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Abstract: PCOS as the most common endocrine disorder of women in their reproductive age affects
between 5-15% of the female population. Apart from its cardinal symptoms, like irregular and
anovulatory cycles, hyperandrogenemia and a typical ultrasound feature of the ovary, obesity, and
insulin resistance are often associated with the disease. Furthermore, PCOS represents a status of
chronic inflammation with permanently elevated levels of inflammatory markers including IL-6
and IL-18, TNF-«, and CRP. Inflammation, as discovered only recently, consists of two processes
occurring concomitantly: active initiation, involving “classical” mediators including prostaglandins
and leukotrienes, and active resolution processes based on the action of so-called specialized pro-
resolving mediators (SPMs). These novel lipid mediator molecules derive from the essential w3-
poly-unsaturated fatty acids (PUFAs) DHA and EPA and are synthesized via specific intermediates.
The role and benefits of SPMs in chronic inflammatory diseases like obesity, atherosclerosis, and
Diabetes mellitus has become a subject of intense research during the last years and since PCOS
features several of these pathologies, this review aims at summarizing potential roles of SPMs in this
disease and their putative use as novel therapeutics.
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1. Introduction

Polycystic ovary syndrome (PCOS) is a wide-spread endocrine disorder affecting
5-15% of women in their reproductive age worldwide and is a frequent cause of infertil-
ity [1]. Diagnosis according to current international guidelines that apply the diagnostic
“Rotterdam” criteria require the presence of at least two of the following features: hyper-
androgenism, ovulatory dysfunction or/and polycystic ovary in ultrasonic scans, while
other pathologies must be excluded [2]. PCOS is further characterized by an elevated
LH/FSH ratio and often associated with obesity and insulin resistance leading to an hy-
perinsulinemic state in 80% of the obese women and 30—40% of the lean ones [3]. The
etiology of the syndrome has not been clarified completely yet. Certain genetic patterns
that impact for example synthesis, regulation and action of sex hormones and the insulin
receptor, but also gestational factors like high maternal levels of androgens or AMH (anti-
Miillerian hormone) seem to contribute to the onset of the disease [4-6]. Postnatal lifestyle
factors like inadequate nutrition accompanied by a lack of physical exercise promote the
development of the disease as they often result in obesity and disturbances of the glucose
metabolism. In fact, hyperinsulinemia, independent of BMI, is a key contributor to PCOS
pathogenesis [7,8] as it results in augmented androgen production in the adrenal cortex
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and follicles via stimulation of LH secretion, while concomitantly reducing SHBG (sex hor-
mone binding globulin) synthesis [8]. Resulting elevated androgene levels interfere with
follicular maturation [9] and may lead to the characteristic clinical manifestations like acne
and hirsutism. Obesity on the other hand, may not only reinforce insulin resistance [10],
but is a pathogenicity factor itself contributing to the endocrinologic disorder due to the
altered hormone metabolism of adipocytes [11]. Furthermore, adipose tissue contributes to
constant low-level systemic inflammation as will be described further below in this review.
PCOS itself nowadays is considered a condition of chronic inflammation with elevated
levels of leukocytes, pro-inflammatory cytokines, elevated white blood count and markers
such as the C-reactive protein being detectable [12] and also affects women with a normal
BMI [13].

2. Inflammation: Initiation and Active Resolution

Inflammatory processes are crucial for the survival of human beings and occur as
a reaction to stimuli like injury or infections. Potential pathogens may enter a host due
to a trauma, barrier breakage or microbial invasion and in order to regain the integrity
of the organism, the invaders must be eliminated, removed and the functional state of
affected tissue must be restored. During the acute inflammatory response, eicosanoid lipid
mediator (LM) molecules that derive from the w-6 poly-unsaturated fatty acid (PUFA)
arachidonic acid (AA) are rapidly synthesized by cells of the innate immune system, such
as granulocytes and macrophages that are recruited to the sited of the event [14]. For this
step, the enzymes cyclooxagenases 1 and 2 (Cox-1/2) are utilized and prostanoids includ-
ing prostaglandins (PG), leukotrienes (LTs) and thromboxanes (TXs) are synthesized from
AA[15,16]. Additionally, mast cells and the classically activated M1 macrophages secrete
different kinds of inflammatory cytokines including TNFe, IL-1 and Il-6—all of them being
highly inflammatory substances that drive the generation of the classical inflammatory
symptoms: redness, heat, swelling, pain, and loss of function [14-16]. Guided by the
inflammatory eicosanoids and cytokines present at the site of infection, neutrophiles and
monocytes leave the blood vessels and migrate into the tissue, thereby contributing to the
formation of inflammatory exudates and progression of the inflammation process [14-16].
An effective initiation of the inflammatory response is essential for survival, but its self-
limitation is equally important. Exceeding inflammation may lead to the phenomenon of a
cytokine storm and subsequent life-threatening sepsis [17]. The failure to temporally limit
inflammation results in chronic inflammatory diseases including cardiovascular and neuro-
logical disorders, auto-immune diseases, diabetes, and cancer [18,19]. For a long time, the
resolution of inflammation had been considered a passive process with mere dissolution of
inflammatory mediators and inflammation divided into initiation and resolution [20]. This
view was changed by the discovery of distinct lipid mediator molecules that can “switch
on” resolution processes in animal models and actively drive the resolution processes.
These mediators comprise four different subgroups: the resolvins (Rvs), lipoxins (LXs),
protectins (PDs) and maresins (Masr) and are depicted as SPMs: specialized pro-resolving
mediators [21-23]. Resolvins, protectins, and maresins are synthesized from the w-3 PUFAs
EPA (Eicosapentanenoic acid) and DHA (docosahexaenoic acid) via certain intermediates
(18-HpETE, 17-HpDHA and 14-HpDHA). Their biosynthetic pathways (see Figure 1 for
an overview) involve certain lipoxygenases as well as the Cox-enzymes that take part
both in the eicosanoid synthesis as well as in SPM production. The synthesis of LX in
contrast starts from w-6 PUFA AA [24,25]. Interestingly, Aspirin as an irreversible inhibitor
of Cox-enzymes blocks prostanoid synthesis by modification of their catalytic domain.
However, these enzymes remain active and are triggered to synthesize the SPM precur-
sors 18-HpETE and 17-HpDHA. Resulting SPMS are called aspirin-triggered resolvins,
-maresins, or protectins (AT-SPMs) and are potent mediators of resolution that are widely
used in experimental approaches [21,24,26,27].
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Figure 1. Biosynthesis of the SPMs Resolvins, Protectins and Maresins. EPA; Eicosapentaenoic Acid; 18-HpEPE, 17-HpDHA,
14-HPDHA: precursors of the SPMs during biosynthesis; Cox-1/2: Cyclooxygenases. ASS triggers biosynthesis of 18-HpEPE,

17-HpDHA intermediates via modification of Cox-enzymes. Maresins are produced by macrophages via a preliminary

lipoxygenation step. Further lipoxygenases are required for SPM biosynthesis as depicted in Figure 1 [25].

3. Significance of SPMs in the Resolution of Inflammatory Processes

Key processes of inflammation resolution involve termination of neutrophile recruit-
ment, removal of the short-lived neutrophils and a switch in macrophage function to their
anti-inflammatory pro-resolving state [28]. By now, many studies have elucidated crucial
roles of SPMs in triggering key events of inflammation resolution that finally lead to tissue
regeneration and homeostasis. Their actions are reviewed in detail by Serhan et al. (see
for example references [24-26,29]). Briefly, SPMs were found to contribute essentially to
cessation of neutrophil infiltration and subsequent macrophage-dependent phagocytosis
of these neutrophils. They also mediate downregulation of pro-inflammatory chemokines
and cytokines (TNF-«, IL-6, IL-8, IL-12), reduce the production of prostaglandins and
platelet-activating factor (PAF) and activate anti-inflammatory signaling pathways. SPMs
are also crucial for clearance of the site of infection by enhancing efferocytosis and phago-
cytosis, thus clearing the site from cell debris, apoptotic immune cells, and bacteria. Ad-
ditionally, they promote tissue-regeneration and wound healing. It is important to note,
that the activation of the resolution pathways is already initiated during the very first
steps of inflammation, since the signaling pathways that promote the synthesis of pro-
inflammatory prostaglandins are interlinked with the generation of the SPMs. Namely,
prostaglandins PGE, and PGD; are required for the induction of typel-lipoxygenases
necessary for the synthesis of the LXs, Rvs, and PD; [30]. Thus, alfa signals omega during
an inflammatory process and in contrast to prior perception, resolution of inflammation
is an active process initiated concomitantly with the inflammatory process. [30]. Conse-
quently, the inhibition of PG-synthesis impedes the class switching of lipid mediators and
may delay resolution [31,32]. Based on the ever-growing knowledge on SPM biosynthetic
pathways, their molecular structures, corresponding cell receptors and their functions
Serhan et al. proposed distinct pathway options for the progression of an inflammatory
response [22,24,25]. While ideally, the inflammatory process is resolved and the site of
infection is cleared from pathogens and apoptotic cells, a failure to counterregulate the
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synthesis of pro-inflammatory molecules and their signaling pathways may lead to chronic
inflammation.

