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Simple Summary: Polycystic ovary syndrome is a common multisystem disorder involving dysreg-
ulation of the microbiome, immune system, reproduction, central nervous system, skin, and metab-
olism. Understanding this problem involves unravelling the complex web of bidirectional interac-
tions between all the cellular and whole-body regulatory systems. An Evolutionary Model provides
a structured framework that links the observed biological components to contemporary lifestyle
and the environment. This new model proposes that polycystic ovary syndrome arises as a result of
a mismatch between ancient adaptive survival mechanisms and our rapid cultural development
and modern lifestyle. This review summarizes the factors that activate the core changes, chronic
systemic inflammation, and insulin resistance, and how they relate to dysregulation of other body
systems. This model provides a basis for answering the main question asked by women diagnosed
with this disorder: What is polycystic ovary syndrome? “Polycystic ovary syndrome is an inherited
problem resulting in symptoms such as irregular periods, acne, and excess hair growth, that can be controlled
by attention to diet and other lifestyle factors. Women with polycystic ovary syndrome can have healthy active
lives, with normal fertility.”

Abstract: Polycystic ovary syndrome (PCOS) is increasingly being characterized as an evolutionary
mismatch disorder that presents with a complex mixture of metabolic and endocrine symptoms.
The Evolutionary Model proposes that PCOS arises from a collection of inherited polymorphisms
that have been consistently demonstrated in a variety of ethnic groups and races. In-utero develop-
mental programming of susceptible genomic variants are thought to predispose the offspring to
develop PCOS. Postnatal exposure to lifestyle and environmental risk factors results in epigenetic
activation of developmentally programmed genes and disturbance of the hallmarks of health. The
resulting pathophysiological changes represent the consequences of poor-quality diet, sedentary
behaviour, endocrine disrupting chemicals, stress, circadian disruption, and other lifestyle factors.
Emerging evidence suggests that lifestyle-induced gastrointestinal dysbiosis plays a central role in
the pathogenesis of PCOS. Lifestyle and environmental exposures initiate changes that result in dis-
turbance of the gastrointestinal microbiome (dysbiosis), immune dysregulation (chronic inflamma-
tion), altered metabolism (insulin resistance), endocrine and reproductive imbalance (hyperandro-
genism), and central nervous system dysfunction (neuroendocrine, autonomic nervous system).
PCOS can be a progressive metabolic condition that leads to obesity, gestational diabetes, type 2
diabetes, metabolic-associated fatty liver disease, metabolic syndrome, cardiovascular disease, and
cancer. This review explores the mechanisms that underpin the evolutionary mismatch between
ancient survival pathways and contemporary lifestyle factors involved in the pathogenesis and
pathophysiology of PCOS.
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Graphical Abstract: Pathogenesis of polycystic ovary syndrome.

1. Introduction

There is general agreement that PCOS is a polygenic multisystem disorder arising
from an interaction between genetic and environmental factors (1). Comprehensive Inter-
national Guidelines recommend a range of lifestyle-based interventions as first-line man-
agement for all women diagnosed with PCOS (2). These recommendations are based on
evidence that lifestyle therapies, such as diet and exercise, can control and reverse many
of the biochemical and endocrine features of PCOS (2,3). It has been hypothesized that
contemporary lifestyle and environmental exposures are instrumental in the pathogenesis
of PCOS due to a mismatch between our ancient and modern lifestyle and environment
(1,4-6).

PCOS affects 8-13% of reproductive aged women, is thought to be increasing in prev-
alence globally, and is estimated to affect up to 200 million women world-wide (6,7).
Women affected with PCOS present with a wide variety of symptoms (menstrual disturb-
ance, acne, hirsutism, alopecia, subfertility, anxiety and depression) that reflect the under-
lying multisystem pathophysiology (8-10). Women with PCOS have an increased risk of
pregnancy complications (deep venous thrombosis, pre-eclampsia, macrosomia, growth
restriction, miscarriage, stillbirth and preterm labor) (11), psychological problems (anxi-
ety, depression) (12), and can progress to a range of other metabolic-related conditions
(obesity, gestational diabetes, type 2 diabetes (T2DM), metabolic-associated fatty liver dis-
ease, chronic kidney disease, metabolic syndrome, cardiovascular disease, and cancer)
(13-16). The population attributable risk of PCOS to T2DM alone has been estimated at
19-28% of women of reproductive age (17). PCOS can be a progressive metabolic condition
and therefore makes a significant contribution to the chronic disease epidemic (18).

Genome-wide association studies (GWAS) have identified common PCOS risk alleles
in women from Chinese and European populations, suggesting PCOS is an ancient inher-
ited disorder that was present before humans migrated out of Africa (19,20). Familial and
twin studies (21,22) and more recent Mendelian randomization (23,24) and transcriptome-
wide association studies (TWAS) (25) also support a genetic basis to PCOS. From an evo-
lutionary perspective, decades of research has therefore characterized PCOS as an inher-
ited polygenic trait that manifests after exposure to lifestyle and environmental risk fac-
tors (1,26,27). Nevertheless, it is thought that genetic factors contribute less than 10% to
disease susceptibility, as has been found with other lifestyle-related chronic diseases such
as obesity and T2DM (28). Evolutionary medicine provides a framework for understand-
ing the pathogenesis of complex chronic diseases, including PCOS (1,29,30).

Evolutionary medicine is a discipline that involves the study of evolutionary pro-
cesses as they relate to human traits and diseases (31). This involves translating research
related to the origins of complex chronic diseases into the practice of clinical medicine.
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Evolutionary medicine incorporates considerations of the principles of natural selection
(29), metabolic and reproductive trade-offs (30,32), relative reproductive fitness (30), mis-
match between our evolutionary past and contemporary environment (33), and other evo-
lutionary conflicts (7,34). Many of these evolutionary mechanisms have been associated
with the pathophysiological processes identified in women with PCOS and will be dis-
cussed in the following sections of this review.

A number of evolutionary hypotheses have been developed to try to explain the
pathogenesis of PCOS (1,5,26,27,35). These hypotheses refer to the relative importance of
ancient metabolic survival adaptations versus improved reproductive success, which be-
come maladaptive in modern human populations. These survival adaptations usually in-
volve alterations to physiological, immune, metabolic, and endocrine pathways (36). Me-
tabolism can be defined as the sum total of biochemical reactions that organisms employ
for bioenergetics, creation of biomass, and for cell fate regulation (37,38). It has been hy-
pothesized that PCOS may represent an evolutionary metabolic adaptation to balance en-
ergy substrate availability (glucose and fatty acid) to optimize reproduction (5). This shift
in focus to the importance of metabolic adaptation and dysregulation has also been em-
phasized in the International Guidelines (2,39).

The prime directive of all life is to optimize reproduction and species survival (40).
Reproduction and metabolism are intimately linked so that optimal reproductive fitness
requires optimal metabolism (31,41). There is always an evolutionary trade-off to optimize
metabolism and/or reproduction, depending on the species and prevailing environmental
conditions (32). This is achieved by a complex network of hormonal and signaling mole-
cules that link metabolism to reproductive cycles, via hormonal regulatory processes,
post-translational modification of enzymes, substrate level inhibition of metabolic path-
ways, and epigenetic regulation of gene expression (42-44).

Attention has therefore been directed at identifying the mechanisms by which life-
style and environmental exposures alter this regulatory framework (45-47). A root-cause
analysis of the proximate causes of PCOS has identified a wide variety of lifestyle and
environmental exposures that are likely to contribute to the pathogenesis of PCOS
(1,2,5,48). These include, diet and nutritional factors, exercise and sedentary behavior,
sleep and circadian disruption, endocrine disrupting chemicals, stress, direct and indirect
effects of climate change, and community support systems (1). Contemporary lifestyle ex-
posures are significantly different to the environmental conditions that existed through-
out most of human evolution. Namely, starvation, predation, fear, increased maternal
mortality and exposure to different climatic conditions (4,27,49). The reduction of chronic
disease following lifestyle interventions such as diet, exercise and smoking cessation, has
provided strong evidence for contemporary lifestyle as the primary “cause” of many dis-
eases, including PCOS (50).

Epigenetic modifications such as DNA methylation, histone modification and
noncoding RNA, control reversible gene expression and reprogramming (51,52). Control
of gene expression, and resulting protein synthesis, is a dynamic process that depends on
hormonal and cell signaling events that are influenced by lifestyle and environmental fac-
tors (52). Optimal health and well-being is achieved when metabolic, cellular and whole-
body homeostasis is synchronized with the prevailing environmental conditions (42).
Multiple adaptive survival mechanisms (immune, metabolic, neurological, hormonal)
have evolved to ensure re-establishment of homeostasis during periods of environmental
and personal stress, and work synergistically to maintain health (4,5,27,53,54). Epigenetic
modifications provide a mechanism for organisms to rapidly respond to changing envi-
ronmental conditions to ensure survival and restore homeostasis (52). Rapid social evolu-
tion has created a contemporary lifestyle and environment that is out of step with our
evolutionary past (1,4). Chronic disturbance to adaptive cellular signaling systems dis-
rupts the epigenetic machinery and other regulatory processes, resulting in maladaptive
metabolic, immune and physiological responses, that manifest as complex chronic dis-
eases such as obesity, T2DM and PCOS (figure 1) (55,56).
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Figure 1. Pathophysiology of Polycystic Ovary Syndrome. Depicts the multi-directional interac-
tions between nutritional and environmental lifestyle-related risk factors and the identified patho-
physiological processes and symptoms in PCOS. Health is a result of the successful integration of
multidimensional subcellular, cellular, and systemic, integrated circuits and networks. Disturb-
ances in these networks due to dysbiosis, chronic inflammation, insulin resistance and neuroendo-
crine deregulation, in isolation or in combination, can lead to loss of homeostatic resilience in the
system. Combinations of adverse nutritional and environmental factors can disturb this network
in a myriad of ways, and at multiple different sites, and are responsible for the pathogenesis of
PCOS. The influence of the exposome on developmentally programmed susceptibility genes pro-
grams the embryo/fetus to express the phenotypic manifestations of PCOS during childhood, ado-

lescence, and adulthood, following exposure to lifestyle, dietary, and environmental factors.
QOL, quality of life.

It is now appreciated that more than one pathophysiological mechanism is involved
in the development of PCOS (57,58). When viewed from an evolutionary perspective,
PCOS represents dysregulation of the hallmarks of health (table 2) (59). This narrative
review outlines the relationship between lifestyle and environmental risk factors and the
underlying pathophysiological mechanisms identified in women with PCOS. These in-
clude immune dysregulation (chronic systemic inflammation, oxidative stress), meta-
bolic dysfunction (insulin resistance (IR), hyperglycaemia, hyperinsulinemia), hormonal
dysregulation (hyperandrogenism, estrogen, follicle stimulating hormone, luteinizing
hormone) and gastrointestinal dysbiosis (decreased alpha diversity, increased gastroin-

testinal mucosal permeability) (figure 1). The pathological processes are discussed in the
context of the Evolutionary Model of PCOS (1).

