chronic oligo-anovulation or polycystic ovaries [4]. It has been also proposed that PCOS
without hyperandrogenism should be excluded from the syndrome as they are based on
different etiologies [5].

The different criteria used for diagnosis can have consequences on epidemiological
and clinical studies; moreover, different geographical areas can show a different prevalence
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of the syndrome, according to different diagnostic parameters. Therefore, in 2012 National
Institute of Health (NIH) [6] recommended using a phenotypical classification, previously
proposed by Azziz et al. [5], in four classes: (1) phenotype A, characterized by clinical or
biochemical hyperandrogenism (HY), ovulatory dysfunction (OD), and polycystic ovarian
morphology (PCOM); (2) phenotype B, presenting with hyperandrogenism (HA) and OD,
but not PCOM; (3) phenotype C, showing HA and PCOM, without OD; and finally (4)
phenotype D, including OD and PCOM, without HA. The phenotypes A and B are also
called “classic PCOS”, the phenotype C is also indicated as “ovulatory PCOS”, while the
last can be also marked as “non-hyperandrogenic PCOS”. The classical forms are the most
prevalent. Nevertheless, some criticism has also been advanced to this classification, since
most studies consider clinically evident subjects while the prevalence could be different
in the general population [7]. Whatever the case, this classification, other than its clinical
and statistical usefulness, also covers pathophysiological meaning, since it is generally
accepted that phenotypes A and B present the higher prevalence of insulin resistance (IR)
and risk to develop glucose intolerance or type 2 diabetes [8]. Figure 1 shows a diagram
illustrating these concepts.
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Figure 1. Diagram representing the classification of the different phenotypes of PCOS. While there is
agreement on metabolic risk, which is higher in A-B phenotypes than C-D ones, clear correlation be-
tween phenotypes and parameters of oxidative stress (OS) and/or indexes of low-grade inflammation
(LGI) is not defined (?).

Even though extensive clinical data are published (combining “PCOS” and “phys-
iopathology” keywords on Medline generates 3537 results, 1393 in the last ten years), many
aspects remain unclear. The roles of visceral obesity, IR, hyperandrogenism overlap each
other, with progressive vicious circles, making it difficult to design a univocal etiopatho-
genetic sequence. Based on the above-described phenotype classification, different studies
have tried to correlate metabolic and hormonal parameters, without reaching an unequivo-
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cal picture: some studies underlined the risk of metabolic syndrome in hyperandrogenic
phenotypes [9–11] while others pointed to the role of BMI [12] and total or abdominal
obesity [13]. Regardless of obesity and IR, hyperandrogenic PCOS have a higher risk of
liver steatosis [14]. Finally, it has been also reported that no significant difference in IR,
glucose intolerance, and metabolic syndrome can be detected in the four groups [15]. Inter-
estingly, a cohort of a specific geographical area (Korea) mainly included young non-obese
women [16], strengthening the prevalence of different clinical phenotypes in different
clinical areas.

Indeed, it is clear that oxidative stress (OS) is involved in PCOS disorder. Modern
concepts concern the presence of low-grade inflammation (LGI) and the contribution of
oxidative stress (OS). OS can be defined as “a disturbance in the prooxidant/antioxidant
balance in favor of the former, potentially leading to damage” [17]. OS discloses when the
levels of oxidants significantly overcome the antioxidant defenses. Notably, the initial view
of oxidative stress has focused on the pathological role of reactive oxygen species (ROS)
in the development and progression of the major human diseases (e.g., cancer, diabetes,
atherosclerosis, cardiovascular diseases). It has been assessed that OS is associated with
over a hundred diseases, either as their cause or consequence [18]. However, increas-
ing evidences have highlighted that ROS are not just harmful agents implicated in the
pathogenesis of various disorders and diseases. ROS can also act as mobile redox messen-
gers in the regulation of numerous signaling pathways ranging from cell homeostasis to
cell death [19,20] as reported in the ovarian physiology, as we previously reviewed [21].
Consequently, the idea that “ROS are unfavorable, and antioxidants are favorable” has
undergone a critical and considerable reappraisal. Accordingly, ROS can act as a second
messenger, regulate gene expression, and consequently influence cell growth, differenti-
ation, and apoptosis. Only one study evaluated the impact of different phenotypes on
OS [22]: once again patients with HA presented an increased OS suggested by increased
antioxidant status measured by a colorimetric method. Therefore, this field still remains
open to be investigated.

Chronic low-grade inflammation syndromes are systemic and chronic pathological
conditions characterized by a slight increase in inflammatory markers; PCOS has been
considered part of this group. Chronic LGI exhibits increased circulating cytokine levels
and macrophage infiltration in peripheral tissues, which do not cause, however, any
damage or loss of function to the involved tissues [23–26]. According to Margioris et al.,
high sensitivity C-reactive protein (CRP) is considered the best marker to be measured for
clinical purposes: levels <1 mg/L suggest no chronic LGI; levels between 1 and 3 mg/L
suggests clinically evident chronic LGI; levels between 3 and 10 mg/L suggests a high
chronic LGI and levels higher than 10 mg/L suggest acute inflammation not related to
chronic LGI [27]. Both antioxidant and anti-inflammatory therapies have been therefore
proposed [28–30].