Notably, the action of SPMs is also linked to the adaptive immune response. For
example, LXA4 was shown to stimulate the action of natural killer cells [33]. On the other
hand, D-series resolvins RvD1 and RvD2 have an impact on CD4+-T-cell differentiation
and the lineage-specific secretion of interleukines. They also lead to decreased release of
II-2, IFN-y, and TNF-« by CD8+-cells [34].

4. Chronic Inflammatory Diseases: Significance of SPMs

Insufficient resolution may result in chronic inflammation and SPMs play a crucial role
in its suppression as was deduced from experiments with different animal models [24,25].
The tissue damage observed in Periodontitis, for example, can be attributed to the action
of activated neutrophils that produce pro-inflammatory cytokines PGE2, LTB4 and LXA4.
An infection with the causative oral pathogen P. gingivalis results in a strong inflammatory
response leading to an upregulation of Cox-2, and recruitment of neutrophiles as demon-
strated in Air Pouche mouse models. Supplementation of lipoxin LXA4 analogues was
shown to reduce both processes. Within these mouse models also the development of
systemic inflammation due to an infection with the oral pathogen has been demonstrated,
as Cox-2 expression in further tissues like lung and heart is triggered by the infection.
Utilizing a rabbit animal model that overexpresses lipoxygenase type I leading to LX4-
levels that are up to 10 times higher than in wild type rabbits further demonstrated the
importance of the SPM LX4 in this disease: Periodontitis-provoked bone-loss was reduced
in transgenic animals and neutrophil infiltration was significantly reduced compared to
wild type animals [35].

In a further experimental approach with transgenic mice, the role of 12/15 lipoxyge-
nase and its biosynthesis products including SPMs LXA4, RvD1 and RvD2 for atherosclero-
sis was demonstrated. Atherosclerosis is initiated by an inflammatory reaction of the vas-
cular endothelial cells that, vial endothelial secretion of pro-inflammatory cytokines, lead
to recruitment of monocytes and leukocytes. Monocytes differentiate into macrophages
that transform into foam cells clustered at the vessel walls. Resulting atheroma enlarge
and narrow the vessel. Foam cells inside the plaques continue to secrete pro-inflammatory
cytokines, reactive oxygen species and other mediators. Atherosclerosis is therefore con-
sidered a chronic inflammatory disease [36]. Interestingly, transgenic 12/15 lipoxygenase
(12/15 LOX) mice seemed to be protected against atherosclerosis and this was attributed to
the elevated expression levels of RvD1, PD1 and 17-HpDHA compared to wild type mice.
It was further shown that LXA4, PD1 and RvD1 reduced the number of cytokines derived
from endothelial cells as well as the amount of adhesion molecules (P-Selectin and VCAM-
1) and additionally improved the uptake of apoptotic thymocytes. All these processes
contributed to the anti-atherogenic influence supporting the notion that atherosclerosis is
a result of vascular non-resolving inflammation. Interestingly, in these transgenic 12/15
LOX mice, a standard high-fat western diet disrupted the protective mechanisms [37] and
proved the impact of nutrition on inflammation homeostasis. Further evidence for the
resolutive action of SPMs in chronic inflammatory diseases were derived from a murine
model of arthritis, in which resolvin RvD1 and its metabolic precursor 17-HpDHA were
shown to reduce tissue damage and pain more efficiently than steroids [38].

The clinical picture of fibrosis may result from unresolved inflammation and epithelial
or microvascular bruises. In animal models the role of exogenous aspirin-triggered LX4-
analogues in the reduction of pulmonal fibrosis was demonstrated [39] and in further
experiments both LXA4 and its analogue benzo-LXA4 were shown to reduce fibrosis in
kidney [39-41]. Further trials have demonstrated that exogenously administered RvD1 can
reduce the amount of pro-inflammatory mediator molecules that are formed after exposure
to cigarette smoke and lung toxins [42] and a reduction in SPM levels has been associated
the chronic lung diseases asthma and COPD in humans [43].



Int. J. Mol. Sci. 2021, 22, 384

50f 14

5. Obesity, Insulin Resistance and Chronic Inflammation

Adipose tissue also is a source of chronic inflammatory response that results from
different mechanisms. Adipocytes themselves secrete pro-inflammatory factors like e.g.,
leptins, lipocalin, resistin, TNF-«, IL-6 and II-1 entitled adipokines [44]. Furthermore,
increased levels of free fatty acids are present in obese individuals. As these molecules
represent primary ligands for Toll-like receptors, they are an important trigger for innate
and adaptive immune response [45]. Furthermore, Macrophages constitute a considerable
fraction of adipose tissue and are mainly representing the activated M1 phenotype [46].
Hence, they secrete pro-inflammatory cytokines like TNFo and IL6 that may also induce
inflammatory responses in other tissues including the ovary [47,48]. Macrophage-derived
pro-inflammatory signalling molecules also play important roles in the induction of insulin
resistance in peripheral insulin sensitive cells [49].

Furthermore, pronounced adipocyte hypertrophy du to nutrient excess can lead to
hypoxia resulting in characteristic features like oxidative stress, i.e., the generation of
reactive oxygen species and necrosis of adipocytes. Both phenomena are potent triggers of
an inflammatory response and lead to further recruitment and activation of macrophages
and T helper cells [50,51]. In addition, B-cell development and activity is impaired in obese
individuals and respective mice models compared to non-obese controls. This leads to
the formation of pro-inflammatory B-cells without an antigenic trigger and also promotes
insulin resistance [52]. These mechanisms further amplify the inflammatory response and
represent linkages between innate and adaptive immune system in the context of obesity
and insulin resistance. Detailed information on the role of individual adipokines in the
promotion of the inflammatory process can be found in Ref. [44], for example.

Interestingly, apart from these interlinked signaling pathways, the relationship be-
tween metabolism and the immune response is also mirrored on a cellular level as there is
evidence that preadipocytes may convert into macrophages in a suitable environment [53].

Summing up, obesity and inflammatory immune response are interlinked via sev-
eral signaling pathways that also integrate routes towards obesity-related insulin resis-
tance [49,54] and further frequent comorbidities like cardiometabolic diseases [55], fatty
liver disease, asthma [56], and Diabetes Mellitus [49,54].

6. Chronic Inflammation in PCOS

In most cases PCOS is accompanied by obesity and insulin resistance (IR), affecting
about 65-80% of all patients [57,58] and it is well-known that hyperinsulinemia, hyper-
androgenism and obesity in this disease reinforce each other [8,11,58,59]. But PCOS also
represents a state of chronic inflammation [60] resulting in part from excess visceral adi-
pose tissue and its above-described pro-inflammatory mechanisms. Chronic low-level
inflammation mirrored by elevated levels of pro-inflammatory cytokines, however, is also
present in normal-weight PCOS-affected women but was mainly attributed to the fact that
also normal-weight PCOS patients tend to have a surplus of visceral adipose tissue and
intraperitoneal fat depots [61,62]. Recent studies have identified BMI and insulin resistance
as main predictors for increased levels of CRP and white blood cells [12]. In addition,
PCOS patients were shown to have a certain pro-inflammatory genotype characterized by
alterations in the genes encoding for TNF-&, TNF receptor and IL-6 [63-65]. Furthermore,
hyperandrogenaemia in PCOS not only contributes to enhanced visceral adiposity but
was also shown to contribute to inflammatory processes. Excess androgens trigger the
activation of MNC (mononuclear cells) which leads to enhanced production of reactive
oxygen species (ROS) and activation of NFkB, which in turn, enhances the expression of the
pro-inflammatory cytokines TNF-«, IL-6, and II-1. TNF-« and IL-6 are known mediators of
insulin resistance and hyperandrogenaemia was therefore found to have a negative impact
on the insulin-mediated IRS-PI3K-Akt signaling pathway [66,67].

