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Polycystic ovary syndrome (PCOS) is the most common endocrine disorder among women of reproductive age. It is a
heterogeneous condition characterized by reproductive, endocrine, metabolic, and psychiatric abnormalities. More than
one pathogenic mechanism is involved in its development. On the other hand, the hypothalamus plays a crucial role in
many important functions of the body, including weight balance, food intake, and reproduction. A high-fat diet with a large
amount of long-chain saturated fatty acids can induce inflammation in the hypothalamus. Hypothalamic neurons can
sense extracellular glucose concentrations and participate, with a feedback mechanism, in the regulation of whole-body
glucose homeostasis. When consumed nutrients are rich in fat and sugar, and these regulatory mechanisms can trigger
inflammatory pathways resulting in hypothalamic inflammation. The latter has been correlated with metabolic diseases,
obesity, and depression.
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| 1. Introduction

The hypothalamus, being part of diencephalon, is situated beneath the thalamus and above the midbrain. It consists of
many nuclei, with different functional roles, organized in four regions: the preoptic, anterior (supraoptic), median (tuberal),
and posterior (mammillary) hypothalamus, each of which has a lateral, medial, and periventricular zone & (Eigure 1A).
The hypothalamus regulates genetically preprogrammed behaviors, such as temperature, feeding, defensive and
aggressive behaviors, as well as emotional responses to stress and panic-related behavior, libido, and reproduction 2.
Inflammatory pathways can be activated in the hypothalamus. The preoptic area is known to control thermoregulation,
reproduction, and electrolyte balance. In the median region, dorsomedial, ventromedial, and arcuate (infundibular) nuclei
are involved in regulation of body-weight balance, food intake, satiety, thirst, and circadian rhythms. Dysfunction of these
nuclei causes hyperphagia and obesity [&. Gonadotropin-releasing hormone (GnRH) neurons are a heterogeneous
population of hypothalamic neurons, which control reproduction. The majority of GnRH neuronal cell bodies are located in
the arcuate nucleus (part of the mediobasal hypothalamus) and in the medial preoptic area. GnRH is secreted in a
pulsatile fashion and, through the portal circulation, stimulates synthesis and secretion of luteinizing hormone (LH) and
follicle stimulating hormone (FSH) from the anterior pituitary gland. These gonadotropins are responsible for the secretion
of gonadal steroids, which exert a negative feedback in the brain (3],
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Figure 1. (A) Anatomy of hypothalamic nuclei; (B) Areas affected by metabolic cues in the hypothalamus.

Hypothalamic inflammation bears characteristics of chronic low-grade inflammation, notably at the molecular level 4. On
the one hand, a high-fat diet (HFD) has been associated to hypothalamic inflammation &. Over-nutrition leads rapidly to
an inflammatory response in the hypothalamus and to a disrupted appetite 9. In rodents, only 24—72 h following initiation
of HFD, an elevation of markers of hypothalamic inflammation is observed . It has been noticed that hypothalamic
inflammation occurs earlier than excess weight gain and obesity do. Eventually, hypothalamic inflammation can be both
the cause and the outcome of a diet-induced metabolic disease. In addition, known metabolic disorders are associated
with inflammation in the peripheral organs 4. On the other hand, diet-induced obesity induces a chronic low-grade
inflammatory response in the body and is one of the most representative metabolic disorders. Over-nutrition with a high-
caloric diet results in hyperplasia and hypertrophy of adipocytes. Thus, these cells lead to adipose tissue dysfunction and
ectopic fat accumulation . Ectopic fat storage in the liver, pancreas, skeletal muscle, and visceral adipose tissue
contributes to the development of insulin resistance and inflammation in these target organs [&. Inflammation in the
pancreatic islets seen in type 2 diabetes mellitus (T2DM) includes pancreatic infiltration by immune cells, such as
macrophages 9. The excess of unsaturated fatty acids (FAs), such as palmitic acid, stimulates pancreatic islet
inflammation as well . Then, B-cell dysfunction and insulin resistance ensue.