On the other hand, prevalence of obesity ranges from 30 to 75% in different re-
ports [31,32]. Even in absence of obesity, an increased percentage of body weight and
central adiposity [33] has been detected. Body composition has been related to IR, which
is described also in normal-weight PCOS (NW-PCOS). Therefore, this point has been
considered to play a key role in the development of the syndrome.

One of the aims of the present paper is to review studies about OS and inflammatory
markers in PCOS and evidence in favor or against the role of obesity as a pathogenetic
starting point of vicious circles of the syndrome.

2. Mechanism of Oxidative Stress in PCOS

Both genetic and environmental factors can exacerbate OS.
Genetic studies have concerned genes involved in steroid synthesis, gonadotropin

receptors, IR [34]. Mitochondrial dysfunction has been addressed as a central phenomenon
since mitochondria carry out a pivotal role in cell energy mechanisms, representing the
main source of ROS as by-products of nutrient translation [35]. An increased ROS produc-
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tion can induce damage of mitochondrial components such as mtDNA, proteins, lipids
and finally prompts cell apoptosis mediated by mitochondrial alterations [36]. The abnor-
malities of the mitochondrial genome have been recently revised [35]. Two main aspects
must be considered. The first one is the number of mtDNA copies, which have been
found to be lower in PCOS [37], with a negative correlation with the severity of the syn-
drome. The alteration of mtDNA copies is crucial for the ROS increase [38]. The second
aspect is the discovery of mitochondrial gene mutation. Some investigators found single
point mutations of genes encoding mitochondrial transfer RNA (mt-tRNA) associated
with metabolic complications of PCOS, such as diabetes and hypertension [39,40]. Single-
nucleotide polymorphism of a non-coding region of mtDNA (D-loop) has been reported
in a cohort of south Indian women [41]. Finally, other genes involved in mitochondrial
oxidative metabolism have been possibly related to PCOS development [42,43].

Diet-induced OS: glucose absorption induces an inflammatory response as docu-
mented by increased ROS-related OS and increased NFkB activation that is independent
of obesity [44,45]. The release of tumor necrosis factor (TNF)α and IL-6 from circulating
monocytes, induced by glucose ingestion, is altered in PCOS [46], and confirming data are
reported in vitro [47]. These markers of OS and LGI are associated with index of insulin
sensitivity after load or fasting index of IR [44,45,47]. ROS generation and p47phox protein
(which translocates from cytosol to membrane, activating membrane-bound NADPH ox-
idase with generation of superoxide) increase has been reported also in normal-weight
patients without increased abdominal fat [3]. Therefore, diet-induced response could
contribute to IR.

Hormonal mechanisms: hyperandrogenemia can underlie diet-induced inflammatory
response; indeed, the administration of oral androgens, rising circulating levels at values
comparable to PCOS, induces, both in fasting state and after glucose load, mononuclear
cell (MNC) activation, with consequent cascade of previously described events (i.e., ROS
generation, NFkB activation and increase in TNFα mRNA). Androgens exert these actions
via their receptor, as demonstrated by androgen-resistant mice models which were not
influenced by testosterone (T) or dihydrotestosterone (DHT) treatment [48]. The above-cited
study of Zhang [22] showed an increased total antioxidant status in PCOS patients with
HA; main predictors of total antioxidant status in multivariate analysis were apolipoprotein
(apo)A1, the Ferriman–Gallwey score, triglycerides, estradiol, high-density lipoprotein
cholesterol and 2-h glucose levels.

Early hyperandrogenism during fetal life in animal models has been related to PCOS,
influencing balance between prenatal adipogenesis and lipogenesis [49]; it could induce
a mismatch between subcutaneous and visceral adipose tissue. As underpinning mecha-
nisms, low levels of adiponectin, and increased fatty acid levels, magnified by both genetic
and epigenetic factors, lead to decreased storage capacity and ectopic fat deposition (liver,
visceral adipose tissue). Adiponectin decrease, due to the key anti-inflammatory and
insulin-sensitizing effect of the hormone, contributes to IR starting from childhood [49–51];
furthermore, during adulthood, upregulation of fat promoting genes in visceral adipose
tissue could ensue. Recently animal models as a tool for understanding physiopathology
of PCOS confirmed such view [52].

Moreover, other mechanisms could be related to the alteration of GH-IGF-1 axis
(see below).

OS can induce and/or worsen all main features of PCOS.
Insulin resistance: OS alters the glucose uptake in muscle and adipose tissue and

reduces insulin secretion by pancreatic b-cells [53–55]. IR can be induced by intracellular
signaling in response to OS, both in vitro [56–58] and in vivo [59,60]. Moreover, antioxidant
treatments may improve insulin sensitivity in patients with IR or type 2 diabetes [61].