These correlations represent an important linkage of the metabolic features in PCOS
and chronic inflammation. Furthermore, abnormal ovarian function has been associated
with enhanced macrophage infiltration of the ovary and increased expression of TNF-«,
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IL-6 and IL-8 resulting in the activation of corresponding pro-inflammatory signaling
pathways [48,68,69].

7. SPMs: Potential New Treatment Options for PCOS

Treatment of PCOS is restricted to alleviate its symptoms depending on the patient’s
needs. Lifestyle interventions to reduce weight and improve the metabolic profile may
result in significant improvements concerning fertility and metabolic parameters [70,71].
Clinical manifestations of hyperandrogenism like hirsutism and acne may be treated with
antiandrogens and combined oral contraceptives and when it comes to the fertility wish,
different forms of follicle stimulation, e.g., ovulation induction and various kinds of in vitro
fertilization procedures, may be applied [2]. Also, insulin-sensitizing drugs like metformin
and inositols have proven their usefulness in the treatment of PCOS as they impede the
harmful effects of hyperinsulinemia. Successful restoration of ovulatory cycles resulting
in improved pregnancy rates may thus be achieved [72,73]. Furthermore, treatment with
myo-inositol was proven successful in different kinds of assisted reproductive therapies
and improved oocyte quality [74].

However, the underlying chronic inflammatory processes have not been addressed
systematically as therapeutic targets for PCOS. Some ongoing trials focus this aspect using
ibuprofen [75] or a salicylate derivative [76] for therapy. Interestingly, poly-unsaturated
fatty acids (PUFAs) have also entered the focus in the treatment of PCOS. The positive
impact of properties of w-3-PUFAs EPA and DHA on cardiovascular parameters and their
anti-inflammatory potential have long been described [77,78]. Some studies have specifi-
cally examined the effect of PUFA-enriched diets on PCOS. During an in-vitro-experiment
on granulosa cell cultures for example, treatment with EPA significantly increased expres-
sion of IGF-1 mRNA, while reducing Cox-2-mRNA expression compared to non-treated cell
cultures. The effect was observed both in cell cultured derived from PCOS- affected women
and healthy women [79]. Clinical trials with PCOS-affected women demonstrated benefi-
cial effects on plasma testosterone levels, HOMA-index, and SHBG levels, but influence on
blood glucose levels differed [80-82]. A summary is found in Table 1.

Table 1. Summary of studies on the effect of PUFAs on PCOS.

Object of Study

Design Result Reference

Influence of EPA on IGF-1 and
Cox-3 expression in granulosa
cells of PCOS women

Significantly higher expression of

In vitro cell culture of human IGE-1 m-RNA and lower

granulosa cells from PCOS-affected

expression of Cox-2 mRNA [79]
women and healthy women.
o compared to non-treated control
Exposition to EPA. .
in both groups.

Effect of w-3-PUFAs on
metabolic and endocrine
parameters

N =104 women with PCOS. Effect of
PUFA w-3 supplementation on
metabolic and endocrine parameters
of a subgroup of n = 22 women;

Reduction of bioavailable plasma
testosterone concentration. [80]
Modulation of lipid profile.

Effect of w-3-PUFAs on
obesity status and insulin
resistance

N = 61 women with PCOS and BMI No significant effects on weight,

Effect of w-3-PUFAs on PCOS

between 25 and 40 kg/ m?2; BMI or waist circumference, but
double-blind randomized trial. Daily  significant improvement in blood [81]
supplementation with 1200mg glucose level and insulin
w3-PUFA or placebo over 8 weeks resistance
Decrease in BMI, insulin
N = 45 non-obese PCOS women, resistance, but not in blood
daily supplementation with 1500mg  glucose levels; Decrease in serum [82]
w-3-PUFA for 6 months LH levels and testosterone levels;

increase in SHBG levels

Albeit these results are promising, they could not be reproduced systematically [79].
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Acute inflammation

As described in detail above, w6-PUFA AA is a precursor for pro-inflammatory lipid
eicosanoids (Prostaglandins [PGs], Thromboxanes [TXs] and Leukotrienes [LTs]) that are
synthesized via the action of Cox-1 and Cox-2 (PGs) or 5-LOX (5-Lipoxygenase: synthe-
sizing LTs). Eicosanoids are involved in modulating blood flow, endothelial permeability,
neutrophil chemotaxis, and platelet aggregation, and therefore crucial during initial stages
of inflammation (Figure 2).

Exudation of Synthesis of
prostaglandins, selective Pro-

leukotrienes, resolving Mediators
thromboxanes

Resolution

Recruitment of

monocytes
and/or
macrophages
Seconds - Minutes Hours — Days
Minutes

[rime | )

Figure 2. Time course of the potential development of inflammatory responses [22].

Omega-3-PUFAs reduce the production of pro-inflammatory eicosanoids by replacing
AA in phospholipid membranes and, in the case of EPA, competing for Cox and 5-Lox. Via
this pathway, leukotrienes (LT) and E-series resolvins (RvEs) are formed, while the D-series
resolvins (RvD), protectins (PDs) and maresins (Mar) derive from DHA via the action of
lipoxygenases 5-LO and 12-LO (Figure 1). These SPMs are synthesized by macrophages,
neutrophiles and partially by endothelial cells and are crucial for ending neutrophile influx,
macrophage switching, and clearance of apoptotic cells thereby actively contribute to
resolution of inflammation.

Modern western diet usually contains enhanced amounts of w-6 PUFAs compared to
w-3-PUFAs and this non-beneficial composition has been shown to contribute to the devel-
opment of cardiovascular diseases, cancer, inflammatory and autoimmune diseases [83].
This is partially explained by the fact that both kinds of PUFAs compete for the same
enzymes and excess w-6 PUFAs may shift the metabolism towards a pro-inflammatory
state. Consequently, for chronic inflammatory states including cardiovascular disease [84],
metabolic syndrome [83], diabetes mellitus [49], or the prevention and treatment of
atherosclerosis [85], beneficial effects of w3-PUFAs have been demonstrated. The pro-
tective effect originates from a reduction in pro-inflammatory eicosanoids and concomitant
increase in pro-resolving mediators. However, it is the SPMs, the terminally active metabo-
lites deriving from the PUFAs (see Figure 1) that act as resolutive mediators. In animal and
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in vitro models for adiposity, SPMs were shown to decrease pro-inflammatory cytokines
(IL-6, TNF-«, IFN-y), increase pro-resolution cytokine IL-10, counteract adipokine secre-
tion and monocyte accumulation, promote M2 polarization of macrophages, and improve
insulin sensitivity [86]. They work in nanomolar range, but the production depends on the
presence and activity of Cox- and LOX enzymes as described above (see also Figure 1). In
adipose tissue, elevated levels of pro-inflammatory eicosanoids compared to reduced SPM
levels were found and it was assumed that the chronic low-grade inflammation results
from failed resolution capacity [87] In a recent study, leukocytes from obese individuals
with chronic low-grade inflammation were found to produced decreased levels of the
17-HDHA intermediate of the DHA-resolvin biosynthetic pathway and impaired synthesis
of the D-series resolvins. This was a consequence of decreased amounts of 5-LOX, the en-
zyme responsible for synthesis of D-series resolvins from DHA. Hence, the administration
of SPMs and their precursor metabolites may be more reliable for counteracting chronic
inflammatory processes since this avoids potential enzymatic bottlenecks [85,86,88,89].

SPMs, including resolvin, maresins, and protectins, were shown to improve in-
sulin sensitivity and glucose tolerance in mouse models [90-93] via stimulation of anti-
inflammatory signaling pathways and reduction of pro-inflammatory macrophages. How-
ever, in a recent study that demonstrated a pronounced insulin-sensitizing effect of RvE1,
the effect was not only credited to its pro-resolutive capacity, but also to rather pleiotropic
functions that still needs to be elucidated in detail [89]. Similarly, glucoregulatory activity
of protectin PDX different from its anti-inflammatory properties have been described in a
further study [88].