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder among reproductive-aged women. Its
prevalence ranges from 6-20% depending on the used diagnostic criteria 12 The Rotterdam diagnostic criteria for PCOS
are the most frequently used. According to them, the PCOS definition should include two of the following three criteria: 1.
clinical or/and biochemical hyperandrogenism; 2. chronic anovulation; and 3. polycystic ovarian morphology, after the
exclusion of other secondary causes 2. PCOS is a complex condition characterized not only by reproductive but also
metabolic, endocrine, and psychiatric features. Patients with PCOS present reproductive (such as subfertility and
infertility) and metabolic abnormalities (such as marked insulin resistance combined with elevated risk for T2DM,
cardiovascular disease, hepatic steatosis, dyslipidemia, and obesity) 4. Depression and anxiety complete the profile of
this heterogeneous condition. Studies have shown that these metabolic disturbances are associated with inflammation in
peripheral target organs 2. More than one pathophysiologic mechanism is involved in the development of PCOS,
including environmental, genetic, and epigenetic mechanisms. A defect in the GnRH/gonadotropins neuro-endocrine axis
is also one of the potential causative mechanisms of PCOS 8. The generation of GnRH pulses is driven by a dynamic
balance between excitatory and inhibitory signals. The kisspeptinergic system is one of them and serves as regulator of
GnRH pulsatility 7. The energy status of the human body (either positive or negative) affects the kisspeptinergic system.
Therefore, the metabolic elements from the periphery interfere actively with the centers of reproduction in the brain 4. In
PCOS women, insulin resistance and the concomitant hyperinsulinemia result in hyperandrogenemia thus participating in
the pathogenic mechanism of PCOS 18],



2. Heterogeneity of Clinical, Hormonal, and Metabolic Presentation in
PCOS Physiopathologic Mechanisms

2.1. Heterogeneity of Clinical, Hormonal, and Metabolic Presentation in PCOS

PCOS is a highly prevalent endocrine disorder affecting a woman'’s overall health long term. It is a complex condition with
a broad spectrum of clinical manifestations and associated morbidities 2. Women with PCOS have an increased risk for
developing cardiovascular disease, metabolic syndrome, reproductive abnormalities, depression, and certain forms of
cancer. A combination of clinical symptoms, such as menstrual abnormalities, acne, hirsutism, and alopecia, is reported in
PCOS 29 |n a systematic review and meta-analysis, the authors reported that women with PCOS present with abnormal
eating disorders three times more frequently as compared to women without PCOS 21 The prevalence of bulimia
nervosa and binge eating disorder were increased in these women. Of note, 50% of individuals with a lifetime diagnosis of
bulimia nervosa and 32% with binge eating disorder have also experienced major depression, while almost 12% of those
with bulimia nervosa or binge eating disorder present with generalized anxiety disorder. Indeed, 27-50% of women with
PCOS report depressive symptoms compared to 19% of women without PCOS. In another study, in PCOS women, the
overall prevalence of psychiatric morbidity was 50%, while specifically that of anxiety disorder was 38.6% 29,

Women with PCOS present higher androgen and estradiol (E2) concentrations, hyperinsulinemia, and suppressed sex
hormone binding globulin (SHBG) concentrations compared with women without PCOS, while women with PCOS and
obesity more often present ovarian dysfunction and amenorrhea 22,

Obesity is a common symptom (50% of PCOS women are overweight). By 40 years of age, up to 40% of women with
PCOS will develop impaired glucose tolerance while 8-10% of PCOS patients are diagnosed with T2DM 241231 women
with PCOS present higher concentrations of triglycerides and low-density lipoprotein cholesterol (LDL-C) and lower levels
of high-density lipoprotein cholesterol (HDL-C) than those of controls [24125],

2.2. Physiopathologic Mechanisms in PCOS

A variety of physiopathologic mechanisms are involved in the pathogenesis and development of PCOS. However, the
exact pathophysiological mechanism is still unknown. GnRH neurons are the neuronal denominator of a complex
neuronal network, which regulates the reproductive system. A defect in the pulsatile secretion of GhnRH and a subsequent
elevation of LH circulating concentrations, which, in turn, enhance ovarian androgen secretion, seems to be involved in
the pathophysiology of this pathologic entity 281, Due to their anatomical position, GnRH neurons interact with a range of
neuroendocrine and metabolic inputs 24, Kisspeptin-neurokinin B and dynorphin neurons, known as KNDy neurons,
represent major regulators of GnRH pulsatility 4. These are sited predominantly in an area corresponding to the
posterior arcuate nucleus within the mediobasal hypothalamus. By classical lesion studies, this area was identified as the
putative location for the GnRH pulse generator in primates X2, GnRH neurons express the Gpr54 gene (G protein-
coupled receptor GPR54), which encodes for the kisspeptin receptor, suggesting the involvement of kisspeptin in the
regulation of GnRH secretion 28 Specifically, kisspeptin and neurokinin B stimulate GnRH pulsatility while dynorphin
inhibits it. Kisspeptin is considered a potent stimulator of the HPO axis 22,