Obesity: increased OS induces obesity-promoting preadipocyte proliferation and
adipocyte differentiation, by increasing the size of mature adipocytes [62]; a central effect
has also been hypothesized since ROS can influence neurons regulating feeding behavior
in favor of those inducing hunger [63].
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Hyperandrogenism: infiltration of the ovary by MNC-derived macrophages has
been described [64], CYP17 is upregulated by proinflammatory stimuli and inhibited by
resveratrol [65]; TNFα can stimulate in vitro proliferation of theca cells which synthetize
androgens [29]. The effects of hyperandrogenism are not surprising, due to the reports of
prooxidant effects of T, both in vivo and in vitro, and the same ROS production caused the
synthesis of androgens themselves [66].

Follicular apoptosis: while ROS have a positive role in inducing the completion of
meiosis I in dominant follicle, antioxidants have a key role in allowing the following
maturation. Glutathione has a key role in counteracting the apoptosis promoting effects
of ROS [67]. An increased ROS in cumulus cells has been reported, in association with
changes in tricarboxylic acid cycle and Nicotinamide-adenin-dinucleotide catabolism in
follicular fluid of PCOS patients [68].

Infertility: it is well known that PCOS obese women have an increased time-to-
pregnancy and a higher risk of miscarriage, and once again this could be mediated by
OS [69]. Experimental models suggest that obesity induced by high-fat diet is associ-
ated with increased ROS production, antioxidant depletion, and abnormal distribution of
mitochondria in oocytes [35].

Interplay between OS and LGI are very complex and often associated with reciprocal
effects [70]. The role of obesity remains controversial, since it can induce both LGI and OS,
and the phenotypes of obese PCOS patients are surely more severe than normal-weight
PCOS subjects.

3. Role of Obesity: Pros

Obesity can induce both OS and LGI. Different studies showed increased levels of
reactive species or by-products of oxidative damage in obesity [71–74]. OS has been linked
to IR since it impairs glucose uptake in muscle and adipose tissue and reduces insulin
secretion from pancreatic b-cells [53–55]. Increased levels of inflammatory cytokines
in serum and altered lymphocyte function have been described [75–77] and related to
complications such as diabetes, atherosclerosis, and steatohepatitis [78–82]. Obesity is
considered paradigmatic, as a state of chronic LGI. Metabolic inflammation is characterized
by an unbalanced expression of pro- and anti-inflammatory adipokines in the adipose
tissue [83]. This unbalance affects insulin signaling, contributing to the development of
IR and DM2 [84], in the so-called metabolic syndrome. Furthermore, IR and LGI have
been recently associated with dysbiosis and altered intestinal permeability [85,86]. In this
context lipocalin-2 (LCN2) may play an important role. Serum LCN2 levels are increased
in obese patients [87,88], while discrepant results are reported on the correlation between
LCN2 and IR indexes [89–96]. We showed increased levels in metabolic syndrome, but not
in other conditions with IR such as growth hormone deficiency [97]. Finally, endogenous
stimuli can be related to inflammation, including the stimulatory effects of free fatty acids
on innate immune response [98,99].

Inflammatory markers related to obesity and not PCOS status per se include: TNFα,
soluble type 2 TNF receptor, IL-6, and high sensitive CRP [100,101]. The increased central
fat excess seems to be related to low-grade inflammation and IR [102]. TNFα is overex-
pressed in adipose tissue, induces IR [84] and probably the increase of the visceral adipose
tissue is also the source in lean PCOS.

Another proinflammatory cytokine is IL-18, which induces the production of T, in
turn stimulating IL-6 synthesis [103].

Other markers related to abdominal obesity are increased plasminogen activator inhibitor-
1 [104], increased angiotensin-renin system [105,106], and decreased adiponectin [107].

Interestingly, OS markers decrease after weight loss, induced by hypocaloric diet,
natural antioxidants, and bariatric surgery [1,108–110].
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4. Role of Obesity: Cons

A chronic androgen excess can induce obesity, influencing abdominal fat deposi-
tion [111]. Hyperandrogenism interacts with mitochondrial dysfunction above described;
in experimental animals, IR can be induced by androgen overexposure via augmented
ROS production. Pancreatic islets of rats treated with DHT showed lower mtDNA copies,
oxygen consumption rate, and ATP production in comparison with untreated control
animals [112].

Inflammatory markers, such as highly sensitive CRP, leukocytes count, neutrophil
count and neutrophil/lymphocytes ratio (NLR) were found to be higher in PCOS, both
obese and lean, compared with body weight-matched controls [113]. NLR showed a
correlation with highly sensitive CRP; on the contrary, HOMA-index correlated with BMI.
Therefore, the authors concluded that the condition of PCO rather than BMI induced this
inflammatory state. No correlation was reported with androgens.