Both obesity and insulin resistance represent fundamental features of PCOS that
contribute to its pathogenesis and reinforce hyperandrogenemia. The underlying chronic
inflammatory processes are also mirrored in PCOS and may be a promising target for a
therapeutic approach.

Classical anti-inflammatory approaches aim at suppressing or blocking the action
of pro-inflammatory mediators. Non-steroidal anti-inflammatory drugs (NSAIDs) for
example inhibit Cox enzymes and prevent the conversion of AA into its prostanoids.
Thus, the signs and course of inflammation are suppressed. However, NSAIDS are also
known to deteriorate wound healing, increase the risk for osteoporosis and their use may
lead to gastrointestinal bleeding. Furthermore, application of Cox-2 inhibitors increases
cardiovascular risks. On the other hand, therapies targeting TNF signaling raise the risks
for infections and lymphoma and non-melanoma skin cancer [9,20,94-96]. In addition,
prostaglandins PGE2 and PGD2 are crucial for the initiation of resolution as described
above and the inhibition of their biosynthesis may thus be counterproductive [25].

SPMs on the other hand show profound anti-inflammatory activity as discussed in
detail above. They diminish the synthesis and action of pro-inflammatory mediators
like LTs, PGs and PAF, stimulate the anti-inflammatory M2 phenotype of macrophages
and increase the number of anti-inflammatory molecules like IL-10, limits recruitment of
neutrophiles, triggers the macrophage switch to the anti-inflammatory M2 phenotype and
increase their phagocytotic and efferocytotic action thus contributing to clearance of the
site of inflammation [25]. In addition, they also stimulate tissue regeneration, which is
essential for wound healing [97]. They are increasingly proposed for treatment of chronic
inflammatory states like cardiovascular disease [84] or obesity and diabetes [49], but also
their benefits in the prevention of tumor growth is a subject of intense research [98]. Most
recently the putative role of SPMs and their precursors in the management of Covid-
19 disease [99] were discussed A clinical pilot study including patients with coronary
artery disease indeed demonstrated a beneficial effect of w-3 supplementation on the lipid
mediator profile: Pro-resolving mediators were restored in treated patients compared to
non-treated individuals resulting in increased macrophage-driven uptake of clots. In a
clinical trial focusing on patients with chronic pain a 4-week supplementation with SPM-
enriched marine lipids resulted in significant reduction of pain and improved quality of
life [100-103].
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To date, there is no information available on the abundance and action of SPMs and
their precursors in PCOS patients compared to healthy women. However, summing up
the above-reviewed knowledge of SPMs and their precursors in key pathologic features of
PCOS, it seems reasonable to expect an important role of these novel lipid mediators in the
disease.

Hence, in preliminary clinical trials the abundance of SPMs and their precursor inter-
mediates in PCOS-affected women compared to healthy individuals should be examined.
Due to the importance of adipose tissue on inflammatory processes, the influence of the
patient’s BMI on their lipid mediator profile should also be investigated. Later trials may
focus on the dietary supplementation of SPMs and its effect on PCOS patients.

8. Conclusions

PCOS is a disease characterized by hyperandrogenemia and disturbed ovulatory
function, but also by profound metabolic changes including insulin resistance and obesity
and an underlying chronic low-grade inflammation. During recent years, the importance of
active resolution processes in acute and chronic inflammatory processes has been uncovered
and families of special pro-resolving lipid mediators (SPMs) have been identified and
described. Increasingly, their role as putative therapeutic agents in inflammatory diseases
like diabetes mellitus, atherosclerosis and many more is investigated. Since PCOS includes
several features of chronic inflammation that contribute to its pathogenesis, SPMs might
represent a novel therapeutic approach. Clinical investigations will be required to identify
the putative role of the SPMs and their precursor molecules in this respect.
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PCOS Polycystic Ovarial Syndrome
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TNF-« Tumor necrosis factor «

X Thromboxane

w-3/6 Omega-3/6

References

1.  Azziz, R,; Carmina, E.; Chen, Z.; Dunaif, A; Laven, ].S.E.; Legro, R.S.; Lizneva, D.; Horowtiz-Natterson, B.; Teede, H.]J.; Yildiz,
B.O. Polycystic ovary syndrome. Nat. Rev. Dis. Primers 2016, 2, 16057. [CrossRef] [PubMed]

2. European Society of Human Reproduction and Embryology. International Evidence-Based Guideline for the Assessment and
Management of Polycystic Ovary Syndrome. 2018. Available online: https:/ /www.eshre.eu/Guidelines-and-Legal /Guidelines/
Polycystic-Ovary-Syndrome (accessed on 28 October 2020).

3. Ehrmann, D.A.; Barnes, R.B.; Rosenfield, R.L.; Cavaghan, M.K.; Imperial, J. Prevalence of impaired glucose tolerance and diabetes
in women with polycystic ovary syndrome. Diabetes Care 1999, 22, 141-146. [CrossRef] [PubMed]

4. Diamanti-Kandarakis, E.; Kandarakis, H.; Legro, R.S. The Role of Genes and Environment in the Etiology of PCOS. Endocrine
2006, 30, 19-26. [CrossRef]

5.  De Melo, A.S.; Dias, S.V.; Cavalli, R.C.; Cardoso, V.C.; Bettiol, H.; Barbieri, M.A.; Ferriani, R.A.; Vieira, C.S.; De Melo, A.S.
Pathogenesis of polycystic ovary syndrome: Multifactorial assessment from the foetal stage to menopause. Reproduction 2015,
150, R11-R24. [CrossRef]

6.  Daghestani, M.H. Rs1799817 in INSR associates with susceptibility to polycystic ovary syndrome. ]. Med Biochem. 2019, 39,
149-159. [CrossRef]

7. Ciampelli, M.; Fulghesu, A.; Cucinelli, F.; Pavone, V.; Ronsisvalle, E.; Guido, M.; Caruso, A.; Lanzone, A. Impact of insulin and
body mass index on metabolic and endocrine variables in polycystic ovary syndrome. Metabolism 1999, 48, 167-172. [CrossRef]

8.  Diamanti-Kandarakis, E.; Dunaif, A. Insulin resistance and the polycystic ovary syndrome revisited: An update on mechanisms
and implications. Endocr. Rev. 2012, 33, 981-1030. [CrossRef]

9.  Dewailly, D.; Robin, G.; Peigne, M.; Decanter, C.; Pigny, P.; Catteau-Jonard, S. Interactions between androgens, FSH, anti-Miillerian
hormone and estradiol during folliculogenesis in the human normal and polycystic ovary. Hum. Reprod. Update 2016, 22, 709-724.
[CrossRef]

10. Kahn, S.E.; Hull, R.; Utzschneider, K.M. Mechanisms linking obesity to insulin resistance and type 2 diabetes. Nature 2006, 444,
840-846. [CrossRef]

11. Rojas, J.; Chavez, M.; Olivar, L.; Rojas, M.; Morillo, J.; Mejias, J.; Calvo, M.; Bermudez, V. Polycystic ovary syndrome, insulin
resistance, and obesity: Navigating the pathophysiologic labyrinth. Int. |. Reprod. Med. 2014, 2014, 1-17. [CrossRef]

12.  Rudnicka, E.; Kunicki, M.; Suchta, K.; Machura, P.; Grymowicz, M.; Smolarczyk, R. Inflammatory markers in women with
polycystic ovary syndrome. BioMed Res. Int. 2020, 2020, 4092470. [CrossRef] [PubMed]

13. Chazenbalk, G.; Chen, Y.H.; Heneidi, S.; Lee, ] M.; Pall, M.; Chen, Y.D.I; Azziz, R. Abnormal expression of genes involved in
inflammation, lipid metabolism, and Wnt signaling in the adipose tissue of polycystic ovary syndrome. J. Clin. Endocrinol. Metab.
2012, 97, E765-E770. [CrossRef] [PubMed]

14. Chiurchiu, V,; Leuti, A.; Maccarrone, M. Bioactive lipids and chronic inflammation: Managing the fire within. Front. Immunol.
2018, 9, 38. [CrossRef] [PubMed]

15. Flower, RJ. Prostaglandins, bioassay and inflammation. Br. J. Pharmacol. 2006, 147, S182-5192. [CrossRef] [PubMed]

16. Samuelsson, B. Role of basic science in the development of new medicines: Examples from the Eicosanoid field. J. Biol. Chem.
2012, 287, 10070-10080. [CrossRef] [PubMed]

17.  Hotchkiss, R.R.; Moldawer, L.L.; Opal, S.M.; Reinhart, K.; Turnbull, LL; Vincent, J.-L. Sepsis and septic shock. Nat. Rev. Dis. Prim.
2016, 2, 1-21. [CrossRef]

18.  Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller, G.W.;
et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med. 2019, 25, 1822-1832. [CrossRef]

19. Nathan, C,; Ding, A. Nonresolving inflammation. Cell 2010, 140, 871-882. [CrossRef]

20. Tabas, I.; Glass, C.K. Anti-inflammatory therapy in chronic disease: Challenges and opportunities. Science 2013, 339, 166-172.