2. Materials and Methods

The literature search focused on research publications related to the pathophysiology
and pathogenesis of PCOS using the keywords listed above and related mesh terms for
data on the evolutionary aspects of PCOS, chronic systemic inflammation, in-utero devel-
opmental epigenetic programming, insulin resistance, hyperinsulinemia, hyperandrogen-
ism, reproductive changes, infertility, microbiome, dysbiosis, endocrine disrupting chem-
icals, lifestyle, diet, and physical activity. The databases searched included PubMed, Sco-
pus, Cochrane, and Google Scholar. The literature has been searched repeatedly over the
past 10 years. A glossary of abbreviations is included.

do0i:10.20944/preprints202303.0521.v1
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The present manuscript provides a summary of the pathogenesis and pathophysiol-
ogy of PCOS in the context of an Integrated Evolutionary Model (1).

3. Chronic Systemic Inflammation

3.1 Evolution and the advantages of a proinflammatory design

Inflammation is a normal physiological process that is an evolutionary conserved
homeostatic mechanism in cells and tissues throughout the body (60). Optimal health is
achieved when a balance between pro- and anti-inflammatory processes removes aging,
damaged or infected cells, and restores normal cellular function (61). Inflammation is a
protective mechanism in response to specific environmental conditions and occurs at a
cost to normal tissue function (62,63). Acute inflammation is a physiological process that
is spatially and temporally limited by multiple mechanisms (59). Local anti-inflammatory
mediators attempt to limit the systemic spread of inflammation and contain the inflam-
matory response. Temporal limitation, or resolution of inflammation, is facilitated by re-
moval of the primary cause, local negative feedback loops, systemic regulation by the au-
tonomic nervous system (ANS) (64), and glucocorticoids (59). Chronic low-grade systemic
inflammation can occur as a result of failure of any of these homeostatic mechanisms and
is a cornerstone of PCOS pathophysiology (65). Large systematic reviews confirm an im-
portant role for chronic systemic inflammation in the pathogenesis of PCOS (8,56).

Rapid changes in the contemporary human environment have outpaced genetic ad-
aptation, leading to a mismatch between our modern exposures and selected metabolic
and reproductive traits. This mismatch has resulted in a dysregulated inflammatory re-
sponse that has increased susceptibility to many common chronic diseases including obe-
sity, type 2 diabetes, metabolic syndrome, cardiovascular disease, neuroinflammatory dis-
eases, and PCOS (61). Chronic low-grade inflammation, or metaflammation, caused by
poor-quality diet, nutritional excess, and other environmental factors, is maintained at a
subacute level over long periods of time, enhancing inflammatory and metabolic signal
transduction pathways that lead to the symptoms and diseases associated with PCOS (66).
The concept of metaflammation refers to the pathophysiological association between met-
abolic disorders and the immune system and is proposed to originate from the evolution-
ary crosstalk between immune and metabolic pathways (63).

The central role of chronic systemic inflammation and metabolic dysregulation and
their relationship to evolution, obesity, the microbiota, endocrine disrupting chemicals,
and the recently described “Hallmarks of Health” are described in the following sections
of this review. There is a particular focus on the molecular details and mechanisms in-
volved in the pathophysiology.

3.2 Overview of the inflammatory response

The human body has two parallel systems of cellular defense (innate and adaptive
immunity) that work co-operatively to protect cells, individuals, and ultimately the spe-
cies (67). Billions of years of evolution has equipped unicellular organisms with a range
of stress responses to abiotic environmental threats such as temperature, salinity, sunlight
exposure, heavy metals and oxygen (68). In addition, multicellular organisms possess
elaborate innate and adaptive immune responses to defend against exposure to noninfec-
tious (reactive oxygen species, uric acid, cholesterol, microparticles, and exosomes), and
infectious agents (bacteria, viruses, protozoa, parasites, fungi) (69). These responses are
activated by a range of biological mechanisms including oxidative stress and reactive ox-
ygen species (ROS), advanced glycation end-products (AGE), and via pattern recognition
receptors (PRR) (70).

3.2.1 Oxidative stress in PCOS

The evolution of life chemistry and metabolism dates back 3.5 billion years (71). The
first cellular life-forms arose in an anaerobic environment and most of the pathways of
intermediate metabolism (glycolysis, fatty acid synthesis and oxidation, pentose
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phosphate pathway, Krebs cycle, electron transport, and many more), developed in an
environment where oxygen was toxic (72). As a consequence, mammalian cells can revert
to these “primitive” metabolic pathways to survive in hypoxic environments such as can-
cer, (known as the Warburg effect) and during times of cellular stress (73). Approximately
2.4 billion years ago cyanobacteria started producing oxygen from photosynthesis, raising
the atmospheric oxygen to 2-4%. A billion years later, during the Pre-Cambrian period,
oxygen levels rose, and multicellular organisms flourished. This resulted in the ability of
cells to use oxygen to make adenosine triphosphate (ATP), produce ROS (superoxide, hy-
droxyl radical) as a metabolic byproduct, and for the purposes of cell signaling and de-
fense, and to detoxify oxygen with a variety of antioxidant systems (74). ROS contain an
unpaired electron that makes them extremely unstable and reactive. ROS attempt to sta-
bilize themselves by scavenging electrons from healthy cells and cause oxidative damage.

Living cells can be differentiated from dead cells because of cessation of the coordi-
nated flow of energy, that occurs due to electron transfer from one molecule to another
during metabolism, following failure of adaptive responses to restore cellular homeostasis
(75). Oxygen acts as the terminal electron acceptor from the cytochrome c oxidase enzyme
in the mitochondria, at an extremely low concentration of 0.2 Torr. There is therefore an
800-fold oxygen gradient from atmospheric air (160 Torr) to interstitial tissue (30 Torr), to
the inner membrane of the mitochondpria (0.2 Torr). When the flow of electrons to the mi-
tochondrial electron transport chain is disrupted by environmental factors such as micro-
bial infection, chemical toxins, accumulation of metabolic intermediates due to nutritional
excess, and other cellular stressors, metabolic mismatch occurs (74). Electrons are diverted
away from mitochondria, mitochondrial oxygen consumption falls, and cytoplasmic oxy-
gen rises. This redox imbalance creates ROS and reactive nitrogen species (RNS) that ini-
tiate innate immune responses designed to defend and protect the cell (76). Mitochondrial
structure, dynamics, biogenesis, and membrane potential, are altered in women with
PCOS (77).

The body has an in-built system of antioxidants to stabilize and neutralize ROS and
protect the cell. Antioxidants are highly stable molecules that have the unique ability to
serve as electron donors to help stabilize free radicals, without becoming reactive them-
selves. Oxidative stress refers to the imbalance between the production of oxidant species
and antioxidant defenses, and generation of excessive amounts of ROS that underlie the
various forms of cell death (78). Oxidative stress can arise from endogenous (leakage of
ROS from mitochondrial oxidative phosphorylation, cytochrome P-450 detoxification en-
zyme systems, peroxisomal oxidases, nicotinamide dinucleotide adenine phosphate oxi-
dases) or exogenous sources (environmental chemicals, cigarette smoke, alcohol, ionizing
radiation, microbial infection, stress, sleep deprivation) (78,79), and is a potent stimulator
of inflammation (80,81). Oxidative stress has been found to play a central role in the path-
ogenesis of PCOS (78). Oxidative stress can impair insulin signaling and cause IR (82),
dysregulate follicular calcium which results in reproductive and menstrual dysfunction
(83), oxidize plasma proteins that may act as pro-inflammatory mediators (84), cause lipid
peroxidation (85), and induce DNA damage (86), in women with PCOS.

Cumulative studies show an association between oxidative stress and PCOS (76,78).
In addition, oxidant and antioxidant status has been found to vary between individuals
because of differences in diet, lifestyle, and enzymatic and dietary antioxidants (76,80). A
recent case-control study showed that plant-based dietary pattern is associated with lower
odds ratio of PCOS and suggested that antioxidant-rich foods may protect the body
against oxidative damage (87). Dietary total antioxidant capacity was subsequently as-
sessed using the Nutrient Data Laboratory of United States Department of Agriculture
reference values. The investigators reported a significant reduction in the odds of PCOS
in women that consumed a high total antioxidant containing plant-based diet (88). These
findings support the existing body of dietary pattern research that recommend healthy
diets for the management of PCOS (2,89).
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3.2.2 Advanced glycation end products and PCOS

Advanced glycation end-products are reactive molecules that are formed by non-
enzymatic reactions of carbohydrates with proteins, lipids or nucleic acids (90). Ad-
vanced glycation end-products result in irreversible cross-linking of proteins and loss of
protein structure and function, and can initiate apoptosis (91). Advanced glycation end-
products can be generated endogenously under normal conditions, can be ingested in
food, particularly a cooked fast-food diet, and with cigarette smoking (92). Advanced
glycation end-products can cause oxidative stress and inflammation resulting in cellular
and tissue damage, when produced or ingested in excessive amounts (93). Protective
circulating anti-inflammatory receptors called soluble receptor for advanced glycation
end products and membrane-bound receptor of advanced glycation end-products
(RAGE) are associated with protection against AGE (94).

The interaction of AGE with their membrane receptors activates intracellular signal-
ing pathways that lead to increased oxidative stress, inflammation, IR, diabetes, hyper-
androgenism, obesity, and ovulatory dysfunction, all of which have been associated
with PCOS (95,96). Recent data have shown elevated circulating levels of AGE and in-
creased expression of RAGE receptors in ovarian tissue (97,98). Proinflammatory AGE-
RAGE signaling has been found to cause altered steroidogenesis and follicle develop-
ment in ovarian granulosa cells in PCOS (99,100). In addition, hyperandrogenism in-
duces endoplasmic reticulum stress in granulosa cells, resulting in increased accumula-
tion of AGE in the ovary (98).

Modern western diets are rich in AGE which are absorbed through the intestine
(96). A high-glycemic diet and excessive glucose ingestion results in elevated blood glu-
cose levels and the generation of AGE that bind with cell membrane-bound RAGE and
activate inflammation (101,102). Ligand binding by glycated proteins and lipids to
RAGE stimulates intracellular signaling events that activate nuclear factor kappa-light-
chain-enhancer of activated B (NF-«kB). Nuclear factor kappa B controls several genes
involved in inflammation, and RAGE itself is upregulated by NF-kB, establishing a posi-
tive feedback cycle that leads to chronic inflammation (102).