Few authors have studied PCOS women undergoing in vitro fertilization procedure in
comparison with non-PCOS patients [114]. BMI of PCOS patients was positively correlated
with leukocyte, neutrophil, lymphocyte, and mean platelet volume (p < 0.05), but negatively
correlated with NLR and platelet/lymphocytes ratio (PRL, p < 0.05). Both NLR and PLR
increased significantly in PCOS (p < 0.001). PLR increased significantly in NW-PCOS
compared the NW-controls and obese PCOS (OB-PCOS). MPV values increased only in
OB-PCOS subjects. The logistic regression analyses showed that MPV was the independent
variable in PCOS to effect CPR (p = 0.000; OR 0.1; CI 0.06–0.2). Since NLR and PLR were
significantly increased in all PCOS subjects compared to the BMI-matched controls, again
the authors hypothesized that PCOS is a chronic inflammatory process independent of
obesity. Despite PLR being decreased by adiposity, PLR increased in NW-PCOS.

In agreement with these studies, Agakayak et al. investigated CRP, IL-6, TNFα, NLR
in lean and obese PCOS subjects, supplemented with vitamin B12 and neopterin, a key
molecule involved in immune response and useful for cardiovascular risk evaluation,
released by macrophages of atherosclerotic plaques [115]. While CRP seemed to be linked
to obesity, the other parameters were considered related to PCOS itself, including the
lowering of B12, which has an anti-inflammatory action.

A model to investigate the relationships between obesity and inflammatory markers
in PCOS is bariatric surgery. The decrease of CRP and adiponectin was present after such
procedures, with slower effects in obese than in lean PCOS; the authors hypothesized a
role for IR [116].

Another interesting approach is the proteomic analysis, which has been performed
in NW-PCOS. Gene ontology analysis shows significant enrichment for terms related
to inflammatory immune response, metabolism, and IGF-receptor signaling pathway.
Circulating levels of IGF-1 and -2 and IGF binding protein-2, -3, and -4 are found to be
lower in females with PCOS compared to healthy controls [117]. This is also confirmed in
a study performed in follicular fluid, showing intrinsic abnormalities in PCOS patients,
which were amplified by obesity [35].

5. The Underestimated Role of GH/IGF-1 Axis

The topic of GH-IGF axis in PCOS has been addressed in the nineties. Original data
suggested lower GH secretion with normal IGF-1 values, but in a small and heterogeneous
group of patients [118].

PCOS subjects have has lower levels of GH when hyperinsulinemic [119]; some
investigations confirmed this datum, together with an inferior suppressive effect of GnRH
antagonists [120]. Prelevic also showed low GH secretion only in obese PCOS [121].

Conflicting results concern GH levels, dynamics, and IGF-1 levels [121–124]. IGF-1
levels, together with other parameters of GH-dependent axis (IGFBP-1 and IGF-1/IGFBP-1
ratio) were not influenced by a treatment with metformin plus Vitamin D [125]; however,
more than systemic levels, intraovaric IGF-1 levels could be more important for follic-
ular growth. Interestingly, both IGF-I and IGF-II are lower in follicular fluid of PCOS
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women [126]. Immunohistochemical studies confirmed low expression of IGF-1 receptors
in granulosa cells, associated with an increased expression in thecal-stromal cells [127]
contributing to the complex endocrine picture of PCOS. Follicular IGF-1 was considered
the only biomarker with significantly lower levels throughout a broad spectrum of women
with fertility disorders [128].

Concerning our topic, IGF-1 could be a key molecule, not only in modulation of
steroidogenic and follicular cell proliferation, but also in regulating the response to OS and
LGI. We previously reviewed the role of GH-IGF-1 axis in the modulation of antioxidant
systems [66,129].

Models of diabetes and hypertension suggest that IGF-1 can exert an anti-inflammatory
role; higher IGF-1 levels protect against microvascular complications of hypertension and
the development of type 2 diabetes mellitus [130]. IGF-1, together with IL, regulates levels
of monocyte chemoattractant protein 1 (MCP-1) [131]. IGF-1, similarly to antioxidant
glutathione, was lower in diabetic hypertensive patients [132]. An antiatherogenic effect
of IGF-1 is reported, as supported by experiments in animals and humans, even if the
mechanism remains still unclear [133–135]. Moreover, an effect on lipoxygenase with
reduced lipid oxidation and foam cell formation has been demonstrated [80].

Interestingly, GH and IGF-1 can exert different effects on adipose tissue. GH has direct
actions on mature adipocytes, inducing the release of free fatty acid and increased oxida-
tion [136]; on the contrary, IGF-1 does not have effects on mature adipocytes, while they are
produced by them. Adult mice with partial IGF-1 deficiency showed reduced expression of
genes involved in lipid metabolism, cholesterol synthesis, and cholesterol transport [137].
Low IGF-1 is associated to IR, glucose intolerance, and diabetes [138]. Moreover, free IGF-1
levels are reduced in obesity and IGF-1 concentration was an independent factor associated
with IR [139]. Finally, IGF-1 levels are inversely correlated with distribution of visceral
adipose tissue [140–144]. IGF-1 can counteract the augmented ROS production induced by
a high-fat diet [145].

Extrapolating these data to PCOS is still speculative; however, is it possible that low levels
of IGF-1 in follicular fluid can contribute to the inflammatory and pro-oxidant environment.