[CrossRef]


http://doi.org/10.1038/nrdp.2016.57
http://www.ncbi.nlm.nih.gov/pubmed/27510637
https://www.eshre.eu/Guidelines-and-Legal/Guidelines/Polycystic-Ovary-Syndrome
https://www.eshre.eu/Guidelines-and-Legal/Guidelines/Polycystic-Ovary-Syndrome
http://doi.org/10.2337/diacare.22.1.141
http://www.ncbi.nlm.nih.gov/pubmed/10333916
http://doi.org/10.1385/ENDO:30:1:19
http://doi.org/10.1530/REP-14-0499
http://doi.org/10.2478/jomb-2019-0023
http://doi.org/10.1016/S0026-0495(99)90028-8
http://doi.org/10.1210/er.2011-1034
http://doi.org/10.1093/humupd/dmw027
http://doi.org/10.1038/nature05482
http://doi.org/10.1155/2014/719050
http://doi.org/10.1155/2020/4092470
http://www.ncbi.nlm.nih.gov/pubmed/32219132
http://doi.org/10.1210/jc.2011-2377
http://www.ncbi.nlm.nih.gov/pubmed/22344199
http://doi.org/10.3389/fimmu.2018.00038
http://www.ncbi.nlm.nih.gov/pubmed/29434586
http://doi.org/10.1038/sj.bjp.0706506
http://www.ncbi.nlm.nih.gov/pubmed/16402103
http://doi.org/10.1074/jbc.X112.351437
http://www.ncbi.nlm.nih.gov/pubmed/22318727
http://doi.org/10.1038/nrdp.2016.45
http://doi.org/10.1038/s41591-019-0675-0
http://doi.org/10.1016/j.cell.2010.02.029
http://doi.org/10.1126/science.1230720

Int. ]. Mol. Sci. 2021, 22, 384 110f 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; Gronert, K. Novel Functional sets of lipid-derived mediators with
antiinflammatory actions generated from Omega-3 fatty acids via cyclooxygenase 2-nonsteroidal antiinflammatory drugs and
transcellular processing. J. Exp. Med. 2000, 192, 1197-1204. [CrossRef]

Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nat. Cell Biol. 2014, 510, 92-101. [CrossRef]
[PubMed]

Serhan, C.N.; Levy, B.D. Resolvins in inflammation: Emergence of the pro-resolving superfamily of mediators. J. Clin. Investig.
2018, 128, 2657-2669. [CrossRef] [PubMed]

Serhan, C.N.; Chiang, N.; Dalli, J. The resolution code of acute inflammation: Novel pro-resolving lipid mediators in resolution.
Semin. Immunol. 2015, 27, 200-215. [CrossRef] [PubMed]

Serhan, C.N. Treating inflammation and infection in the 21st century: New hints from decoding resolution mediators and
mechanisms. FASEB |. 2017, 31, 1273-1288. [CrossRef] [PubMed]

Serhan, C.N.; Hong, S.; Gronert, K.; Colgan, S.P.; Devchand, PR.; Mirick, G.; Moussignac, R.L. Resolvins. J. Exp. Med. 2002, 196,
1025-1037. [CrossRef] [PubMed]

Serhan, C.N.; Fredman, G.; Yang, R.; Karamnov, S.; Belayev, L.S.; Bazan, N.G.; Zhu, M.; Winkler, ] W.; Petasis, N.A. Novel
proresolving aspirin-triggered DHA pathway. Chem. Biol. 2011, 18, 976-987. [CrossRef] [PubMed]

Valor-Méndez, L.; Neurath, M.E. Resolution of chronic inflammatory disease: Universal and tissue-specific concepts. Nat.
Commun. 2018, 9, 1-8. [CrossRef]

Serhan, C.N.; Chiang, N. Resolution phase lipid mediators of inflammation: Agonists of resolution. Curr. Opin. Pharmacol. 2013,
13, 632-640. [CrossRef]

Serhan, C.N.; Savill, J. Resolution of inflammation: The beginning programs the end. Nat. Immunol. 2005, 6, 1191-1197. [CrossRef]
Bandeira-Melo, C.; Serra, M.F,; Diaz, B.L.; Cordeiro, R.S.B.; Silva, PM.R.; Lenzi, H.L.; Bakhle, Y.S.; Serhan, C.N.; Martins,
M.A. Cyclooxygenase-2-derived prostaglandin E2 and lipoxin A4 accelerate resolution of allergic edema in Angiostrongylus
costaricensis-infected rats: Relationship with concurrent Eosinophilia. J. Immunol. 2000, 164, 1029-1036. [CrossRef]

Levy, B.D.; Clish, C.B.; A Schmidt, B.; Gronert, K.; Serhan, C.N. Lipid mediator class switching during acute inflammation:
Signals in resolution. Nat. Immunol. 2001, 2, 612—-619. [CrossRef] [PubMed]

Barnig, C.; Cernadas, M.; Dutile, S.; Liu, X.; Perrella, M.A.; Kazani, S.; Wechsler, M.E.; Israel, E.; Levy, B.D. Lipoxin A4 regulates
natural killer cell and type 2 innate lymphoid cell activation in asthma. Sci. Transl. Med. 2013, 5, 174ra26. [CrossRef] [PubMed]
Chiurchit, V,; Leuti, A.; Dalli, J.; Jacobsson, A.; Battistini, L.; Maccarrone, M.; Serhan, C.N. Proresolving lipid mediators resolvin
D1, resolvin D2, and maresin 1 are critical in modulating T cell responses. Sci. Transl. Med. 2016, 8, 353ral11. [CrossRef] [PubMed]
Serhan, C.N.; Jain, A.; Marleau, S.; Clish, C.; Kantarci, A.; Behbehani, B.; Colgan, S.P.; Stahl, G.L.; Merched, A.; Petasis,
N.A,; et al. Reduced inflammation and tissue damage in transgenic rabbits overexpressing 15-lipoxygenase and endogenous
anti-inflammatory lipid mediators. J. Immunol. 2003, 171, 6856-6865. [CrossRef] [PubMed]

Merched, AJ.; Ko, K.; Gotlinger, K.H.; Serhan, C.N.; Chan, L. Atherosclerosis: Evidence for impairment of resolution of vascular
inflammation governed by specific lipid mediators. FASEB J. 2008, 22, 3595-3606. [CrossRef] [PubMed]

Merched, A.J.; Serhan, C.N.; Chan, L. Nutrigenetic disruption of inflammation-resolution homeostasis and atherogenesis. J. Nutr.
Nutr. 2011, 4, 12-24. [CrossRef] [PubMed]

Lima-Garcia, J.E; Dutra, R.C.; Da Silva, K.; Motta, E.M.; Campos, M.M.; Calixto, ].B. The precursor of resolvin D series and
aspirin-triggered resolvin D1 display anti-hyperalgesic properties in adjuvant-induced arthritis in rats. Br. |. Pharmacol. 2011, 164,
278-293. [CrossRef]

Martins, V.; Valenca, S.S.; Farias-Filho, F.A.; Molinaro, R.; Simées, R.L.; Ferreira, T.P.T.; E Silva, PM.R.; Hogaboam, C.M.; Kunkel,
S.L.; Fierro, LM,; et al. ATLa, an aspirin-triggered lipoxin A4 synthetic analog, prevents the inflammatory and fibrotic effects of
bleomycin-induced pulmonary fibrosis. J. Immunol. 2009, 182, 5374-5381. [CrossRef]

