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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-a, 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.

PCOS obesity inflammation

| 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 infertilityltl. Diagnosis according to current international
guidelines that apply the diagnostic “Rotterdam” criteria require the presence of at least two of the following
features: hyperandrogenism, 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 hyperinsulinemic state in 80% of the obese women and 30-40% of
the lean ones B, 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-Millerian hormone) seem to contribute to the onset of
the diseasel@El8l 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 pathogenesisd® as it
results in augmented androgen production in the adrenal cortex and follicles via stimulation of LH secretion, while
concomitantly reducing SHBG (sex hormone binding globulin) synthesis&. Resulting elevated androgene levels
interfere with follicular maturationl? and may lead to the characteristic clinical manifestations like acne and

hirsutism. Obesity on the other hand, may not only reinforce insulin resistancel2?, but is a pathogenicity factor itself
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contributing to the endocrinologic disorder due to the altered hormone metabolism of adipocytestll. 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[231,

| 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 eventd¥l, For this step, the enzymes cyclooxagenases 1 and 2 (Cox-1/2) are utilized and prostanoids
including prostaglandins (PG), leukotrienes (LTs) and thromboxanes (TXs) are synthesized from AAUSI16]
Additionally, mast cells and the classically activated M1 macrophages secrete different kinds of inflammatory
cytokines including TNFa, IL-1 and II-6—all of them being highly inflammatory substances that drive the generation
of the classical inflammatory symptoms: redness, heat, swelling, pain, and loss of function24l15i16] 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 process24l13l16] 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 4. The failure to temporally limit inflammation results in
chronic inflammatory diseases including cardiovascular and neurological disorders, auto-immune diseases,
diabetes, and cancerl18 [19l 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 resolution2%. 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[2Ll22l23] 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 AA24[23 |nterestingly, 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 precursors 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[2411261[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 recruitment, removal of the short-lived
neutrophils and a switch in macrophage function to their anti-inflammatory pro-resolving statel28l. 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
referencesl241231[261(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-a, 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 phagocytosis, thus clearing the site from cell
debris, apoptotic immune cells, and bacteria. Additionally, 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, B9, 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.2 Consequently, the inhibition of PG-synthesis impedes the class
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switching of lipid mediators and may delay resolution 132 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 responsel22l24l23] \whijle ideally, the
inflammatory process is resolved and the site of infection is cleared from pathogens and apoptotic cells, a failure to
counterregulate the 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 cellsi8l. 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-a by CD8+-cells34],

| 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 models2433] The tissue damage observed in Periodontitis, for
example, can be attributed to the action of activated neutrophils that produce pro-inflammatory cytokines PGEZ2,
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 demonstrated 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 | 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 animals22!,

In a further experimental approach with transgenic mice, the role of 12/15 lipoxygenase and its biosynthesis
products including SPMs LXA4, RvD1 and RvD2 for atherosclerosis was demonstrated. Atherosclerosis is initiated
by an inflammatory reaction of the vascular 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 considered a chronic inflammatory diseasel2€l. 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
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western diet disrupted the protective mechanismsBZ 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[2€l.

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 2 and in further experiments both LXA4 and its analogue benzo-LXA4 were shown to reduce
fibrosis in kidneyB24AML - Fyrther 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
(4],

| 6. Chronic Inflammation in PCOS

In most cases PCOS is accompanied by obesity and insulin resistance (IR), affecting about 65-80% of all patients
(441451 and it is well-known that hyperinsulinemia, hyperandrogenism and obesity in this disease reinforce each
otherBILLI451[46] Byt PCOS also represents a state of chronic inflammation[#Z! resulting in part from excess visceral
adipose 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 842, Recent studies have identified BMI and insulin resistance as
main predictors for increased levels of CRP and white blood cellsi¥2. In addition, PCOS patients were shown to
have a certain pro-inflammatory genotype characterized by alterations in the genes encoding for TNF-a, TNF
receptor and IL-6 BYBLB2] Fyrthermore, 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-a, IL-6, and II-1. TNF-a 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 pathway23154],

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-a, IL-6 and IL-8 resulting in the activation of corresponding pro-inflammatory
signaling pathways [531581(57],
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