6. Other Implications Due to Oxidative Stress

The associations of serum vitamin D levels alterations have been also examined in
PCOS patients [146]. A key role in controlling inflammation and OS is clearly attributed
to vitamin D [147]. In fact, it sustains normal mitochondrial functions [148,149]; active
vitamin D, calcitriol, regulates generation of nuclear factor erythroid 2–related factor 2
(Nrf2) pathway involved in protection toward OS [150]. The expression of sirtuin 3 is
modulated by metabolites of vitamin D [151]. Many antioxidants and anti-inflammatory
cytokines are upregulated by vitamin D [152]; for example, glutathione-peroxidase and
glutathione itself [153–155]. On these bases, vitamin D supplementation has been proposed
in women affected by PCOS [156]. Studies on this topic are controversial [157–159]. A
recent metanalysis demonstrated that vitamin D supplementation to PCOS patients had a
beneficial effect on some markers (CRP, malondialdehyde, and total antioxidant capacity)
but remained ineffective on others (nitric oxide and glutathione).

Despite this great interest, the other side of the coin is less investigated. Some links
with other systems above discussed could be hypothesized. For example, among factors up-
regulated by vitamin D we can find Klotho, a protein produced in the kidney and involved
in anti-aging mice phenotypes, also acting on antioxidants formation [160]; therefore, a
reduced stimulation could have detrimental effects.

Interestingly, glutathione stimulates vitamin D regulatory and glucose-metabolism
genes [161]. In vitro glutathione deficiency induces OS, but also downregulation of vitamin
D-binding protein (VDBP), vitamin D-25-hydroxylase, and vitamin D receptor, therefore
interfering with vitamin D activation and activity. This observation represented the basis
for supplementation of vitamin D plus L-cysteine (precursor of glutathione) with reduction
of OS. The same study also showed in obese adolescents the same reduction in glutathione
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and vitamin D, together with increased IR, TNFα, and carbonyl-proteins. A positive
correlation between glutathione status and 25-OH vitamin D was described.

A model supporting the influence of OS on vitamin D metabolism was reported in a
culture of bovine proximal tubule cells: an increase in OS, demonstrated by augmented
lipid hydroperoxides, was related to reduced 1α- and 24-hydroxylases activities [162].

Recently, a peptide produced in the bone has arisen interest among researchers, the
osteocalcin (OC) and its undercarboxylated form (u-OC). OC is one of the most represented
protein in the bone matrix. Interestingly, OC was reported significantly increased in PCOS
subjects compared to controls with a negative correlation against TNF-α. Moreover, differ-
ent OC levels in subjects with PCOS are supposed to be responsible for the heterogeneity
of this syndrome [163]. Contrastingly, a multicentric study, that evaluated 298 women
with PCOS and 194 healthy controls, reported that OC levels were decreased in PCOS
patients compared with controls [164]. Taking into account the precursor of osteocalcin,
the undercarboxylated form, a study reported its regulatory role in energy metabolism by
promoting insulin release and increase of adiponectin production [165]. The same author
also reported that u-OC exhibits a pattern related to the weight-dependent manner in
PCOS subjects. Thus, u-OC produced in the bone has an anabolic function in muscle and
allows an increase in glucose uptake, suggesting a role of the skeleton as an endocrine
organ in the pathogenesis of PCOS [165]. However, the essential mechanism of crosstalk
between u-OC and androgen excess in PCOS remains incompletely understood. OS may
represent a connection between the two since it has been demonstrated that OS can alter
OC/u-OC ratio [166], and u-OC exerts protective effects in diabetes counteracting OS thus
increasing insulin sensitivity [167]. It is still speculative that mutations in mitochondrial
antioxidants enzyme can influence this equilibrium in the bone as demonstrated in some
experimental models [168].

Finally, another interesting aspect linked to LGI could be immune dyscrasia. Immune
mechanisms have been supposed to contribute to the development of PCOS [169]. We
have previously shown increased levels of free light chains of immunoglobulins (FLCs)
in PCOS [170]. FLCs and CRP are sentinel biomarkers of different aspects of the immune
system, representing, respectively, adaptive and innate immunity. Alterations of Th1 and
Th2 cells have been reported [171]. Augmented expression of CD4+/CD28 null lympho-
cytes, an aggressive subset with proinflammatory characteristics, has been reported [30].
Altered immunocompetent cells population have also been found in follicular fluid [172].
Our preliminary data, showing reduced levels of Ig1, Ig2, and Ig3 subclasses, together with
high CH50 levels, suggesting an immune dyscrasia in PCOS (submitted).