Borgeson, E.; Docherty, N.G.; Murphy, M.; Rodgers, K.; Ryan, A.; O’Sullivan, T.P,; Guiry, PJ.; Goldschmeding, R.; Higgins, D.F.;
Godson, C. Lipoxin A 4 and benzo-lipoxin A 4 attenuate experimental renal fibrosis. FASEB J. 2011, 25, 2967-2979. [CrossRef]
Qu, X;; Zhang, X.; Yao, J.; Song, J.; Nikolic-Paterson, D.].; Li, J. Resolvins E1 and D1 inhibit interstitial fibrosis in the obstructed
kidney via inhibition of local fibroblast proliferation. J. Pathol. 2012, 228, 506-519. [CrossRef]

Hsiao, H.-M.; Sapinoro, R.E.; Thatcher, T.H.; Croasdell, A.; Levy, E.P; Fulton, R.A.; Olsen, K.C.; Pollock, S.J.; Serhan, C.N.; Phipps,
R.P; et al. A novel anti-inflammatory and pro-resolving role for Resolvin D1 in acute cigarette smoke-induced lung inflammation.
PLoS ONE 2013, 8, €58258. [CrossRef] [PubMed]

Duvall, M.G.; Levy, B.D. DHA- and EPA-derived resolvins, protectins, and maresins in airway inflammation. Eur. J. Pharmacol.
2016, 785, 144-155. [CrossRef] [PubMed]

Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. Immunol. 2011, 11,
85-97. [CrossRef] [PubMed]

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-«B pathway in adipocytes links nutritional signalling with innate
immunity. Immunology 2009, 126, 233-245. [CrossRef]

Lumeng, C.N.; Bodzin, J.L.; Saltiel, A.R. Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J. Clin.
Investig. 2007, 117, 175-184. [CrossRef]


http://doi.org/10.1084/jem.192.8.1197
http://doi.org/10.1038/nature13479
http://www.ncbi.nlm.nih.gov/pubmed/24899309
http://doi.org/10.1172/JCI97943
http://www.ncbi.nlm.nih.gov/pubmed/29757195
http://doi.org/10.1016/j.smim.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25857211
http://doi.org/10.1096/fj.201601222R
http://www.ncbi.nlm.nih.gov/pubmed/28087575
http://doi.org/10.1084/jem.20020760
http://www.ncbi.nlm.nih.gov/pubmed/12391014
http://doi.org/10.1016/j.chembiol.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21867913
http://doi.org/10.1038/s41467-018-05800-6
http://doi.org/10.1016/j.coph.2013.05.012
http://doi.org/10.1038/ni1276
http://doi.org/10.4049/jimmunol.164.2.1029
http://doi.org/10.1038/89759
http://www.ncbi.nlm.nih.gov/pubmed/11429545
http://doi.org/10.1126/scitranslmed.3004812
http://www.ncbi.nlm.nih.gov/pubmed/23447017
http://doi.org/10.1126/scitranslmed.aaf7483
http://www.ncbi.nlm.nih.gov/pubmed/27559094
http://doi.org/10.4049/jimmunol.171.12.6856
http://www.ncbi.nlm.nih.gov/pubmed/14662892
http://doi.org/10.1096/fj.08-112201
http://www.ncbi.nlm.nih.gov/pubmed/18559988
http://doi.org/10.1159/000326890
http://www.ncbi.nlm.nih.gov/pubmed/21474962
http://doi.org/10.1111/j.1476-5381.2011.01345.x
http://doi.org/10.4049/jimmunol.0802259
http://doi.org/10.1096/fj.11-185017
http://doi.org/10.1002/path.4050
http://doi.org/10.1371/journal.pone.0058258
http://www.ncbi.nlm.nih.gov/pubmed/23484005
http://doi.org/10.1016/j.ejphar.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26546247
http://doi.org/10.1038/nri2921
http://www.ncbi.nlm.nih.gov/pubmed/21252989
http://doi.org/10.1111/j.1365-2567.2008.02892.x
http://doi.org/10.1172/JCI29881

Int. ]. Mol. Sci. 2021, 22, 384 12 of 14

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wang, Y.; Huang, F. N-3 Polyunsaturated fatty acids and inflammation in obesity: Local effect and systemic benefit. BioMed Res.
Int. 2015, 2015, 1-16. [CrossRef]

Xie, F; Anderson, C.L.; Timme, K.R.; Kurz, S.G.; Fernando, S.C.; Wood, J.R. Obesity-dependent increases in oocyte mRNAs
are associated with increases in proinflammatory signaling and gut microbial abundance of Lachnospiraceae in female mice.
Endocrinology 2016, 157, 1630-1643. [CrossRef]

Sima, C. Therapeutic targets for management of periodontitis and diabetes. Curr. Pharm. Des. 2016, 22, 2216-2237. [CrossRef]
Engin, A. Fat cell and fatty acid turnover in obesity. Oxyg. Transp. Tissue IX 2017, 960, 135-160. [CrossRef]

Muir, L.A.; Neeley, C.K.; Meyer, K.A.; Baker, N.A_; Brosius, A.M.; Washabaugh, A.R.; Varban, O.A.; Finks, ].F.; Zamarron, B.F,;
Flesher, C.G.; et al. Adipose tissue fibrosis, hypertrophy, and hyperplasia: Correlations with diabetes in human obesity. Obessity
2016, 24, 597-605. [CrossRef]

Crouch, M.; Al-Shaer, A.; Shaikh, S.R. Hormonal dysregulation and unbalanced specialized pro-resolving mediator biosynthesis
contribute toward impaired B cell outcomes in obesity. Mol. Nutr. Food Res. 2020, €1900924. [CrossRef] [PubMed]

Charriere, G.; Cousin, B.; Arnaud, E.; André, M.; Bacou, F,; Pénicaud, L.; Casteilla, L. Preadipocyte conversion to macrophage. J.
Biol. Chem. 2003, 278, 9850-9855. [CrossRef] [PubMed]

Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.; et al. Chronic
inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. . Clin. Investig. 2003, 112,
1821-1830. [CrossRef] [PubMed]

Park, HK.; Kwak, M.K.; Kim, H.J.; Ahima, R.S. Linking resistin, inflammation, and cardiometabolic diseases. Korean J. Intern.
Med. 2017, 32, 239-247. [CrossRef]

Karczewski, J.; Sledziriska, E.; Baturo, A.; Joriczyk, I.; Maleszko, A.; Samborski, P.; Begier-Krasiriska, B.; Dobrowolska, A. Obesity
and inflammation. Eur. Cytokine Netw. 2018, 29, 83-94. [CrossRef]

Marshall, J.C.; Dunaif, A. Should all women with PCOS be treated for insulin resistance? Fertil. Steril. 2012, 97, 18-22. [CrossRef]
Al-Jefout, M.; Alnawaiseh, N.; Al-Qtaitat, A. Insulin resistance and obesity among infertile women with different polycystic
ovary syndrome phenotypes. Sci. Rep. 2017, 7, 5339. [CrossRef]

Aytan, A.N.; Bastu, E.; Demiral, I.; Bulut, H.; Dogan, M.; Buyru, F. Relationship between hyperandrogenism, obesity, inflammation
and polycystic ovary syndrome. Gynecol. Endocrinol. 2016, 32, 709-713. [CrossRef]

Patel, S. Polycystic ovary syndrome (PCOS), an inflammatory, systemic, lifestyle endocrinopathy. J. Steroid Biochem. Mol. Biol.
2018, 182, 27-36. [CrossRef]

Carmina, E.; Bucchieri, S.; Esposito, A.; Del Puente, A.; Mansueto, P; Orio, E; Di Fede, G.; Rini, G. Abdominal fat quantity and
distribution in women with polycystic ovary syndrome and extent of its relation to insulin resistance. J. Clin. Endocrinol. Metab.
2007, 92, 2500-2505. [CrossRef]

Gonzalez, F;; Thusu, K.; Abdel-Rahman, E.; Prabhala, A.; Tomani, M.; Dandona, P. Elevated serum levels of tumor necrosis factor
alpha in normal-weight women with polycystic ovary syndrome. Metabolism 1999, 48, 437-441. [CrossRef]

Escobar-Morreale, H.F,; Calvo, R.M.; Villuendas, G.; Sancho, J.; Milldn, J.L.S. Association of polymorphisms in the Interleukin 6
receptor complex with obesity and hyperandrogenism. Obes. Res. 2003, 11, 987-996. [CrossRef] [PubMed]

Gonzadlez, F. Inflammation in polycystic ovary syndrome: Underpinning of insulin resistance and ovarian dysfunction. Steroids
2012, 77, 300-305. [CrossRef] [PubMed]

Talaat, R.M.; Mohamed, Y.A.; Mohamad, E.H.; Elsharkawy, M.; Guirgis, A. Interleukin 10 (— 1082 G/A) and (— 819 C/T) gene
polymorphisms in Egyptian women with polycystic ovary syndrome (PCOS). Meta Gene 2016, 9, 254-258. [CrossRef] [PubMed]
Gonzalez, F; Rote, N.S.; Minium, J.; Kirwan, J.P.; Minium, J. Insulin sensitivity and hyperandrogenism in polycystic ovary
syndrome are related to activated nuclear factor kB from mononuclear cells in the fasting state. In Proceedings of the 89th Meeting
of the Endocrine Society, Toronto, ON, Canada, 2-5 June 2007; p. 142.