Studies have demonstrated that the intake of low-AGE containing diet is associated
with favourable metabolic and hormonal profile, as well as less oxidative stress bi-
omarkers in patients with PCOS (103). One study employed a low-AGE diet consisting
of Mediterranean-style foods cooked at temperatures below 180 degrees by boiling,
poaching, stewing or steaming (103). High temperature cooking above 220 degrees Cel-
sius by roasting, grilling, and baking was avoided. Dietary recommendations for mini-
mising ingestion of AGE includes increasing consumption of a whole-foods that in-
cludes vegetables, fruits, seafood, whole-grains, while reducing the consumption of high
AGE containing foods. These include, highly processed foods (packaged meats, cheese
and snack-foods), excessive sugar in sweets and beverages, and fried foods (89,96).
Adoption of other healthy lifestyle behaviors such as exercise, maintaining normal body
weight, and cessation of tobacco consumption are also important for reducing AGE
(96,104).

3.2.3 Pattern recognition receptors and the innate immune system

The existence of receptors expressed by innate immune cells that were responsible
for detecting microbial products was first proposed by Charles Janeway in 1989 (105).
Polly Matzinger subsequently proposed the “Danger Theory” suggesting that the im-
mune system produced molecules that initiate and propagate inflammation, in response
to tissue stress, damage or infection (106). In 2013 Robert Naviaux further expanded this
concept to the “Cell Danger Response” (CDR) (107). Naviaux proposed that evolutionary
selection has preserved a similar response to a variety of threats, as cells have a limited
number of ways they can mobilize existing cellular machinery and energy. The CDR is
therefore an evolutionary-conserved cellular protective response that is activated when a
cell encounters a chemical, physical, or microbial threat that could injure or kill the cell
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(107). More recent research has characterized the molecular details of an elaborate dan-
ger detection system involving PRR, damage-associated molecular patterns (DAMPS),
pathogen-associated molecular patterns (PAMPS), inflammasomes, and an intricate sys-
tem of signalling molecules that activate a system-wide network of innate and adaptive
immune responses (70). This has been called the “Integrated Stress Response” and is
reviewed in detail in previous reports (108,109).

There are five types of PRR that can be classified in two main groups based on their
cellular localization (110). Toll-like receptors (TLR) and C-type lectin receptors (CLR) are
transmembrane receptors that allow sensing of host-derived DAMPS and PAMPS, at the
cell surface or within membrane-bound intracellular compartments. Nucleotide oli-
gomerization domain-like receptors, retinoic acid- inducible gene-1-like receptors and
absent in melanoma-2-like receptors are cytoplasmic-based and provide an intracellular
recognition system for sensing DAMPS and PAMPS. Pattern recognition receptors are
also excreted extracellularly and can be found in interstitial fluid and the blood stream,
where they play an important role in pathogen recognition (70). Pattern recognition re-
ceptors also activate multiple types of cell death pathways, such as apoptosis and pyrop-
tosis (a rapid pro-inflammatory form of cell death), if cellular defense against PAMPS
and DAMPS is unsuccessful (63,70). Individual cells are the ultimate socialists and can
sacrifice themselves for the good of the organism.

There are three main types of molecules involved in signal transduction following
infectious or danger-related ligand binding to PRR: protein kinases, adaptor proteins,
and transcription factors (110). Signal transduction occurs via several common pathways
including NF-«B, mitogen-activated protein kinase (MAPK), and inflammasomes
(63,110). The signals they generate can crosstalk with each other and can converge into
several common pathways. Each of the PRR initiate signaling cascades that cause epige-
netic modulation of gene expression and posttranslational modification of cytokine pre-
cursors. This results in activation of the innate immune response and leads to degrada-
tion of microbes, production of inflammatory cytokines, and recruitment of the adaptive
immune response (70,111). Once PAMPS and DAMPS bind with TLR and nod-like re-
ceptors they activate the formation of inflammasome complexes that form an essential
element of the innate immune response (63,112).

Unlike adaptive immunity, innate immunity does not recognize every possible anti-
gen. Innate immunity recognizes PAMPS shared by related groups of microbes that are
not found in mammalian cells, such as lipopolysaccharide (LPS) from gram-negative
bacterial cell walls. This early induced innate immunity (4-96 hours) involves the for-
mation of inflammasomes that lead to the release of chemokines and recruitment of de-
fense cells. The recruited defense cells include phagocytic leukocytes such as neutro-
phils, eosinophils and monocytes, tissue phagocytic cells such as macrophages, macro-
phages and mast cells that release inflammatory mediators, and basophils, eosinophils
and natural killer cells (70).

Pattern recognition receptors represent evolutionary conserved pathogen and dam-
age recognition mechanisms that constitute the starting point for the inflammatory re-
sponse. These cell-autonomous stress responses have evolved to form the basis of the
non-antigen dependent defense mechanisms that characterize innate immunity
(106,113). Lipopolysaccharide released by gram negative bacteria in the dysbiotic gastro-
intestinal microbiome, binds with TLR on sub-mucosal macrophages resulting in activa-
tion of NF-«kB and inflammatory cytokine production and secretion (114). This mecha-
nism is thought to be a major contributor to chronic inflammation in women with PCOS,
and plays a significant role in the pathogenesis (discussed in section 6) (65,115).

3.2.4 Inflammasomes in PCOS

Inflammasomes are multiprotein self-assembling complexes in the cytoplasm that
form an integral part of the innate immune response (116). They are produced in re-
sponse to a variety of danger signals and are also involved in cellular apoptosis and py-
roptosis (63). Inflammasomes act as finely tuned alarm systems that trigger and amplify
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innate defense mechanisms in response to cellular stresses and infection (112). The in-
flammasome complex contains a sensor molecule, and adaptor protein, and a pro-in-
flammatory caspase-1 enzyme (116). Once activated by DAMPS (like LPS) and PAMPS,
the inflammasome complex converts procaspase-1 to the active caspase-1 enzyme, which
subsequently activates pro-inflammatory cytokines (IL-1B, IL-18) that are released into
tissues and circulation (117).

Inflammasomes form an integral part of the common CDR pathway for cellular
protection from multiple types of threatening stimuli (62,106). Interruption to the flow of
electrons in metabolism, generation of ROS, and other mechanisms discussed above,
activate innate intracellular defense mechanisms in an attempt to contain and eliminate
cellular threats (74). The CDR also includes the release of purinergic signaling to neigh-
boring cells and immune cells, that activate inflammation (118). If the threat is contained,
the CDR resolves and normal cellular function is restored (62). If the CDR is unsuccess-
ful, pyroptosis pathways are activated and the cell is sacrificed in a further attempt to
contain the threat and protect the organism (63). If the inciting stimulus persists, activa-
tion of chronic inflammation can result in tissue damage and disease, such as occurs in
PCOS.

Inflammasomes and their pro-inflammatory cytokines and chemokines have been
investigated for their role in inflammation, oxidative stress, ovulation, fertilization,
steroidogenesis, glucose metabolism, IR, and adipogenesis, and may be involved in the
pathogenesis of PCOS (112,119,120). These and other inflammatory mediators such as
adipokines (leptin, adiponectin, vaspin, resistin, visfatin, omentin-1), cyclophilin A, vas-
cular dysfunction mediators (endothelin-1, vascular cell adhesive molecule-1), NF-«kB,
and epigenetic regulators (microRNAs), are thought to have a role in the pathogenesis of
PCOS, and have recently been reviewed (117).

3.2.5 Adaptive immune response in PCOS

The adaptive immune system involves antigen-specific defense mechanisms that
are designed to react to and remove specific antigens (121). The adaptive system in-
volves humeral and cell-mediated immunity and may take several days to become effec-
tive. The body recognizes an antigen as foreign when epitopes (fragments of an antigen
that react with antibodies or lymphocyte receptors) bind to specific receptors on the sur-
face of B-lymphocytes and/or T-lymphocytes (122). It is estimated that the human body
can recognize 107 epitopes and make up to 10° different antibodies (123). Nevertheless,
activation of both the innate and adaptive immune systems was primarily designed to
be acute and short-lived, in order to contain and eliminate a multitude of environmental
threats.

The majority of the research on the role of adaptive immunity in PCOS has been
conducted on T-cells and their subpopulations (121). T-cells play a crucial role in mediat-
ing inflammation and IR by secreting proinflammatory cytokines (124,125). T-cells pro-
mote follicle development and selection by releasing specific chemokines and growth
factors and produce cytotoxic signals to induce apoptosis of granulosa cells (126). Avail-
able evidence suggests that there may be a general decline in adaptive immunity and
regulatory T-cell function in PCOS (121). Recent studies have suggested that immune
system dysregulation, including T-cell dysfunction (127,128), may play a role in the
pathogenesis of PCOS (129).

The ultimate goal of the innate and adaptive immune response, is to provide a bal-
ance between pro- and anti-inflammatory tissue turnover and protective measures, in
order to achieve whole-body inflammatory homeostasis (130). As is the case with metab-
olism, the internal inflammatory response needs to be matched to prevailing external
environmental conditions (42). The evolutionary theory of PCOS proposes that there is a
mismatch between our evolutionary conserved metabolic and immune signalling sys-
tems and our modern environment (1,36,131). Accumulating evidence over the past 25
years suggests that systemic inflammation is modulated by neural and humoral commu-
nication pathways that connect the brain to the immune system (132,133).
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Neuroimmunomodulation is a way for organisms to regulate whole-body inflammatory
homeostasis and optimize survival (130). This interconnected regulatory system has
evolved over millions of years of evolutionary pressure from exposure to pathogens and
other environmental threats.

3.3 Neuroimmunomodulation and the link between the nervous system and PCOS

Both the immune and nervous systems share many similarities and have unique
qualities that allow them to sense changes in the internal and external environments and
counteract deviations in homeostasis (130). Communication between the nervous, endo-
crine and immune systems involves evolutionary-conserved mechanisms that are essen-
tial for host defense and survival (132). The immune system and ANS can respond to
numerous common regulatory molecules including cytokines, neurotransmitters, and
glucocorticoids (134). The brain is the ultimate regulator of whole-body homeostasis of
all physiological parameters. This includes blood glucose, thermoregulation, hydration,
electrolyte levels, blood pressure, stress responses, feeding, behavior, reproduction,
body weight, and whole-body inflammatory balance (42,58).

Regulation of the inflammatory response has previously been thought to be autono-
mous (135). Substantial evidence now suggests that the nervous system exerts an active
role in maintaining inflammatory homeostasis (58,136,137). The brain participates in a
bidirectional network of mediators including hormones, cytokines, and neurotransmit-
ters, that monitor, co-ordinate and regulate the systemic inflammatory response
(132,137). The magnitude of the inflammatory response is crucial to adaptation and sur-
vival. An inefficient response can result in immunodeficiency, infection and cancer, and
an excessive response can lead to morbidity and mortality (138). Abnormalities in the
neuroendocrine-immune response are implicated in the pathogenesis of many chronic
diseases including obesity, atherosclerosis, autoimmune disease, depression, and PCOS
(58,121,133,134).