7. Conclusions

PCOS is a gynecological endocrine disorder reported in patients with heterogeneous
clinical manifestations with different phenotypes. Moreover, environmental and genetic
factors also have a role in the development of PCOS condition. Despite the complex
scenario of this multifaceted disorder, OS and LGI, in a mutual reinforcing action, seem to
be crucial in the pathogenesis of PCOS, both in normal weight and obese patients, with
a severe picture in the last ones. They can be induced by the interaction from genetic
background and lifestyle elements while hormonal events (hyperandrogenism and low
IGF-1 at peripheral level) can be factor inducing or amplifying the OS-LGI status (Figure 2).
In addition, considering the heterogeneity of the PCOS population, targeted therapies
addressed to pathophysiological mechanisms have to be considered, even if at this moment
scientific evidence to this approach is still lacking.
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74. Konukoǧlu, D.; Serin, Ö.; Ercan, M.; Turhan, M.S. Plasma homocysteine levels in obese and non-obese subjects with or without
hypertension; its relationship with oxidative stress and copper. Clin. Biochem. 2003, 36, 405–408. [CrossRef]

75. Festa, A.; D’Agostino, R.; Williams, K.; Karter, A.J.; Mayer-Davis, E.J.; Tracy, R.P.; Haffner, S.M. The relation of body fat mass and
distribution to markers of chronic inflammation. Int. J. Obes. 2001, 25, 1407–1415. [CrossRef] [PubMed]

76. Cancello, R.; Tordjman, J.; Poitou, C.; Guilhem, G.; Bouillot, J.L.; Hugol, D.; Coussieu, C.; Basdevant, A.; Hen, A.B.;
Bedossa, P.; et al. Increased infiltration of macrophages in omental adipose tissue is associated with marked hepatic lesions in
morbid human obesity. Diabetes 2006, 55, 1554–1561. [CrossRef]

77. ClÉment, K.; Viguerie, N.; Poitou, C.; Carette, C.; Pelloux, V.; Curat, C.A.; Sicard, A.; Rome, S.; Benis, A.; Zucker, J.; et al. Weight
loss regulates inflammation-related genes in white adipose tissue of obese subjects. FASEB J. 2004, 18, 1657–1669.

78. Anna Diehl, M.A.E. Nonalcoholic steatosis and steatohepatitis IV. Nonalcoholic fatty liver disease abnormalities in macrophage
function and cytokines. Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 282, G1–G5. [CrossRef]

79. Arkan, M.C.; Hevener, A.L.; Greten, F.R.; Maeda, S.; Li, Z.W.; Long, J.M.; Wynshaw-Boris, A.; Poli, G.; Olefsky, J.; Karin, M. IKK-β
links inflammation to obesity-induced insulin resistance. Nat. Med. 2005, 11, 191–198. [CrossRef] [PubMed]

80. Schünbeck, U.; Mach, F.; Sukhova, G.K.; Herman, M.; Graber, P.; Kehry, M.R.; Libby, P. CD40 ligation induces tissue factor
expression in human vascular smooth muscle cells. Am. J. Pathol. 2000, 156, 7–14. [CrossRef]

81. Reardon, C.A.; Getz, G.S. Mouse models of atherosclerosis. Curr. Opin. Lipidol. 2001, 12, 167–173. [CrossRef]
82. Michelsen, K.S.; Wong, M.H.; Shah, P.K.; Zhang, W.; Yano, J.; Doherty, T.M.; Akira, S.; Rajavashisth, T.B.; Arditi, M. Lack of

toll-like receptor 4 or myeloid differentiation factor 88 reduces atherosclerosis and alters plaque phenotype in mice deficient in
apolipoprotein E. Proc. Natl. Acad. Sci. USA 2004, 101, 10679–10684. [CrossRef] [PubMed]

83. Tilg, H.; Moschen, A.R. Adipocytokines: Mediators linking adipose tissue, inflammation and immunity. Nat. Rev. Immunol. 2006,
6, 772–783. [CrossRef]

84. Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose expression of tumor necrosis factor-alpha: Direct role in obesity-linked
insulin resistance. Science 1993, 259, 87–91. [CrossRef] [PubMed]

85. Luck, H.; Tsai, S.; Chung, J.; Clemente-Casares, X.; Ghazarian, M.; Revelo, X.S.; Lei, H.; Luk, C.T.; Shi, S.Y.; Surendra, A.; et al.
Regulation of obesity-related insulin resistance with gut anti-inflammatory agents. Cell Metab. 2015, 21, 527–542. [CrossRef]

86. Garidou, L.; Pomié, C.; Klopp, P.; Waget, A.; Charpentier, J.; Aloulou, M.; Giry, A.; Serino, M.; Stenman, L.; Lahtinen, S.; et al. The
Gut Microbiota Regulates Intestinal CD4 T Cells Expressing RORγt and Controls Metabolic Disease. Cell Metab. 2015, 22, 100–112.
[CrossRef] [PubMed]

87. Catalán, V.; Gómez-Ambrosi, J.; Rodríguez, A.; Ramírez, B.; Silva, C.; Rotellar, F.; Gil, M.J.; Cienfuegos, J.A.; Salvador, J.;
Frühbeck, G. Increased adipose tissue expression of lipocalin-2 in obesity is related to inflammation and matrix metalloproteinase-
2 and metalloproteinase-9 activities in humans. J. Mol. Med. 2009, 87, 803–813. [CrossRef]

88. Auguet, T.; Quintero, Y.; Terra, X.; Martínez, S.; Lucas, A.; Pellitero, S.; Aguilar, C.; Hernández, M.; del Castillo, D.; Richart, C.
Upregulation of lipocalin 2 in adipose tissues of severely obese women: Positive relationship with proinflammatory cytokines.
Obesity 2011, 19, 2295–2300. [CrossRef]