Zhang, Y.; Meng, F,; Sun, X,; Sun, X.; Hu, M.; Cui, P.; Vestin, E.; Li, X; Li, W.; Wu, X.-K ; et al. Hyperandrogenism and insulin
resistance contribute to hepatic steatosis and inflammation in female rat liver. Oncotarget 2018, 9, 18180-18197. [CrossRef]
[PubMed]

Nteeba, J.; Ortinau, L.; Perfield, ].; Keating, A.F. Diet-induced obesity alters immune cell infiltration and expression of in-
flammatory cytokine genes in mouse ovarian and peri-ovarian adipose depot tissues. Mol. Reprod. Dev. 2013, 80, 948-958.
[CrossRef]

Skaznik-Wikiel, M.E.; Swindle, D.C.; Allshouse, A.A.; Polotsky, A.].; McManaman, J.L. High-fat diet Causes subfertility and
compromised ovarian function independent of obesity in micel. Biol. Reprod. 2016, 94, 108. [CrossRef]

Sanchez-Garrido, M.A.; Tena-Sempere, M. Metabolic dysfunction in polycystic ovary syndrome: Pathogenic role of androgen
excess and potential therapeutic strategies. Mol. Metab. 2020, 35, 100937. [CrossRef]

Li, Y.;; Chen, C; Ma, Y,; Xiao, J.; Luo, G.; Li, Y.; Wu, D. Multi-system reproductive metabolic disorder: Significance for the
pathogenesis and therapy of polycystic ovary syndrome (PCOS). Life Sci. 2019, 228, 167-175. [CrossRef]

Naderpoor, N.; Shorakae, S.; De Courten, B.; Misso, M.L.; Moran, L.J.; Teede, H.J. Metformin and lifestyle modification in
polycystic ovary syndrome: Systematic review and meta-analysis. Hum. Reprod. Update 2015, 21, 560-574. [CrossRef]
Facchinetti, F; Unfer, V.; Dewailly, D.; Kamenov, Z.A.; Diamanti-Kandarakis, E.; Lagana, A.S.; Nestler, ].E.; Soulage, C.O. Inositols
in polycystic ovary syndrome: An overview on the advances. Trends Endocrinol. Metab. 2020, 31, 435-447. [CrossRef] [PubMed]


http://doi.org/10.1155/2015/581469
http://doi.org/10.1210/en.2015-1851
http://doi.org/10.2174/1381612822666160216150338
http://doi.org/10.1007/978-3-319-48382-5_6
http://doi.org/10.1002/oby.21377
http://doi.org/10.1002/mnfr.201900924
http://www.ncbi.nlm.nih.gov/pubmed/32112513
http://doi.org/10.1074/jbc.M210811200
http://www.ncbi.nlm.nih.gov/pubmed/12519759
http://doi.org/10.1172/JCI200319451
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://doi.org/10.3904/kjim.2016.229
http://doi.org/10.1684/ecn.2018.0415
http://doi.org/10.1016/j.fertnstert.2011.11.036
http://doi.org/10.1038/s41598-017-05717-y
http://doi.org/10.3109/09513590.2016.1155208
http://doi.org/10.1016/j.jsbmb.2018.04.008
http://doi.org/10.1210/jc.2006-2725
http://doi.org/10.1016/S0026-0495(99)90100-2
http://doi.org/10.1038/oby.2003.136
http://www.ncbi.nlm.nih.gov/pubmed/12917504
http://doi.org/10.1016/j.steroids.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22178787
http://doi.org/10.1016/j.mgene.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27617227
http://doi.org/10.18632/oncotarget.24477
http://www.ncbi.nlm.nih.gov/pubmed/29719598
http://doi.org/10.1002/mrd.22231
http://doi.org/10.1095/biolreprod.115.137414
http://doi.org/10.1016/j.molmet.2020.01.001
http://doi.org/10.1016/j.lfs.2019.04.046
http://doi.org/10.1093/humupd/dmv025
http://doi.org/10.1016/j.tem.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32396844

Int. ]. Mol. Sci. 2021, 22, 384 13 of 14

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Facchinetti, F.; Espinola, M.S.B.; Dewalilly, D.; Ozay, A.C.; Prapas, N.; Vazquez-Levin, M.; Wdowiak, A.; Unfer, V.; Appetecchia,
M.; Aragona, C.; et al. Breakthroughs in the use of inositols for assisted reproductive treatment (ART). Trends Endocrinol. Metab.
2020, 31, 570-579. [CrossRef] [PubMed]

US National Library of Medicine. The Effect of Ibuprofen on Women with PCOS. Available online: https://clinicaltrials.gov/ct2
/show /NCT04485403 (accessed on 28 October 2020).

US National Library of Medicine. Treating Inflammation in Polycystic Ovary Syndrome to Ameliorate Ovarian Dysfunction.
Available online: https://clinicaltrials.gov/ct2 /show /NCT03229408 (accessed on 28 October 2020).

Calder, P.C. Omega-3 polyunsaturated fatty acids and inflammatory processes: Nutrition or pharmacology? Br. . Clin. Pharmacol.
2013, 75, 645-662. [CrossRef] [PubMed]

Poudyal, H.; Panchal, S.K; Diwan, V.; Brown, L. Omega-3 fatty acids and metabolic syndrome: Effects and emerging mechanisms
of action. Prog. Lipid Res. 2011, 50, 372-387. [CrossRef]

Akinkuolie, A.O.; Ngwa, ].S.; Meigs, ].B.; Djoussé, L. Omega-3 polyunsaturated fatty acid and insulin sensitivity: A meta-analysis
of randomized controlled trials. Clin. Nutr. 2011, 30, 702-707. [CrossRef]

Phelan, N.; O’Connor, A.; Tun, TK,; Correia, N.; Boran, G.; Roche, HM.; Gibney, J. Hormonal and metabolic effects of
polyunsaturated fatty acids in young women with polycystic ovary syndrome: Results from a cross-sectional analysis and a
randomized, placebo-controlled, crossover trial. Am. J. Clin. Nutr. 2011, 93, 652-662. [CrossRef]

Rafraf, M.; Mohammadi, E.; Asghari-Jafarabadi, M.; Farzadi, L. Omega-3 fatty acids improve glucose metabolism without effects
on obesity values and serum visfatin levels in women with polycystic ovary syndrome. J. Am. Coll. Nutr. 2012, 31, 361-368.
[CrossRef]

Oner, G.; Miiderris, LI. Efficacy of omega-3 in the treatment of polycystic ovary syndrome. ]. Obstet. Gynaecol. 2013, 33, 289-291.
[CrossRef]

Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother. 2002, 56, 365-379.
[CrossRef]

Giinalan, E.; Yaba, A.; Yilmaz, B. The effect of nutrient supplementation in the management of polycystic ovary syndrome-
associated metabolic dysfunctions: A critical review. J. Turk. Gynecol. Assoc. 2018, 19, 220-232. [CrossRef]

Capo, X.; Martorell, M.; Busquets-Cortés, C.; Tejada, S.; Tur, J.A.; Pons, A.; Sureda, A. Resolvins as proresolving inflammatory
mediators in cardiovascular disease. Eur. . Med. Chem. 2018, 153, 123-130. [CrossRef] [PubMed]

Tortosa-Caparros, E.; Navas-Carrillo, D.; Marin, F; Orenes-Pifiero, E. Anti-inflammatory effects of omega 3 and omega 6
polyunsaturated fatty acids in cardiovascular disease and metabolic syndrome. Crit. Rev. Food Sci. Nutr. 2017, 57, 3421-3429.
[CrossRef] [PubMed]