Insulin resistance (predominantly in the liver, adipose tissue, and muscles) is the most prevalent metabolic perturbation in
women with PCOS, affecting 65—-70% of all patients 2. It is followed by compensatory hyperinsulinemia and has been
related to the reproductive defects of PCOS 18], Hyperinsulinemia contributes to androgen-depended anovulation through
distinct mechanisms. Insulin enhances ovarian androgen biosynthesis via its receptors in the theca cells BY. The ovaries,
in PCOS, do not demonstrate insulin resistance B, In addition, insulin increases the frequency and amplitude of GnRH
pulsatility (via upregulation of GnRH gene expression in GnRH neurons) and subsequently LH pulsatile secretion. These
effects contribute, in turn, to hyperandrogenemia (HA) 28, The latter stimulates further GnRH pulse frequency by
inhibiting the progesterone negative feedback, which finally leads to an increase of LH secretion 28],

The human body has to ensure a sufficient energy reservoir for reproduction. This requires a dynamic interaction between
peripheral and central tissues [32. The role of the kisspeptinergic system is to recognize the energy status of the body and
to translate this information into the brain by enhancing the secretion of GnRH 4. In detail, fasting and calorie restriction
suppresses LH pulse frequency and increases LH pulse amplitude B2, Leptin is a hormone secreted from adipose tissue
and plays a crucial role in reproduction and in the regulation of LH release. In recent studies, leptin has been suggested to
stimulate directly (via its own receptors) and/or indirectly kisspeptin neurons 3. In states of low leptin activity, such as in
mutations of leptin or its receptors and in functional hypothalamic amenorrhea, the release of GnRH and gonadotropins is
impaired. 1434 The hypothalamic kisspeptin system is sensitive to changes in the body energy status and may be
altered in conditions of persistent negative energy balance. However, it remains to be defined whether metabolic stress
associated with an excess of energy stores, such as obesity, might have an impact on this system as well. There are



controversial studies regarding the effect of diet-induced obesity on the expression of the kisspeptin mRNA (Kiss1) gene.
Persistent obesity in DBA/2J mice, predisposed to reproductive disorders, is associated with marked suppression of Kiss1
MRNA in the arcuate and anteroventral periventricular nuclei 2. However, following initiation of HFD in male Srague-
Dawley rats, an increase in the expression of the Kissl gene in the hypothalamus has been demonstrated 28, These
findings suggest that Kiss1l neurons in both the arcuate and the anteroventral periventricular nuclei may be targets for
metabolic regulation. Further research is needed regarding the exact effect of negative energy balance and metabolic
stress regarding the responsiveness of the GnRH/gonadotropin system to the stimulatory effects of kisspeptin.

3. Hypothalamic Inflammation as a Potential Pathophysiological
Mechanism of the Heterogeneity of PCOS

3.1. Hypothalamic Inflammation-Induced Metabolic Disorders

Several studies show that hypothalamic inflammation participates in the development and pathogenesis of metabolic
diseases, such as obesity, diabetes, metabolic syndrome, hypertension, and dyslipidemia, mainly by affecting the

homeostasis of food intake, energy balance, insulin and leptin signaling, and glucose metabolism in liver and fatty acid
oxidation B8],

Key to this neuroendocrine regulation of energy balance is the melanocortin system. In particular, in a healthy state, the
arcuate nucleus contains the orexigenic AgRP/neuropeptide Y (NPY) and the anorexigenic POMC/cocaine- and
amphetamine- regulated transcript (CART) neurons 3249 | eptin and insulin, which are secreted by the adipose tissue
and pancreas, respectively, cross the blood brain barrier and bind to their receptors in the arcuate nucleus. The blood
vessels of this circumventricular organ are fenestrated and lack tight junctions, allowing exposure to solutes from the
circulation ¥4, In a fed state, leptin binds to the leptin receptor ObR/LrpR and increases POMC gene expression, thus
releasing the active form of a-melanocyte-stimulating hormone (a-MSH) 2. Then, a-MSH hinds to the melanocortin 3/4
(MC3/4R) receptor in the PVN but also in the dorsomedial hypothalamic nucleus, in the lateral hypothalamus, as well as in
the ventromedial hypothalamus, exerting its anorectic effects 43144 |n contrast, in fasting state, insulin activates the AgRP
promoter and represses the POMC promoter, resulting in an increase in food intake 45, AgRP is an inverse agonist of the
MC3/4R receptor and counters the anorectic effects of a-MSH 18],