89. Yan, Q.W.; Yang, Q.; Mody, N.; Graham, T.E.; Hsu, C.H.; Xu, Z.; Houstis, N.E.; Kahn, B.B.; Rosen, E.D. The adipokine lipocalin 2 is
regulated by obesity and promotes insulin resistance. Diabetes 2007, 56, 2533–2540. [CrossRef] [PubMed]

90. Chang, S.Y.; Jo, Y.H.; Kim, M.J. The level of nitric oxide regulates lipocalin-2 expression under inflammatory condition in RINm5F
beta-cells. Atherosclerosis 2016, 252, e181. [CrossRef]

91. Law, I.K.M.; Xu, A.; Lam, K.S.L.; Berger, T.; Mak, T.W.; Vanhoutte, P.M.; Liu, J.T.C.; Sweeney, G.; Zhou, M.; Yang, B.; et al.
Lipocalin-2 deficiency attenuates insulin resistance associated with aging and obesity. Diabetes 2010, 59, 872–882. [CrossRef]
[PubMed]

92. Guo, H.; Jin, D.; Zhang, Y.; Wright, W.; Bazuine, M.; Brockman, D.A.; Bernlohr, D.A.; Chen, X. Lipocalin-2 deficiency impairs
thermogenesis and potentiates diet-induced insulin resistance in mice. Diabetes 2010, 59, 1376–1385. [CrossRef] [PubMed]

93. Jun, L.S.; Parker Siddall, C.; Rosen, E.D. A minor role for lipocalin 2 in high-fat diet-induced glucose intolerance. Am. J. Physiol.
Endocrinol. Metab. 2011, 301, E825–E835. [CrossRef]

94. Wu, C.; Wang, Q.; Lv, C.; Qin, N.; Lei, S.; Yuan, Q.; Wang, G. The changes of serum sKlotho and NGAL levels and their correlation
in type 2 diabetes mellitus patients with different stages of urinary albumin. Diabetes Res. Clin. Pract. 2014, 106, 343–350.
[CrossRef]

95. Moreno-Navarrete, J.M.; Manco, M.; Ibáñez, J.; García-Fuentes, E.; Ortega, F.; Gorostiaga, E.; Vendrell, J.; Izquierdo, M.;
Martínez, C.; Nolfe, G.; et al. Metabolic endotoxemia and saturated fat contribute to circulating NGAL concentrations in subjects
with insulin resistance. Int. J. Obes. 2010, 34, 240–249. [CrossRef]

96. Liu, X.; Hamnvik, O.-P.R.; Petrou, M.; Gong, H.; Chamberland, J.P.; Christophi, C.A.; Kales, S.N.; Christiani, D.C.; Mantzoros, C.S.
Circulating lipocalin 2 is associated with body fat distribution at baseline but is not an independent predictor of insulin resistance:
The prospective Cyprus Metabolism Study. Eur. J. Endocrinol. 2011, 165, 805–812. [CrossRef]

http://doi.org/10.1093/aje/kwf029
http://doi.org/10.1016/S0009-9120(03)00059-6
http://doi.org/10.1038/sj.ijo.0801792
http://www.ncbi.nlm.nih.gov/pubmed/11673759
http://doi.org/10.2337/db06-0133
http://doi.org/10.1152/ajpgi.00384.2001
http://doi.org/10.1038/nm1185
http://www.ncbi.nlm.nih.gov/pubmed/15685170
http://doi.org/10.1016/S0002-9440(10)64699-8
http://doi.org/10.1097/00041433-200104000-00010
http://doi.org/10.1073/pnas.0403249101
http://www.ncbi.nlm.nih.gov/pubmed/15249654
http://doi.org/10.1038/nri1937
http://doi.org/10.1126/science.7678183
http://www.ncbi.nlm.nih.gov/pubmed/7678183
http://doi.org/10.1016/j.cmet.2015.03.001
http://doi.org/10.1016/j.cmet.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26154056
http://doi.org/10.1007/s00109-009-0486-8
http://doi.org/10.1038/oby.2011.61
http://doi.org/10.2337/db07-0007
http://www.ncbi.nlm.nih.gov/pubmed/17639021
http://doi.org/10.1016/j.atherosclerosis.2016.07.845
http://doi.org/10.2337/db09-1541
http://www.ncbi.nlm.nih.gov/pubmed/20068130
http://doi.org/10.2337/db09-1735
http://www.ncbi.nlm.nih.gov/pubmed/20332347
http://doi.org/10.1152/ajpendo.00147.2011
http://doi.org/10.1016/j.diabres.2014.08.026
http://doi.org/10.1038/ijo.2009.242
http://doi.org/10.1530/EJE-11-0660


Int. J. Mol. Sci. 2021, 22, 1667 14 of 17

97. Currò, D.; Vergani, E.; Bruno, C.; Comi, S.; D’Abate, C.; Mancini, A. Plasmatic lipocalin-2 levels in chronic low-grade inflammation
syndromes: Comparison between metabolic syndrome, total and partial adult growth hormone deficiency. BioFactors 2020,
46, 629–636. [CrossRef]