Simonetto, M.; Infante, M.; Sacco, R.L.; Rundek, T.; Della-Morte, D. A Novel anti-inflammatory role of omega-3 PUFAs in
prevention and treatment of atherosclerosis and vascular cognitive impairment and dementia. Nutrition 2019, 11, 2279. [CrossRef]
[PubMed]

Claria, J.; Lépez-Vicario, C.; Rius, B.; Titos, E. Pro-resolving actions of SPM in adipose tissue biology. Mol. Asp. Med. 2017, 58,
83-92. [CrossRef] [PubMed]

Neuhofer, A.; Zeyda, M.; Mascher, D.; Itariu, B.K.; Murano, I; Leitner, L.; Hochbrugger, E.E.; Fraisl, P,; Cinti, S.; Serhan, C.N.; et al.
Impaired local production of proresolving lipid mediators in obesity and 17-HDHA as a potential treatment for obesity-associated
inflammation. Diabetes 2013, 62, 1945-1956. [CrossRef]

Lépez-Vicario, C,; Titos, E.; Walker, M.E.; Alcaraz-Quiles, J.; Casulleras, M.; Duran-Gtiell, M.; Flores-Costa, R.; Pérez-Romero, N.;
Forné, M.; Dallj, J.; et al. Leukocytes from obese individuals exhibit an impaired SPM signature. FASEB J. 2019, 33, 7072-7083.
[CrossRef]

Lopez-Vicario, C.; Rius, B.; Alcaraz-Quiles, ]J.; Garcia-Alonso, V.; Lopategi, A.; Titos, E.; Claria, J. Pro-resolving mediators
produced from EPA and DHA: Overview of the pathways involved and their mechanisms in metabolic syndrome and related
liver diseases. Eur. J. Pharmacol. 2016, 785, 133—-143. [CrossRef]

Hansen, T.V.; Vik, A.; Serhan, C.N. The protectin family of specialized pro-resolving mediators: Potent immunoresolvents
enabling innovative approaches to target obesity and diabetes. Front. Pharmacol. 2019, 9, 1582. [CrossRef]

Hellmann, J.; Tang, Y.; Kosuri, M.; Bhatnagar, A.; Spite, M. Resolvin D1 decreases adipose tissue macrophage accumulation and
improves insulin sensitivity in obese-diabetic mice. FASEB J. 2011, 25, 2399-2407. [CrossRef]

Martinez-Ferndndez, L.; Gonzédlez-Muniesa, P.; Laiglesia, L.M.; Sainz, N.; Prieto-Hontoria, P.L.; Escoté, X.; Odriozola, L.; Corrales,
FJ.; Arbones-Mainar, ].M.; Martinez, ].A.; et al. Maresin 1 improves insulin sensitivity and attenuates adipose tissue inflammation
in ob/ob and diet-induced obese mice. FASEB J. 2017, 31, 2135-2145. [CrossRef]

White, PJ.; St-Pierre, P.; Charbonneau, A.; Mitchell, P.L.; St-Amand, E.; Marcotte, B.; Marette, A. Protectin DX alleviates insulin
resistance by activating a myokine-liver glucoregulatory axis. Nat. Med. 2014, 20, 664-669. [CrossRef] [PubMed]

Pal, A.; Al-Shaer, A.E.; Guesdon, W.; Torres, M.].; Armstrong, M.; Quinn, K.; Davis, T.; Reisdorph, N.; Neufer, P.D.; Spangenburg,
E.E.; et al. Resolvin E1 derived from eicosapentaenoic acid prevents hyperinsulinemia and hyperglycemia in a host genetic
manner. FASEB . 2020, 34, 10640-10656. [CrossRef] [PubMed]

Jain, A.; Singh, J.A. Harms of TNF inhibitors in rheumatic diseases: A focused review of the literature. Immunotherapy 2013, 5,
265-299. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tem.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32418772
https://clinicaltrials.gov/ct2/show/NCT04485403
https://clinicaltrials.gov/ct2/show/NCT04485403
https://clinicaltrials.gov/ct2/show/NCT03229408
http://doi.org/10.1111/j.1365-2125.2012.04374.x
http://www.ncbi.nlm.nih.gov/pubmed/22765297
http://doi.org/10.1016/j.plipres.2011.06.003
http://doi.org/10.1016/j.clnu.2011.08.013
http://doi.org/10.3945/ajcn.110.005538
http://doi.org/10.1080/07315724.2012.10720443
http://doi.org/10.3109/01443615.2012.751365
http://doi.org/10.1016/S0753-3322(02)00253-6
http://doi.org/10.4274/jtgga.2018.0077
http://doi.org/10.1016/j.ejmech.2017.07.018
http://www.ncbi.nlm.nih.gov/pubmed/28732558
http://doi.org/10.1080/10408398.2015.1126549
http://www.ncbi.nlm.nih.gov/pubmed/26745681
http://doi.org/10.3390/nu11102279
http://www.ncbi.nlm.nih.gov/pubmed/31547601
http://doi.org/10.1016/j.mam.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/28341541
http://doi.org/10.2337/db12-0828
http://doi.org/10.1096/fj.201802587R
http://doi.org/10.1016/j.ejphar.2015.03.092
http://doi.org/10.3389/fphar.2018.01582
http://doi.org/10.1096/fj.10-178657
http://doi.org/10.1096/fj.201600859R
http://doi.org/10.1038/nm.3549
http://www.ncbi.nlm.nih.gov/pubmed/24813250
http://doi.org/10.1096/fj.202000830R
http://www.ncbi.nlm.nih.gov/pubmed/32579292
http://doi.org/10.2217/imt.13.10
http://www.ncbi.nlm.nih.gov/pubmed/23444956

Int. ]. Mol. Sci. 2021, 22, 384 14 of 14

98.

99.

100.

101.

102.

103.

Lucas, G.N.C.; Leitao, A.C.C.; Alencar, R.L.; Xavier, RM.E; Daher, E.D.E; Junior, G.B.D.S. Pathophysiological aspects of
nephropathy caused by non-steroidal anti-inflammatory drugs. Braz. J. Nephrol. 2019, 41, 124-130. [CrossRef]

Wu, B.; Mottola, G.; Schaller, M.; Upchurch, G.R.; Conte, M.S. Resolution of vascular injury: Specialized lipid mediators and their
evolving therapeutic implications. Mol. Asp. Med. 2017, 58, 72-82. [CrossRef]

Gilligan, M.M.; Gartung, A.; Sulciner, M.L.; Norris, P.C.; Sukhatme, V.P; Bielenberg, D.R.; Huang, S.; Kieran, M.W,; Serhan, C.N.;
Panigrahy, D. Aspirin-triggered proresolving mediators stimulate resolution in cancer. Proc. Natl. Acad. Sci. USA 2019, 116,
6292-6297. [CrossRef]

Regidor, P. Covid-19 management with inflammation resolving mediators? Perspectives and potential. Med Hypotheses 2020, 142,
109813. [CrossRef]

Elajami, TK.; Colas, R.A.; Dalli, J.; Chiang, N.; Serhan, C.N.; Welty, EK. Specialized proresolving lipid mediators in patients with
coronary artery disease and their potential for clot remodeling. FASEB . 2016, 30, 2792-2801. [CrossRef]

Callan, N.; Hanes, D.; Bradley, R. Early evidence of efficacy for orally administered SPM-enriched marine lipid fraction on quality
of life and pain in a sample of adults with chronic pain. J. Transl. Med. 2020, 18, 1-13. [CrossRef]


http://doi.org/10.1590/2175-8239-jbn-2018-0107
http://doi.org/10.1016/j.mam.2017.07.005
http://doi.org/10.1073/pnas.1804000116
http://doi.org/10.1016/j.mehy.2020.109813
http://doi.org/10.1096/fj.201500155R
http://doi.org/10.1186/s12967-020-02569-5

	Introduction 
	Inflammation: Initiation and Active Resolution 
	Significance of SPMs in the Resolution of Inflammatory Processes 
	Chronic Inflammatory Diseases: Significance of SPMs 
	Obesity, Insulin Resistance and Chronic Inflammation 
	Chronic Inflammation in PCOS 
	SPMs: Potential New Treatment Options for PCOS 
	Conclusions 
	References