3.3.1 Anatomy of neuroendocrine-immune connections

Animal and human research over the past six decades have investigated the exten-
sive network of afferent and efferent communication mechanisms that co-ordinate the
inflammatory response (132,133,139). There is now consensus that “the inflammatory
reflex” is composed of [1] a system of sensors (that identify PAMPS and DAMPS), [2] an
afferent arm, which conveys information about systemic inflammatory status to the cen-
tral nervous system (CNS), [3] processing centres in the brain that integrate and interpret
incoming signals (hypothalamic nuclei, brain stem autonomic neurons), [4] and an effer-
ent arm which exerts immunomodulatory functions (Hypothalamic-Pituitary-Adrenal
(HPA)-axis, ANS) (136). The brain exerts strong immunomodulatory effects on a variety
of components of the immune system, by activation of the HPA-axis and ANS (figure 2).

The hypothalamus plays a central role in sensing and coordinating neural and hu-
moral factors and can modulate inflammatory pathways (58). Circulating cytokines,
such as IL-1f3 and Tumour Necrosis Factor-alpha (TNF-a), can cross the blood-brain bar-
rier by a carrier-mediated mechanism (140) or via the circumventricular organs (141).
The hypothalamus can also receive input from visceral vagus afferent fibres, after they
synapse with the dorsal motor nucleus of the vagus nerve in the brainstem. This has
been termed the “cholinergic anti-inflammatory pathway” (132). Ascending connections
reach the hypothalamus via the nucleus tractus solitarius (142). The effector arm or effer-
ent system is modulated by the HPA-axis and the sympathetic (SNS) and parasympa-
thetic (PNS) components of the ANS (132,143).

The HPA-axis is a neurohormonal pathway that has classically been studied for its
role in regulating the immune system (144) (figure 2). Specialized neurons in the para-
ventricular nuclei of the hypothalamus, release corticotropin releasing hormone into the
portal blood stream and stimulate production of adrenocorticotropic hormone (ACTH)
from the anterior pituitary. ACTH stimulates the synthesis of immunosuppressive
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glucocorticoids (cortisol) from the adrenal cortex (144). Pro-inflammatory cytokines and
neural inputs activate the HPA-axis to release ACTH, and the HPA-axis is subject to a
classic negative feedback loop by cortisol that inhibits both corticotropin releasing hor-
mone and ACTH (145). The immunosuppressive effects of cortisol are mainly linked to
suppression of NF-«B activity and reduced cytokine synthesis (146). Glucocorticoids are
also potent anti-inflammatory agents that are used in multiple clinical situations (145).
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Figure 2. Hypothalamic-Pituitary-Adrenal-Immune Axis (HPA). ANS, Autonomic Nervous
System; Parasympathetic Nervous System (PNS); Sympathetic Nervous System (SNS); CRH,
Corticotropin Releasing Hormone; Adrenocorticotropic Hormone (ACTH);

IL-13, interleukin-13; TNF-a, tumour necrosis factor-a.

The SNS modulates both pro- and anti-inflammatory activities (132). The SNS inno-
vates primary (thymus, bone marrow) and secondary (spleen, lymph nodes, tissues)
lymphoid organs. Sympathetic neurons release noradrenalin and adrenalin that interact
with adrenoreceptors on lymphocytes and macrophages, and stimulate the production
of cytokines that result in anti-inflammatory effects (147). Sympathetic neural activation
of chromaffin cells in the adrenal medulla leads to an increased release of catechola-
mines into the circulation. Sympathetic innervation of cortical cells leads to release of
glucocorticoids. CNS-controlled SNS output is therefore converted to hormonal immu-
noregulation in peripheral tissues. In addition, recent studies have shown that the ca-
rotid body can sense proinflammatory cytokines (TNF-a) and relay information to the
brainstem that activate the efferent SNS output to splanchnic nerves and suppress fur-
ther TNF-a synthesis (64).

The PNS also plays a significant role in modulating immune cells and inflamma-
tory activity (132). Evidence that vagal afferent fibres relay messages to the CNS that
inflammation is present in other body sites has been demonstrated in animal models,
although evidence for the mechanisms of activation is still not clear (133). The parasym-
pathetic nervous system has an anti-inflammatory effect through release of acetylcholine
that interacts directly with nicotinic receptors on macrophages (148), and also indirectly
with the spleen (133). Overall, the SNS and PNS appear to act synergistically to down-
regulate inflammation.

3.3.2 Neuroimmunomodulation in PCOS
Several studies have examined the bi-direction connections between the nervous
and immune systems in PCOS. Women with PCOS have been found to have increased
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SNS activity by muscle and skin microneurography, heart rate variability, measurement
of nerve growth factor, and catecholamine metabolites (137,149). Insulin has been found
to stimulate SNS output, and there is a complex bidirectional relationship between IR
and sympathetic activity, in both the hypothalamus, and ovary (149). Although most of
the research has focused on SNS overactivity, reduced PNS activity has also been
demonstrated (143). Impaired ANS function has been proposed as a contributor to hy-
perandrogenemia, via mechanisms in the hypothalamus, adipose tissue, and ovary
(150,151). Nerve growth factor is a marker for SNS activity in women with PCOS (137).

Nerve growth factor is a signalling molecule involved in modulation of the neuro-
endocrine-immune system (137). Nerve growth factor has an important role in maintain-
ing homeostasis and may be involved in normal follicle development and ovulation. It
has been proposed that excess nerve growth factor may have a role in PCOS, as women
with PCOS have sympathetic hyper-innovation and enhanced production of nerve
growth factor in the ovaries (152,153). Nerve growth factor may provide a link between
the SNS, ovarian inflammation, hyperandrogenism, and ovulatory dysfunction, in
women with PCOS (137).

SNS activity can be reduced in women with PCOS by electroacupuncture, treat-
ment of obstructive sleep apnoea with positive airways pressure, renal denervation in
refractory hypertension, pharmacotherapy, exercise training, and weight loss (149,154).
Taken together, these data suggest that an imbalance of the ANS is likely to play a re-
versible role in the pathophysiology of PCOS.

3.4 Hyperandrogenism and chronic inflammation

Chronic systemic inflammation can cause hyperandrogenism (56), and elevated an-
drogens can affect immune cells, resulting in predominately anti-inflammatory effects on
the immune system (155). There is debate in the literature regarding the direction of cau-
sation, physiological importance, and evolutionary significance of these processes. The
preponderance of evidence, and the most widely accepted current view, is that hyper-
androgenism is secondary to the synergistic actions of chronic systemic inflammation and
IR, through upregulation of ovarian theca cell androgen synthesis (discussed in section
4.5) (156). The evidence presented in the current review also supports this paradigm.

Serum androgens can be derived from multiple tissues including the adrenal gland,
adipose tissue, and ovaries (157). Most serum androgens in PCOS are thought to be pro-
duced by the ovaries. Nevertheless, it is likely that multiple mechanisms are involved in
excessive androgen production in different tissues in women with PCOS (157,158). Low-
grade chronic systemic inflammation is commonly found in patients with PCOS exhibit-
ing hyperandrogenism, and ovarian inflammation and fibrosis are part of the histopathol-
ogy (159). Ovarian inflammatory mechanisms have been linked to systemic markers of
inflammation (CRP, white cell count) (158-160) independent of body mass index (BMI)
(161). An extensive range of inflammatory cytokines have been associated with impaired
folliculogenesis and androgen synthesis in women with PCOS (158). Cytokines can influ-
ence the inflammatory response by epigenic mechanisms that alter gene expression or by
posttranscriptional regulatory processes (56). Oxidative stress has been reported to en-
hance ovarian steroidogenic enzymes and increase androgen levels in women with PCOS
(162). Endoplasmic reticular stress pathways are activated in the ovaries in mouse models
and in humans, and may contribute to the pathophysiology of PCOS through multiple
effects in granulosa cells (163,164). As discussed previously, AGE and RAGE have been
found to cause altered steroidogenesis in granulosa cells in PCOS (99). Dehydroepi-
androsterone is a circulating pre-androgen produced in the adrenal cortex that has been
found to stimulate inflammation and impair ovarian function in PCOS (165). Increased
luteinizing hormone (LH) levels, commonly found in PCOS, can amplify the abnormali-
ties described in theca cell steroidogenesis (117). The combined effects of these processes
result in excess follicular androgens, which combine with increased levels of insulin to
downregulate aromatase levels in granulosa cells. This creates a continuous feedback loop
between inflammation, IR and hyperandrogenism, with no apparent beginning or end.
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Despite these uncertainties, diet-induced inflammation can invoke hyperandrogenism
(156), and effective treatment of inflammation can normalize androgen levels and restore
fertility, in women with PCOS (166). In summary, accumulating evidence suggests that
the ovaries are not the primary cause of hyperandrogenism in most women with PCOS
(see section 4.5).

The influence of androgens in the pathogenesis and pathophysiology of PCOS is un-
disputable, despite the debate regarding the primary mechanism of causation. Data de-
rived mostly from animal models of PCOS clearly indicate that intrauterine exposure to
elevated androgen levels induces the development of PCOS traits in adult females. PCOS
can also develop in women with other hyperandrogenic syndromes such as congenital
adrenal hyperplasia, lipodystrophy, and ovarian or adrenal tumors. In addition, there has
also been debate regarding the evolutionary “advantage” of hyperandrogenism in PCOS.
Inflammation-induced hyperandrogenism has been proposed as a possible compensatory
mechanism to restore homeostasis within the immune system, given the anti-inflamma-
tory effects of androgens in women (56). It is also possible that hyperandrogenism (due to
inflammation and/or hyperinsulinemia) may represent an adaptive physiological mecha-
nism to down-regulate reproduction during periods of environmental (infection, starva-
tion, climatic) and personal stress. In addition, there may be other individual advantages
such as increased strength and fitness.

3.5 Summary of the role of inflammation in PCOS from an evolutionary perspective

A significant body of literature supports the role of chronic inflammation in the path-
ogenesis of PCOS. Billions of years of evolution have constructed a co-operative system
of sensors, receptors, hormones, cytokines, chemokines, and other signalling molecules
that invoke intracrine, autocrine, paracrine, and neuroendocrine mechanisms designed to
regulate cellular, tissue and whole-body inflammatory responses. This process forms part
of the repertoire of adaptive survival responses that are intimately connected with total
body metabolic homeostasis to ensure individual survival. Inflammation invokes a series
of adaptive metabolic survival mechanisms, such as IR, to ensure adequate energy supply
to immune cells. Neuroendocrine mechanisms act as a counter-regulatory anti-inflamma-
tory mechanism to control inflammation and restore homeostasis. In addition, immune
and metabolic physiology are intimately linked to reproduction, to optimize fertility and
ensure species survival. As a result, both chronic inflammation and IR can contribute to
hyperandrogenemia, which also has adaptive survival advantages that restore immune
homeostasis and temporarily down-regulate reproduction.