98. Davis, J.E.; Gabler, N.K.; Walker-Daniels, J.; Spurlock, M.E. Tlr-4 deficiency selectively protects against obesity induced by diets
high in saturated fat. Obesity 2008, 16, 1248–1255. [CrossRef] [PubMed]

99. Schaeffler, A.; Gross, P.; Buettner, R.; Bollheimer, C.; Buechler, C.; Neumeier, M.; Kopp, A.; Schoelmerich, J.; Falk, W. Fatty
acid-induced induction of Toll-like receptor-4/nuclear factor-κB pathway in adipocytes links nutritional signalling with innate
immunity. Immunology 2009, 126, 233–245. [CrossRef]

100. Escobar-Morreale, H.F.; Villuendas, G.; Botella-Carretero, J.I.; Sancho, J.; San Millán, J.L. Obesity, and not insulin resistance, is the
major determinant of serum inflammatory cardiovascular risk markers in pre-menopausal women. Diabetologia 2003, 46, 625–633.
[CrossRef] [PubMed]

101. Möhlig, M.; Spranger, J.; Osterhoff, M.; Ristow, M.; Pfeiffer, A.F.H.; Schill, T.; Schlösser, H.W.; Brabant, G.; Schöfl, C. The polycystic
ovary syndrome per se is not associated with increased chronic inflammation. Eur. J. Endocrinol. 2004, 150, 525–532. [CrossRef]
[PubMed]

102. Puder, J.J.; Varga, S.; Kraenzlin, M.; De Geyter, C.; Keller, U.; Müller, B. Central fat excess in polycystic ovary syndrome: Relation
to low-grade inflammation and insulin resistance. J. Clin. Endocrinol. Metab. 2005, 90, 6014–6021. [CrossRef]

103. Stephens, J.M.; Butts, M.D.; Pekala, P.H. Regulation of transcription factor mRNA accumulation during 3T3-L1 preadipocyte
differentiation by tumour necrosis factor-α. J. Mol. Endocrinol. 1992, 9, 61–72. [CrossRef]

104. Kelly, C.J.G.; Lyall, H.; Petrie, J.R.; Gould, G.W.; Connell, J.M.C.; Rumley, A.; Lowe, G.D.O.; Sattar, N. A specific elevation in
tissue plasminogen activator antigen in women with polycystic ovarian syndrome. J. Clin. Endocrinol. Metab. 2002, 87, 3287–3290.
[CrossRef]

105. Morris, R.S.; Gentschein, E.; Wong, I.L.; Paulson, R.J.; Hatch, I.E.; Lobo, R.A. Prorenin is elevated in polycystic ovary syndrome
and may reflect hyperandrogenism. Fertil. Steril. 1995, 64, 1099–1103. [CrossRef]

106. Jaatinen, T.A.; Matinlauri, I.; Anttila, L.; Koskinen, P.; Erkkola, R.; Irjala, K. Serum total renin is elevated in women with polycystic
ovarian syndrome. Fertil. Steril. 1995, 63, 1000–1004. [CrossRef]

107. Panidis, D.; Kourtis, A.; Farmakiotis, D.; Mouselech, T.; Rousso, D.; Koliakos, G. Serum adiponectin levels in women with
polycystic ovary syndrome. Hum. Reprod. 2003, 18, 1790–1796. [CrossRef] [PubMed]

108. Murri, M.; García-Fuentes, E.; García-Almeida, J.M.; Garrido-Sánchez, L.; Mayas, M.D.; Bernal, R.; Tinahones, F.J. Changes in
oxidative stress and insulin resistance in morbidly obese patients after bariatric surgery. Obes. Surg. 2010, 20, 363–368. [CrossRef]

109. Kisakol, G.; Guney, E.; Bayraktar, F.; Yilmaz, C.; Kabalak, T.; Özmen, D. Effect of surgical weight loss on free radical and
antioxidant balance: A preliminary report. Obes. Surg. 2002, 12, 795–800. [CrossRef] [PubMed]

110. Uzun, H.; Konukoglu, D.; Gelisgen, R.; Zengin, K.; Taskin, M. Plasma protein carbonyl and thiol stress before and after
laparoscopic gastric banding in morbidly obese patients. Obes. Surg. 2007, 17, 1367–1373. [CrossRef]

111. Escobar-Morreale, H.F.; Millán, J.L.S. Abdominal adiposity and the polycystic ovary syndrome. Trends Endocrinol. Metab. 2007,
18, 266–272. [CrossRef] [PubMed]

112. Attardi, G.; Schatz, G. Biogenesis of mitochondria. Annu. Rev. Cell Biol. 1988, 4, 289–333. [CrossRef]
113. Keskin Kurt, R.; Okyay, A.G.; Hakverdi, A.U.; Gungoren, A.; Dolapcioglu, K.S.; Karateke, A.; Dogan, M.O. The effect of obesity

on inflammatory markers in patients with PCOS: A BMI-matched case-control study. Arch. Gynecol. Obs. 2014, 290, 315–319.
[CrossRef]
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