As already mentioned, studies in mice showed that hypothalamic inflammation presents within few hours after initiation of
HFD and especially prior to peripheral inflammation and notable weigh gain B, Since the first days, a local inflammation
is noticed, in particular an activation of microglia mainly in the mediobasal hypothalamus in the arcuate nucleus, the
anterior part of PVN, and in the median eminence 23! (Figure 1B). A study in mice showed the need for an adequate
presence of fats and carbohydrates in the diet in order for microglia to expand. Feeding mice with a very high-fat very low-
carbohydrate diet did not affect microglia cell proliferation #Z. The latter disrupts neuronal regulation of the energy
balance by inducing inflammation, thus resulting in degradation of POMC neurons 28], This inflammation promotes stress
of the endoplasmic reticulum, leading to insulin and leptin resistance in the central nervous system (CNS) ¥3l. The
increased number of activated microglia possibly contributes further to neurodegeneration 47,

The destruction mainly of the PVN and ventromedial hypothalamic nuclei following inflammation leads to overeating,
increased weight gain, obesity, and T2DM. The activation of several inflammatory pathways is known to induce this local
inflammation. The activation of the proinflammatory JNK1 pathway in AGRP neurons increases spontaneous firing in these
cells and, along with central leptin resistance, it leads to hyperphagia, weight gain, and adiposity #2. In addition, activation
of the inhibitory inflammatory IKK2 pathway mitigates the AgRP response to insulin and impairs glucose homeostasis. In
another study, overactivation of the STAT/SOCS3 intracellular pathway by increased concentrations of leptin, resulting
from growing adipose tissue, not only leads to leptin but also to insulin resistance at the level of CNS BY. Further to this,
mitochondria are also essential for energy regeneration and sensing of energy cellular demands via production of ROS
B4, Following HFD, impairment of the balance between production and disposal of ROS in the hypothalamus can result in
endoplasmic reticulum stress, leptin resistance, and changes in eating behavior and in glucose utilization. All this
inevitably leads to obesity and T2DM 8. Similarly, production of transforming growth factor B (TGFp) by hypothalamic
astrocytes following HFD induces RNA stress, especially in POMC neurons, which affects proper function of proteins, thus
leading to dysfunction of POMC 52, An important outcome of this process is that the hypothalamus can no longer exert
appropriate control on hepatic gluconeogenesis 23], As a result, an early defect in a mechanism tightly connected to
hypothalamic neuronal protein function can contribute to glucose intolerance via alteration of the hepatic physiology 23
4, Furthermore, when autophagy in AgRP neurons is inhibited, mice eat less and are lean, whereas when autophagy is
inhibited in POMC neurons, mice eat more and are obese BIB8I57 Following HFD, autophagy activity in the mediobasal
hypothalamus is impaired severely. The consequent hypothalamic inflammation further inhibits hypothalamic autophagy in
lean mice, thus inducing increased caloric intake and obesity 28159 (Figure 2).
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Figure 2. Mechanisms involved in the high fat diet (HFD) -induced hypothalamic microgliosis at molecular level €9,
Reproduced with permission from Licio A. Velloso, Hypothalamic Microglial Activation in Obesity: A Mini-Review; published
by frontiers in Neuroscience, 2018.

Another potential mechanism for the development of peripheral insulin resistance and T2DM is through alteration of the
activity of autonomic nerves, which innervate the liver, muscles, adipose tissue, and pancreas (61, The PVN nuclei exert
their regulatory influence via several mechanisms, including modulation of the activity of the sympathetic nervous system.
In addition, the reduced hypothalamic insulin and glucose sensitivity along with the subsequently altered neuroendocrine
regulatory mechanisms (including HPA axis activation) may also participate in the development of insulin resistance (2],

Insulin also controls fatty acids (FA) release from white adipose tissue (WAT) through direct effects on adipocytes and
indirectly through hypothalamic signaling by reducing sympathetic nervous system outflow to WAT. Uncontrolled FA
release from WAT promotes lipotoxicity, which is characterized by inflammation and insulin resistance. In support, after
the initiation of a three-day HFD to Sprague-Dawley rats, a 37% increase in caloric intake and elevated base-line free FAs
and insulin levels compared with controls rats were observed. The results were that overfeeding did not impair insulin
signaling in WAT, but it abolished the ability of mediobasal hypothalamus insulin to suppress WAT lipolysis and hepatic
glucose production. Insulin levels in Sprague-Dawley rats were moderately raised during the fed period, consistent with
systemic insulin resistance 3], Dyslipidemia could also follow the same pathophysiological pathway. However, there are
still no human studies to support direct hypothalamic inflammation-induced dyslipidemia in PCOS.