4. Insulin Resistance and reduced insulin sensitivity
4.1 Physiological actions of insulin

Insulin is a peptide hormone (51 amino acids) produced by the beta cells in the islets
of Langerhans in the pancreas, where it is stored in cytoplasmic granules as an inactive
hexamer with zinc and calcium (167). Glucose diffuses into the beta cell via insulin-inde-
pendent GLUT-2 transporters, is converted to glucose-6-phosphate by glucokinase at nor-
mal serum concentrations (4-6mmol/L), and is then metabolized via glycolysis to produce
diacylglycerol or ATP (168). Diacylglycerol and ATP are the main signal molecules that
trigger insulin release from beta-cell granules. Insulin release is characterized by low level
basal secretion in the fasting state and an oscillating pulsatile ultradian pattern (1-2-hour
cycle), when stimulated. In summary, glucose metabolism by beta-cells is the main mech-
anism that triggers insulin release.

Insulin binds with its receptor which is a large (320 kDa) transmembrane protein with
an intracellular domain that acts as a tyrosine kinase. The insulin receptor is highly con-
served from an evolutionary perspective, and is present on all mammalian cells, although
the distribution is unequal (40 per red blood cell, 300,000 per adipocyte) (169). Insulin
binds to the alpha-subunit and induces autophosphorylation of specific tyrosine residues
on the cytoplasmic side of the membrane (54,170). The activated insulin receptor initiates


https://doi.org/10.20944/preprints202303.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2023 d0i:10.20944/preprints202303.0521.v1

signal transduction via the phosphatidylinositol-3 kinase (PI-3K) metabolic pathway and
the mitogen-activated protein kinase pathway (MAPK) which is involved in cell growth
and proliferation (170) . There are multiple physiological stimulators (vagal PNS, growth
hormone, chronic cortisol, prolactin, gonadotropins) and inhibitors of insulin (adrenaline,
noradrenaline, SNS, parathyroid hormone, somatostatin, acute cortisol, pancreatic poly-
peptide) (171). Glucose is by far the most potent stimulator of insulin and all the others
are regulatory and much less effective.

Insulin has pleiotropic metabolic and growth-promoting anabolic effects throughout
the body (171). Importantly, the cellular effects of insulin are tissue specific, and not all
cells require insulin to transport glucose into cells. Insulin signalling increases the availa-
bility of GLUT-4 glucose transport proteins to the surface of insulin-dependent cells (skel-
etal and cardiac muscle, adipose tissue, vascular endothelium). Liver and brain are insu-
lin-independent and use other GLUT transporters, in addition to using insulin-responsive
GLUT-4 transporters. Insulin modulates a wide range of tissue specific physiological pro-
cesses, in addition to facilitating glucose removal from the blood (42). Insulin enhances fat
storage and inhibits lipolysis in adipose tissue, stimulates glycogen synthesis in muscle
and liver, inhibits hepatic glucose output (gluconeogenesis), causes vasodilation in vas-
cular endothelium and the heart (via production of nitric oxide), and enhances sodium
reabsorption in the kidney (171,172). Insulin has widely different dose-response curves in
different tissues and organs. Myocardium has the highest rate of glucose uptake (approx-
imately 1000 mmol/g/minute), but skeletal muscle accounts for most of the uptake quan-
titatively (estimated at 75-80% of total glucose movement), as these cells constitute 40-50%
of the body mass. Appropriate lean body mass, age-related sarcopaenia, and physical ac-
tivity, therefore play a significant role in health and disease, due to the metabolic impact
of total body muscle.

Insulin also has a direct anti-inflammatory role by preventing hyperglycaemia-re-
lated generation of ROS and AGE, inhibiting NF-kB (by reducing the production of in-
flammatory cytokines), inducing vasodilation (via nitric oxide release), reducing leuko-
cyte adhesion to the endothelium (173), and by inhibiting formation of the NLR inflam-
masome complex (174). As a result, hyperglycaemia and IR are pro-inflammatory states.
Insulin resistance can cause inflammation, and inflammation can cause IR, in women with
PCOS (173,175). Most of the literature has focused on the evolutionary benefit of the pro-
inflammatory effects of IR in starvation, trauma, and infection (see section 4.4) (175). In
contrast, the anti-inflammatory effects of insulin may have an evolutionary protective ef-
fect against excessive activation of the systemic immune response following exposure to
small amounts of ingested antigens, in a similar manner to the gastrointestinal mucosal
immune system (176,177).

In summary, insulin’s overall role is to control energy conservation and utilization
during feeding and fasting states (167). Insulin acts as a metabolic switch between ana-
bolic and catabolic processes to regulate blood glucose levels and has a significant anti-
inflammatory effect. Insulin provides a direct link between metabolism and immune reg-
ulation, and is paramount in activating numerous adaptive survival mechanisms (178).
Dysregulation of the protective physiological functions of insulin are instrumental in the
pathogenesis and progression of many chronic diseases, including PCOS (167,179,180).
The physiological actions of insulin are summarized in table 1.
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Table 1. Physiological actions of insulin.

Functions of Insulin Mechanism

Adipose: Ttriglyceride storage, llipolysis
Energy storage Muscle: Tglycogen synthesis

Liver: Tglycogen synthesis, lgluconeogenesis
Keeps BSL normal ({ROS and AGE)

Inhibits NF-kB activated cytokine production

Anti-inflammator
y Inflammasome formation reduced

Leukocyte adhesion to endothelium reduced

Volume expansion Kidney: Tsodium reabsorption
Vasodilation Blood vessels: Tendothelial nitric oxide
Tissue perfusion Volume expansion and vasodilation

Tissue-specific energy storage and anabolic
Evolutionary role of insulin growth effects. Anti-inflammatory protective
effect against excessive immune activation

Maintain blood glucose to supply brain,
Evolutionary role of insulin resistance | immune cells, and fetus, during starvation,

infection, stress and trauma. Proinflammatory
BSL, blood sugar levels; ROS, reactive oxygen species;
AGE, advanced glycation end-products; NF-«B, nuclear factor kappa-B

4.2 Reduced insulin sensitivity versus insulin resistance in PCOS

Diminished tissue sensitivity to insulin has become characterized as a pathological
condition known as IR, as a result of the association between IR, metabolic conditions, and
chronic disease (17,180). Being able to vary the sensitivity of the cellular and tissue re-
sponse to insulin is an evolutionarily-conserved protective mechanism used by many spe-
cies (insects, worms, vertebrates, humans), to enhance survival (181). Insulin resistance is
a categorical variable that has an arbitrary definition in research studies, but has no agreed
definition or normal range in clinical practice (2,182). Reduced insulin sensitivity is a con-
tinuous variable that is considered a quantitative trait (interaction of multiple genes with
the environment that results in a continuous distribution of phenotypes), in evolutionary
medicine (183).

The gold standard for assessing IR is the hyperinsulinemic-euglycemic clamp
(clamp) test. The clamp test is performed using insulin and glucose infusions and is time-
consuming, labor-intensive, expensive, and has associated risks (184). A high-dose insulin
infusion (80mU/m?/min) is used to suppress hepatic gluconeogenesis and create a steady-
state blood glucose concentration. The rate of glucose infused, in order to maintain a
steady state, is equal to whole-body glucose disposal. Decreased insulin sensitivity is de-
fined as IR when the glucose disposal rate is less than an arbitrary cut-off of 4.45
mg/kg/min (184).

It is important to distinguish between reduced insulin sensitivity and IR, as most
women with PCOS have reduced insulin sensitivity, but not all women with PCOS meet
the experimental criteria for insulin resistance. The reported prevalence of IR in PCOS has
varied widely due to the heterogeneity of diagnostic criteria for PCOS, variety of assess-
ment methods, and the arbitrary definition of IR selected for different studies (185). Nev-
ertheless, IR has been considered a central feature in the majority of women with PCOS
(186). A systematic review of hyperinsulinemic-euglycemic clamp studies found that
women with PCOS have a 27% reduction in insulin sensitivity compared to matched con-
trols (179).

When considered from an evolutionary perspective, women with a PCOS phenotype
would have improved survival chances during times of increased physiological demand
or imposed environmental stress, but be more vulnerable to the pathological effects of IR


https://doi.org/10.20944/preprints202303.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2023 d0i:10.20944/preprints202303.0521.v1

when exposed to contemporary lifestyle factors (1,5). When viewed as a continuous vari-
able, it is likely that all women with PCOS, whether obese or lean, have reduced insulin
sensitivity (179,187,188).

4.3 Mechanisms of insulin resistance in PCOS

Insulin resistance can be caused by numerous mechanisms including hyperinsuline-
mia, insulin receptor variants, receptor antagonists and agonists, autoantibodies, oxida-
tive stress, advanced glycation end-products, hormones, nutrient sensors, inflammatory
cytokines, and metabolic intermediates (171,189). It is likely that more than one mecha-
nism is involved in any individual, given the interactive nature of many of the pathophys-
iological processes and signalling pathways.

Insulin resistance has been related to the western diet via a variety of mechanisms
(190). These include high-glycemic diet-related dysbiosis (65,115), chronic inflammation,
and intracellular accumulation of metabolic intermediates (171). These mechanisms may
act individually, or together, to produce the observed features of IR. A graphical descrip-
tion is given in figure 3.
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Figure 3. Pathophysiology of insulin resistance. Any of the causes listed above can impact insulin
signaling pathways and lead to tissue-selective impairment of insulin action. Once insulin resistance
occurs in muscle, glycogen synthesis and glucose uptake from the circulation are reduced. Since
muscle constitutes approximately 50% of body mass, insulin resistance in muscle makes a signifi-
cant contribution to hyperglycaemia. Insulin resistance in adipose tissue leads to impaired lipogen-
esis and continued lipolysis, with release of glycerol and free fatty acids into the circulation. Hepatic
insulin resistance impairs glycogen synthesis and prevents insulin from inhibiting gluconeogenesis.
Adipose lipolysis supplies substrates for continued hepatic gluconeogenesis. Together, the effects
of decreased muscle glucose uptake, adipose lipolysis, and hepatic gluconeogenesis, result in hyper-
glycaemia. This causes compensatory release of insulin from the pancreas and hyperinsulinemia.
DNL, de-novo lipogenesis; DAG, diacylglycerol; FFA, free fatty acid; IR, insulin resistance; VLDL,
very low-density lipoprotein.

4.4 Evolutionary adaptive role of insulin resistance in PCOS

Human survival has relied on the ability to alter our physiology according to the
changing demands of the environment, or to different internal states during various life
stages (191). In evolutionary terms, physiological IR is an adaptive survival mechanism
that allows organisms to selectively modulate cellular and tissue responses to a variety of
environmental challenges (infection, starvation, dehydration, psychological stress, physi-
cal stress from injury) (172,192,193), and internal states (pregnancy, puberty, adolescence)
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(194,195). Pathological IR is a detrimental condition associated with metabolic syndrome,
other chronic diseases, and PCOS (189). The suggested mechanisms and evolutionary
adaptive roles of insulin resistance are discussed in the following sections.

4.4.1 Insulin resistance and infection

Bidirectional immune-endocrine interactions regulate metabolism in the context of
infection, to ensure pathogen clearance, provide the appropriate metabolic requirements,
and restore homeostasis (191,192). The immune system uses PRR-activated cytokines (see
section 3.2.3) to communicate with the endocrine system and modify the responsiveness
of peripheral tissues to endocrine signals. Immune cells are highly dependent on glucose
for metabolism and are responsible for nearly 20% of total body energy consumption
(196). This can rise to 30% during infection and needs an effective and rapid response
system to facilitate the switch from oxidative phosphorylation to more nutrient intensive
glycolytic metabolism (192). In addition, inflammatory cytokines can influence processes
normally regulated by the endocrine system such as hunger, temperature, insulin sensi-
tivity and glucose uptake. Similarly, the endocrine system can regulate immune cells via
a complex system of hormones (leptin, adiponectin, insulin), receptors, nutrient sensors,
and metabolic signalling pathways (192,196).

When an infectious threat is detected by the immune system, the body activates neu-
roendocrine components of the HPA-axis and SNS (see section 3.3) to increase glucocor-
ticoid and catecholamine release (196). The HPA-axis and SNS act together with a state of
cytokine-mediated IR, to mobilize free fatty acids from adipose tissue and glucose from
hepatic glycogen, to ensure appropriate supply of energy to immune cells. The ability to
regulate insulin sensitivity and selectively redistribute glucose and energy, is an adaptive
survival mechanism conserved in many species throughout evolutionary history (191).

In contemporary society, stress is more likely to be psychological rather than physical
or infectious, but the systemic stress response is similar (191). The HPA-axis and SNS are
activated, IR is implemented, but the metabolic demand is much less, and the mobilized
energy is re-stored in adipose tissue. The stress is often protracted resulting in anxiety,
increased appetite from cortisol excess and leptin-resistance, stress-eating, and central
obesity (197). In addition, sustained adverse nutritional and environmental exposures can
result in “trained immunity” (adaptive changes to innate immune responses), that may
partly explain IR-related pathologies (198). In evolutionary terms, chronic IR represents
an evolutionary mismatch between ancestral survival responses and modern cultural de-
mands and lifestyle. Women with PCOS experience increased levels of anxiety, depres-
sion and stress, and the International Guidelines recommend screening for emotional
well-being (199,200).

4.4.2 Insulin resistance, starvation and dehydration

Insulin is an anabolic hormone that promotes cellular growth and energy storage in
adipose tissue, liver and muscle (171). Prolonged calorie restriction during starvation ac-
tivates adaptive survival mechanisms that reduce energy expenditure and prevent muscle
loss (201). Clamp studies have demonstrated that starvation-related IR is caused by de-
creased insulin signalling and reduced glucose uptake (202). The implementation of IR in
starvation states diminishes oxidation of glucose, provides energy by mobilizing fatty ac-
ids from adipose tissue, limits protein loss, and redirects energy to in-demand organs
(201).

Hyperinsulinemia may have played a role in preventing dehydration in ancestral
populations (172). Insulin regulates sodium channels and increases the reabsorption of
sodium and water in the renal tubules (203). Hyperinsulinemia may increase blood vol-
ume and blood pressure by this mechanism, or via activation of the renin-angiotensin-
aldosterone system (204). Insulin also stimulates nitric oxide resulting in vasodilation and
decreased blood pressure. Insulin resistance results in selective impairment of the nitric
oxide pathway, and hyperinsulinemia may activate the MAPK signalling pathway and
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cause vasoconstriction and elevated blood pressure (205). The combined effects of these
mechanisms may contribute to maintenance of blood volume and increased cerebral per-
fusion during starvation. Pathological activation of these mechanisms could contribute to
the increased risk of hypertension and metabolic syndrome observed in women with
PCOS (206).

Women with a PCOS phenotype may have had an evolutionary advantage from hav-
ing a better response to infection, dehydration and starvation, but are now more suscep-
tible to stress, hypertension, metabolic syndrome, and PCOS, as a result of contemporary
lifestyle and environmental exposures (1,5).

4.4.3 Insulin resistance and pregnancy

Insulin sensitivity decreases throughout pregnancy and is an evolutionary-con-
served mechanism to limit maternal glucose use and shunt energy to the foetus, particu-
larly during the second half of gestation (194). Insulin sensitivity gradually decreases up
to 20 weeks gestation, followed by a more rapid decrease to 50% of the non-pregnant val-
ues by 40 weeks, in normal pregnancy (207). The pancreatic beta-cells respond by increas-
ing insulin secretion by up to 250% to maintain euglycaemia (208). An inability to secrete
adequate amounts of insulin results in elevated blood sugar levels and Gestational Diabe-
tes Mellitis (GDM).

Maternal IR results in the use of more lipids for energy by the mother and spares
carbohydrates for the foetus. The decreased maternal response to insulin is mediated by
oestrogen, progesterone, human placental lactogen, human placental growth hormone,
cortisol, prolactin, inflammatory cytokines, adipokines, exosomes, and the microbiome
(194,209,210). Clamp studies in late pregnancy show that hepatic gluconeogenesis is only
80% suppressed in late pregnancy, in women with GDM, compared to non-diabetic preg-
nant women (208). Insulin sensitivity is also affected by obesity, and fat mass increases in
both lean and obese women in pregnancy. Women with PCOS have higher gestational
weight gain and proportionately more visceral adiposity, which are associated with
greater increases in IR and GDM (194).

Women with PCOS have a 25-50% chance of developing GDM in pregnancy
(211,212). Women with GDM have up to 50% risk of developing T2DM in the 5-10 years
following pregnancy (213,214). The population attributable risk of PCOS to T2DM has
been estimated at 19-28% (17). Therefore, up to 28% of adult women with T2DM have pre-
existing PCOS that progresses to T2DM. Up to 50% of individuals diagnosed with T2DM
have complications (retinopathy, nephropathy, neuropathy, vascular), at the time of di-
agnosis (215). The International Diabetes Federation estimates that there are approxi-
mately 537 million diabetics in the world, and women with PCOS therefore make a sig-
nificant contribution to this global epidemic (216). These data support the characterization
of PCOS is a progressive metabolic disease. Recent studies have demonstrated that the
risk of progression of GDM to T2DM can be reduced by greater than 90% by dietary and
lifestyle interventions (217). PCOS therefore appears to be a progressive metabolic disease
that is preventable.

In summary, the downregulation of insulin signalling and implementation of IR can
be viewed as a physiological adaptive mechanism that facilitates the switch from an ana-
bolic, to a catabolic state. This results in mobilization of fatty acids from adipose tissue,
increased gluconeogenesis, release of glucose from the liver, and redistribution of energy
to the immune system and brain. This process is mediated by the co-operative interaction
of the immune, nervous, and endocrine systems. Chronic overactivation of any of these
mechanisms creates a disturbance to whole-body homeostasis that results in chronic in-
flammation and IR. Women with PCOS appear to have a genetically determined proin-
flammatory design and increased insulin sensitivity, that would be protective in an an-
cestral environment, but becomes maladaptive in modern society.


https://doi.org/10.20944/preprints202303.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2023 d0i:10.20944/preprints202303.0521.v1

4.5 Insulin resistance and hyperandrogenism

Androgens play an essential role in many aspects of male and female physiology,
metabolism, sex differentiation and reproductive biology (218). Optimal health is
achieved when bioactive metabolites (testosterone, dihydrotestosterone) are maintained
in a defined homeostatic range. In women, low levels of androgens have been associated
with endometriosis and high levels with PCOS (219). As with all other pathophysiological
processes in PCOS, there appears to be a bidirectional relationship between hyperinsu-
linemia and hyperandrogenism. Hyperinsulinemia can cause hyperandrogenism via
mechanisms discussed below, and hyperinsulinemia has been shown to occur after ad-
ministration of androgens in clamp studies (220,221). This may represent a self-reinforcing
positive feed-forward mechanism to augment the effects of IR.

Ovarian androgen synthesis occurs in a co-operative two-step process involving lu-
teinizing hormone (LH) stimulation of steroidogenesis in the theca cell, transfer of andros-
tenedione to the granulosa cells, and follicle stimulating hormone (FSH) induced produc-
tion of testosterone (222). Androgens are irreversibly converted to oestrogen in granulosa
cells by the rate-limiting aromatase enzyme. Aromatase belongs to the cytochrome P450
superfamily and is the product of the CYP19A1 gene. The principal role of aromatase is
to convert androgens to estrogen. Disruption of aromatase function can lead to elevated
or reduced levels of androgens or estrogen, which are associated with a wide variety of
common pathologies (endometriosis, osteoporosis, hypogonadism, Alzheimer’s disease,
cancer, PCOS) (218). Aromatase is crucial for many metabolic functions due to its role as
an estrogen biosynthetic enzyme (glucose and lipid homeostasis, bone mineralization,
brain function) (223). Ovarian aromatase activity is an important regulator of ovulation
and sequential endometrial changes during the normal menstrual cycle. Dysregulation of
aromatase has been linked to altered steroidogenesis, hyperandrogenism, impaired follic-
ulogenesis, and anovulation, and is thought to play a central role in the pathogenesis of
PCOS (224,225).

Structural models used to investigate the molecular evolution of aromatase have
characterized the amino-acid sequences and configurations, substrate recognition sites,
catalytic mechanisms and inhibitor specificities (226-228). It is clear that there is a complex
molecular network that regulates the normal physiology of aromatase activity, and sub-
sequent androgen and estrogen production, to maintain tissue-specific homeostasis and
function (228). The CYP19A1 gene and aromatase enzyme are present in virtually all ver-
tebrates and have been identified in many invertebrates. The core structure, active site
amino acid sequences, and substrate recognition sites have been highly conserved
throughout evolutionary history (226). In humans there are eleven promoters that regu-
late tissue-specific aromatase gene expression. Post-translational modification by phos-
phorylation allows rapid modulation of aromatase activity, compared to gene regulation.
While FSH has been identified as the most important factor that regulates the expression
of aromatase (224), other hormones such as melatonin and leptin also play an important
stimulatory role (229,230). In addition, hormonal contraceptives and endocrine disrupting
chemicals (Bisphenol A) have been shown to increase aromatase activity (231,232). Multi-
ple endogenous (insulin, leptin, adiponectin, cortisol, vitamin D, AGE, inflammatory cy-
tokines) (218) and exogenous molecules (glyphosate, phytoestrogens, resveratrol, curcu-
min, nicotine, alcohol, azole agricultural antifungals) (233-238), can act as aromatase in-
hibitors and potentially contribute to hyperandrogenism in PCOS. In summary, aroma-
tase appears to be a significant physiological intersection point for regulatory molecules
involved in immune, metabolic, hormonal, and reproductive function. In evolutionary
terms, varying aromatase activity adjusts the homeostatic balance between oestrogen and
androgens, modulating adaptive survival pathways in multiple tissues throughout the
body.