3.2. Potential Hypothalamic Inflammation-Associated Mechanisms in Reproductive Disorders

Women with PCOS and obesity tend to have more notable endocrine disturbances 22, They present more severe cycle
disturbances and they need increased dosages of ovulation induction drugs compared to lean PCOS patients, while they
demonstrate increased risk of non-response to such treatment 4l |t has been shown by several studies that acute
inflammation affects reproduction. Administration of cytokines or lipopolysaccharide (LPS) intracerebroventricularly in
female rats represses GnRH and LH gene expression and reduces GnRH neuropeptide release and gonadotropin
concentrations 82, In any case, obesity causes low-grade inflammation in the organism, but its effects on reproduction via
GnRH neurons are to be investigated. Several studies have shown that HFD negatively affects the estrous cycle as it is
associated with a high incidence of anovulation. However, it is still unknown if this is what happens in PCOS [€8], Studies
in animals have shown that a high-fat and high-sugar (HFHS) diet resulted in irregularity of the estrous cycle and
anovulation. Regarding follicular development, animals on the HFHS diet had significantly elevated ovarian cyst counts
compared to controls 4. In another study, advanced glycation end-product (AGEs) levels were found to be increased in
the serum of young women with PCOS B8, |n addition, increased immunostaining of AGEs and their receptors (RAGE)
was observed in the different compartments of the ovarian tissue in polycystic ovaries 8. Specifically, serum
concentrations of some AGEs and intraovarian deposition of AGEs could potentially contribute to alteration in oocyte



function, fertilization, and embryo development 9. Another commonly cited factor, seen in unexplained reproductive
abnormalities, is chronic stress. As already mentioned, chronic stress could induce hypothalamic inflammation in mice 4.
Even in pregnancy, chronic stress can lead to elevated concentrations of cortisol and insulin 4. It has been suspected
that chronic stress, via hypothalamic inflammation, could potentially activate the hypothalamus—pituitary axis and result in
reproductive, metabolic, and endocrine dysregulation.

In this review, data are presented showing that HFD can induce hypothalamic inflammation. In addition, many studies
have shown that an HFHS diet is associated with menstrual disorders, anovulation, and difficulties in fertilization in women
diagnosed with PCOS. Thus, it appears that diet-induced hypothalamic inflammation may contribute to the endocrine
pathogenesis of PCOS. Of note, the extent and pattern of hypothalamic inflammation in these patients is not yet fully
studied. The preoptic area as well as the arcuate nucleus, which modulate secretion of GnRH, could be a potential target
of hypothalamic inflammation.

3.3. Potential Mechanisms of Hypothalamic Inflammation-Associated Psychiatric Disorders

As stated before, PCOS is associated with depression and anxiety disorders B2, Chronic exposure to intense stress is
associated with an elevation of inflammatory molecules in the hypothalamus, altering the activity of the HPA axis,
ultimately leading to glucocorticoid resistance 374 The latter might participate in the pathogenesis of psychiatric
disorders, including depression [Z3IlZ8], | ong chronic stress induces glucocorticoid resistance in CRH neurons in PVN, thus
disrupting the negative feedback and altering the physiological function of the HPA axis 5. Along with this, repeated
administration of recombined IL-6 in humans leads to a blunted ACTH response . This resetting of the HPA axis has
also been observed in melancholic depression. Glucocorticoid resistance decreases the availability of neuroprotective
factors and increases the expression of inflammatory molecules in the hypothalamus 4. Moreover, increased
glucocorticoid concentrations induce neurotoxicity and subsequent atrophy in the hippocampus, which is crucially involved
in the pathogenesis of depressive disorders 8, Overall, these changes might lead to alterations in neurotransmission,
neurodegeneration, nerve cell death, and ultimately depression 9. Indeed, recent studies indicate that hypothalamic
inflammation might also be associated with stress exposure and psychiatric diseases, including depressive disorder 2,

It seems that hypothalamic inflammation could be associated with the psychiatric profile described in women with PCOS.
The exact pathophysiology of hypothalamic inflammation-induced psychiatric disorders in PCOS women needs to be
further elucidated.
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