As previously discussed, IR is thought to have evolved as an adaptation to environ-
mental stressors such as starvation, infection and fear (1). Varying the levels of insulin
sensitivity permits the redistribution of total body energy to organs of greater need, such


https://doi.org/10.20944/preprints202303.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2023 d0i:10.20944/preprints202303.0521.v1

as the brain, immune system, and fetus (191). In addition, it has been proposed that the
development of selective insulin resistance is a mechanism that activates specific behav-
ioural and reproductive survival strategies (54). Specific cells and tissues are protected
from developing IR, including the brain, immune cells, placenta and ovaries (239,240).
Areas of the brain do not develop IR and benefit from the redistribution of glucose from
muscle and fat tissue. In pregnancy, the placenta is an insulin independent organ, and the
development of maternal IR is expected to divert more nutrients through the placenta.
The ovary does not develop IR and remains sensitive to the high levels of insulin that
occur in IR and hyperinsulinemia (241,242). This may be a mechanism to downregulate
fertility at times of physiological or psychological stress. In summary, both the physiolog-
ical actions of insulin and the development of insulin resistance, are tissue specific and
facilitate a variety of adaptive survival responses.

In our modern environment, insulin resistance and hyperinsulinemia are thought to
be primary factors in the development of hyperandrogenism in PCOS, in addition to
chronic inflammation (discussed in section 3.4) (242). Insulin has a number of known
mechanisms that can increase androgen levels in the serum, liver, and ovaries (162,242).
Insulin is reported to stimulate ovarian androgen production directly (via the PI3K and
MAPK pathways), or indirectly by augmenting LH-stimulated androgen synthesis (162).
Insulin increases the availability of insulin-like growth factor and decreases its binding
protein, resulting in increased androgen stimulation (243). Insulin can increase the ampli-
tude of gonadotropin releasing hormone stimulated LH pulses (244) that are known to
occur in PCOS. Both insulin and testosterone decrease hepatic production of sex hormone
binding globulin, resulting in increased free testosterone (245). In addition, hyperinsuline-
mia stimulates the HPA-axis leading to increased adrenal androgen production (246).

Accumulating evidence suggests that the ovaries are not the primary abnormality in
PCOS (242,247,248). Women with PCOS often respond promptly to gonadotropin stimu-
lation with clomiphene and gonadotropin releasing hormone agonists, or antiandrogenic
compounds (249). Furthermore, lifestyle interventions such as weight loss and exercise,
reduce IR and insulin levels, normalize gonadotropin secretion, and regulate menstrual
cycles in women with PCOS (250). Therapy with metformin results in reduced androgens
and restores ovulation by reducing insulin levels, and altering the effect of insulin on an-
drogen biosynthesis and theca cell proliferation (251). As discussed previously, inflam-
mation also contributes to the pathophysiology of hyperandrogenism. Lifestyle interven-
tions reduce both insulin levels and inflammation, highlighting the likelihood that hyper-
insulinemia and chronic inflammation act together to alter ovarian steroidogenesis, in-
crease androgen levels, impair follicular development, and reduce ovulation (10,252).
From an evolutionary perspective, inhibition of aromatase may act as another physiolog-
ical mechanism (in addition to hypothalamic effects discussed in section 3.3), to downreg-
ulate reproduction until inflammatory and metabolic stressors are contained.

5. Evolutionary significance of adipose tissue in PCOS

Hundreds of millions of years of evolution have shaped adipose tissue (AT) into its
current form (253-256). Taking an evolutionary perspective provides insight into the com-
plex range of AT-related adaptive survival functions that form part of the network of in-
terdependent homeostatic systems previously discussed. Adipose tissue is involved in a
variety of functions including immune responses (innate, adaptive, inflammatory), me-
tabolism (glucose and lipid metabolism, appetite regulation, maintenance of body weight,
insulin resistance), and reproduction (pregnancy, lactation, hyperandrogenism) (253,257).
Adipose tissue has a bidirectional relationship with the neuroendocrine, immune, meta-
bolic, and reproductive systems, that facilitate these functions. This communication is
achieved via a variety of cellular receptors and secretion of a large number of signalling
molecules. These include adipokines (adiponectin, leptin, resistin, visfatin, retinol-bind-
ing protein 4, pigment epithelium-derived factor, endocannabinoids, and many more),
cytokines (50 cytokines have been identified), metabolites, lipids, non-coding RNA’s or
extracellular vesicles, and chemokines (256,258).
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Adipose tissue contains a diverse range of cell types such as immune cells (macro-
phages, monocytes, granulocytes, T-cells), stromal cells, fibroblasts, preadipocytes, and
adipocytes (257,258) and is divided into brown AT (BAT) and white AT (WAT). WAT is
classified by its anatomical location as subcutaneous AT (SAT), or visceral AT (VAT)
(259,260). Brown AT is primarily involved in thermoregulation and there are distinct dif-
ferences between the location, structure, and function of VAT and SAT.

Subcutaneous AT functions as an endocrine organ and energy storage depot, and
represents a normal physiological buffer to store excess consumed energy. This energy
can be released during periods of limited food availability, and is an important evolution-
ary-conserved adaptive survival mechanism (5). Carbohydrates (glucose, fructose) that
are not converted to glycogen are metabolized to triglycerides, and along with dietary
lipids, are transported to AT and stored in lipid droplets (254). Subcutaneous AT is widely
distributed, but predominantly located in the abdominal wall (males) and femurogluteal
region (females). The lower body distribution of SAT in women is thought to have evolved
to provide insulation in the cooler temperatures of the Pleistocene open Savana (261). This
fat distribution is unique to human females and may have provided extra energy storage
during lactation and pregnancy (191).

Genetic differences in the ability to store lipids in SAT, may partly explain the appar-
ent lean paradox in 20% of women with PCOS (see reference 1 for detailed discussion) (1).
According to the “adipose expandability hypothesis,” when the genetically-determined
storage capacity is exceeded, or the ability to generate new adipocytes is impaired (ge-
netic, inflammation, hyperandrogenism, stress-related elevated cortisol), fat begins to ac-
cumulate in areas outside SAT (262). In addition, excess lipid accumulation in SAT, leads
to adipocyte hypertrophy, hypoxia, insulin resistance, inflammation, and release of in-
flammatory cytokines into the circulation (263). Chronic stress, hyperandrogenism,
chronic inflammation, and insulin resistance, found in women with PCOS, may contribute
to accumulation of additional VAT (258,264,265).

Up to 80% of women with PCOS are overweight or obese (266). Both lean and obese
women with PCOS have been found to have an increased proportion of VAT using a va-
riety of body composition assessment methods (267). In addition, there are many anatom-
ical and physiological differences between VAT and SAT. Visceral AT contains larger ad-
ipocytes, is more vascular, has more glucocorticoid, androgen, 3-adrenoreceptors recep-
tors, angiotensinogen, adiponectin and leptin, has less oestrogen receptors, and reduced
fatty acid uptake (256-258). Visceral AT also has increased catecholamine-induced lipol-
ysis, greater insulin sensitivity, and produces more inflammatory cytokines (253,257). It
has been proposed that having an increased proportion of VAT provides an adaptive sur-
vival advantage against infection (253). This has been called the “VAT prioritization hy-
pothesis,” and is supported by multiple lines of evidence.

Most VAT is in the omentum and mesentery (253). Mesenteric VAT surrounds the
small intestine and is the next line of defense against pathogens and endotoxins (LPS)
translocated from the intestine, following passage through the submucosal immune sys-
tem (268). The mesenteric VAT contains large numbers of immune cells that can mount a
rapid energy intensive immune response in case of infection. Visceral adipocytes, like
lymph nodes, are specialized to store diet-derived polyunsaturated fatty acids that are
required for an immune response. Mesenteric VAT contains lymphoid clusters that ex-
pand in response to inflammation and infection (268). Blood from the mesenteric and
omental VAT drains into the portal vein and is moved directly to the liver. The junction
of the portal vein and liver contains another cluster of immunologically important cells,
stellate cells (specialized fat cells) and Kupffer cells (macrophages), that provide a further
layer of immunological protection (269). The VAT prioritization hypothesis proposes that
these evolutionary adaptive changes are developmentally programmed in a similar way
to the proposed developmental programming of PCOS. Readers are referred to articles by
West-Eberhard (253) and Parker (270) for detailed discussion.

In summary, adipose tissue and obesity have a significant bidirectional role in the
pathophysiology of chronic systemic inflammation and insulin resistance, in women with
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PCOS. The anatomical and functional redistribution of adipose tissue, in women with
PCOS, may have adaptive survival benefits in an ancestral environment (improved en-
ergy storage capacity, greater protection from infection) that become maladaptive in re-
sponse to contemporary lifestyle and environmental exposures (diet, inactivity, stress). In
addition, adipose tissue is closely linked to the reproductive system and clearly plays a
significant role in the pathophysiology of PCOS.

6. Central role of the microbiome in the pathogenesis of PCOS

The microbiota is the sum of microbial organisms (bacteria, virus, archaea, fungi) that
inhabit the interface between the external environment or habitat and the internal envi-
ronment of the human body (271). This interface mainly occurs at mucosal surfaces (nasal,
oral, respiratory, gastrointestinal, genitourinary), eyes, and skin. The gastrointestinal (GI)
microbiome (microbial organisms and their genetic material), makes up 80% of the micro-
biota and is now considered to have a central role in human health and disease, including
PCOS (115,272,273). The functions of the microbiome include inhibition of pathogen col-
onization, regulation of the mucosal and systemic immune systems, alteration of metabo-
lism, energy balance, hormonal action, maintenance of the integrity of the GI barrier, and
bidirectional signalling with most organs and tissues throughout the body (gut-brain, gut-
bone, gut-immune, gut-liver etc). The GI microbiome therefore forms part of the whole-
body homeostatic regulatory framework that maintains health, and is now appreciated to
be part of the human-microbe meta-organism (59).

Microbiome eubiosis (a balanced microbial ecosystem) can be disrupted by external
factors (lifestyle, diet, environmental chemicals, pathogenic microbes, medications), or en-
dogenous factors (hormones, circadian, exercise, stress). Many of these factors can cause
dysbiosis (an imbalance of the composition, metabolism or distribution of the microbiome
associated with an unhealthy outcome) and have been investigated for their role in a wide
range of human diseases (274). These include obesity, diabetes, gestational diabetes, met-
abolic syndrome, cardiovascular disease, inflammatory bowel disease, multiple sclerosis,
dementia, PCOS, and many others (275,276). Lifestyle-related disturbance to the balanced
microbial ecosystem contributes to a variety of diseases, depending on the level of expo-
sure, length of exposure, combination of exposures, and individual disease susceptibility
(274). Accumulating evidence suggests that dysbiosis plays a fundamental role in the
pathogenesis of PCOS (65,115).

The dysbiosis of gut microbiota theory of PCOS proposes that poor-quality Western-
style diets (high-glycemic, high fat, high calorie, highly processed, low nutrient, low fibre),
result in an imbalanced microbiome which induces increased GI permeability and results
in endotoxin-mediated chronic inflammation (65). Dysbiosis results in breakdown of the
GI barrier function (loss of protective mucous, activation of the zonulin pathway and
breakdown of intercellular tight junctions), and release of lipopolysaccharide from the cell
walls of gram-negative bacteria, which can traverse the “leaky gut.” Lipopolysaccharide
binds with lipopolysaccharide binding protein which together bind with Toll-like recep-
tor 4 on the surface of submucosal macrophages. This activates the NF-kB inflammatory
pathway resulting in release of inflammatory cytokines. Continuing ingestion of a poor-
quality diet results in chronic inflammation, insulin resistance, hyperandrogenism, ovu-
latory dysfunction, and the clinical features of PCOS (1,65).

A recent review of 31 proof-of-concept studies that specifically investigated this
mechanism, concluded that preliminary evidence supports this theory (115). Most studies
showed reduced alpha-diversity (lower numbers of bacterial taxa) of the microbiome, in
women with PCOS, compared to healthy individuals. Despite this finding, no specific mi-
crobial signature has been found in women with PCOS (272). This is likely due to immense
individual variability in microbiomes, the existence of functional redundancy (microbio-
tas contain many species and strains that can perform the same function) (277), as well as
the fact that PCOS is a quantitative trait (interaction between environment and individ-
ual). Individual variation in the composition of the microbiome has likely contributed to
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the ability of humans to adapt to so many varied environments and types of diets,
throughout evolutionary history (271).

Many other dysbiosis-related pathophysiological mechanisms have been proposed
and investigated since the dysbiosis model was proposed in 2012. These include altered
choline pathways, changes in bile acid metabolites that affect inflammation, glucose and
lipid metabolism, processes involved in energy absorption, short-chain fatty acids, effects
on gastrointestinal hormones, and other host metabolites (trimethylamine N-oxide, lac-
tate, primary bile acids) (272,278). Many food components are not digested in the small
intestine and transit to the colon, where they are fermented by the colonic microbiota.
Bacterial conversion of these compounds results in a wide variety of metabolites that enter
the host, alter immunity, metabolism, hormones and reproduction, and can influence the
risk of disease (89). Fermentation of undigested carbohydrates (soluble fibre), proteins
and plant-derived phytochemicals (polyphenols), results in a range of bioactive metabo-
lites such as short-chain fatty acids, amines, secondary metabolites of polyphenols, and
gases (hydrogen, hydrogen sulphide, methane). It is likely that future research will iden-
tify a range of pathophysiological mechanisms related to the role of dysbiosis in the path-
ogenesis of PCOS.

In summary, as with the rest of the biological components involved in PCOS, the
microbiome appears to have a significant bidirectional role in the pathophysiology of
chronic systemic inflammation, insulin resistance, hyperandrogenism, and ovulatory dys-
function. Dysbiosis is an important part of the evolutionary model and represents a mal-
adaptive response of the microbiome to contemporary lifestyle and the environment.
Dysbiosis is a modifiable change that can be reversed with lifestyle, diet, prebiotics and
probiotics (115).

7. Environmental and endocrine disrupting chemicals in PCOS

Endocrine disrupting chemicals are a global problem for human health and the envi-
ronment (279). There is no doubt that anthropomorphic chemicals interfere with human
physiology and have adverse health effects (280-283). Human exposure mainly occurs
through mucosal surfaces (oral, gastrointestinal, respiratory, genitourinary), or via dermal
absorption. EDC exposure is ubiquitous and numerous international organizations have
issued warnings to doctors and patients, regarding the possible dangers to human health
and pregnant women. These include The Royal College of Obstetricians and Gynaecol-
ogists (281), the International Federation of Gynecology and Obstetrics (282), and the En-
docrine Society (283). They have recommended that all pregnant women be advised of
the possible risks of EDC, and that education programmes be developed to inform health
professionals of the risks.

Endocrine disrupting chemicals have a significant role in chronic systemic inflamma-
tion (284), insulin resistance (285), hyperandrogenism (286), microbiome disruption (287)
neuroendocrine imbalance (288), obesity (289), oxidative stress (290), AGE (291), and in-
flammasomes (292), all of which are involved in the pathophysiology of PCOS. Interven-
tion trials, randomized-controlled trials (RCT), and systematic reviews of RCT, will never
be possible or ethical in humans. Hypotheses about mechanisms of causation need to be
based on observational studies in humans, human bio-monitoring studies, intervention
studies in animals, and disasters from inadvertent human exposure (279). Large amounts
of data are already available that provide “evidence” of the potential harmful effects of
EDC in humans (284-293). The implementation of the “Precautionary Principle” (294), is
supported by a long list of previous known disasters that have occurred due to delayed
action, or negligent inaction (diethylstilbestrol, thalidomide, nicotine, dioxin, asbestos,
mesh) (295).

Many EDC have been investigated and implicated in the pathogenesis and patho-
physiology of PCOS. These include heavy metals, persistent organic pollutants, polychlo-
rinated biphenyls, organochloride pesticides, air pollutants, pesticides, herbicides, nano-
materials, and plastics (288,296-300). EDC can act individually, but humans are usually
exposed to mixtures of chemicals on a regular basis (301). EDC have been identified in
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most body fluids in women with PCOS (302,303). Six classes of EDC have been shown to
cross the placenta (302,304), and EDC may be involved in transgenerational transmission
of PCOS (115,305). Anthropometric production of EDC is intimately connected to climate
change and related adverse health outcomes, and climate change can exacerbate the ef-
fects of EDC (301). Improved regulatory processes, bio-detection methods, climate change
mitigation strategies, and dietary interventions, can result in reduced exposure to EDC
and other environmental chemicals (306).

Women with a genetic susceptibility to PCOS may be at increased risk of adverse
effects of EDC due to having a heightened proinflammatory design (section 3.1) and in-
creased metabolic sensitivity (section 4.2). In addition, the in-utero developmental effects
of EDC can be inherited by transgenerational transmission (270,295). Every effort should
be made to inform women with PCOS about the potential risks of environmental chemi-
cals and discuss ways to avoid or minimize exposure. Detailed discussion of the mecha-
nisms of action of EDC, animal, and epidemiological studies related to PCOS, is beyond
the scope of this review. Readers are referred to published reports for further information
(297-299,307).

8. Evolutionary Model of PCOS and the Hallmarks of Health

There has been a gradual paradigm shift in conceptualizing the causes of health and
disease over the past 20 years. Seminal publications on the “Hallmarks of Cancer” sum-
marize the properties of malignant cells and their interaction with their non-malignant
environment (308). The “Hallmarks of Aging” focus on the interactions of molecular, cel-
lular, and systemic processes that explain the deterioration of organisms over time (309).
This is a paradigm shift that signals a move away from conventional anatomical and phys-
iological-based conceptions of disease (individual cells, tissues, organs, and systems) to a
more “organizational” structure focused on factors that are causatively involved in main-
taining homeostasis and equilibrium.

The “Hallmarks of Health” has endeavored to define health as a “compendium of
organizational and dynamic features that maintain physiology (59).” This contrasts with
the usual definition of health as the “absence of disease.” The current conception of PCOS
as a polygenic disorder (collection of normal alleles), that is programmed in-utero and
then manifests in adolescence following exposure to lifestyle, nutritional and environmen-
tal influences, seems to be an excellent example of this new paradigm (1). Many of the
inter-related components of the hallmarks of health are dysregulated in women with
PCOS. There are disturbances at the molecular (ROS, AGE, metabolites), organelle (mito-
chondria, endoplasmic reticulum), cellular (immune, endocrine, neural), supracellular
(gastrointestinal mucosa, mucosal immunity), organ (ovary, pancreas), systemic (endo-
crine, reproductive, immune), and meta-organism levels (host-microbiota interaction) (ta-
ble 2). The previous sections of this manuscript have attempted to describe some of the
detailed interactions that disrupt the organizational dynamics of the hallmarks of health
in women with PCOS.

The Evolutionary Model of PCOS is consistent with the hallmarks of health paradigm
(1,5). Seen from this new perspective, PCOS is a progressive disturbance of the overall
organism involving multiple levels that usually operate to maintain internal homeostasis
and equilibrium with the environment. Multiple contemporary lifestyle factors can derail
the overall organization of the system resulting in complex pathophysiological interac-
tions and feedback mechanisms, that have no apparent beginning or end. All the compo-
nents are inter-related and inter-dependent, in a system where multiple lifestyle and en-
vironmental “causative” factors operate simultaneously and synergistically. Defining
PCOS in a positive way, with an evolutionary and hallmarks of health perspective, opens
new opportunities for understanding this complex condition, improving patient commu-
nication and compliance, and informing future research, prevention, and intervention
strategies.
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Table 2. Dysregulation of the Hallmarks of Health in Polycystic Ovary Syndrome.

Hallmark Polycystic Ovary Syndrome

Barrier inteorit Gastrointestinal permeability
arrier integri
gy Respiratory mucosa

Mucosal and adaptive immunity
ROS, AGE, DAMPS, PAMPS
Autophagy, apoptosis, pyroptosis

Containment of local perturbations

Recycling and turnover
ycms GI stem cell turnover

Metabolic, reproductive

Integration of circuitries . . .
neurological, circadian

. oy Menstrual cycle, circadian

Rhythmic oscillations . ]
GI peristalsis

Endocrine, ANS

metabolic, immune, microbiome

Homeostatic resilience

. . oxidative stress, inactivity
Hormetic regulation .
xenohormesis*

. . Endoplasmic reticular stress
Repair and regeneration

mitochondrial stress

*xenohormesis=dietary phytochemical-induced; ANS=autonomic nervous system;
DAMPS=danger-associated molecular patterns; ROS=reactive oxygen species;
PAMPS=pathogen-associated molecular patterns; GI=Gastrointestinal;
AGE=advanced glycation end-products

6. Conclusions

Polycystic ovary syndrome is a common condition that affects women at all stages of
the life cycle. The pathogenesis is related to a combination of nutritional and environmen-
tal exposures, in a genetically susceptible individual. Polycystic ovary syndrome can be
characterized as an evolutionary mismatch disorder resulting from a disturbance to the
hallmarks of health. Chronic systemic inflammation and insulin resistance are core mech-
anisms that operate at an organismal level in the physiology of survival, and play a central
role in the pathophysiology of PCOS. Polycystic ovary syndrome is usually diagnosed in
adolescence by the combination of oligomenorrhoea and hyperandrogenism and is a pro-
gressive condition that is associated with significant metabolic, hormonal, reproductive,
and psychological problems. The symptoms and chronic sequelae can be controlled and
prevented by lifestyle interventions, and the diagnosis of PCOS provides the ideal oppor-
tunity for prevention of chronic disease. This narrative review has outlined some compo-
nents of the complex web of biological and pathophysiological changes that contribute to
the pathogenesis of PCOS.
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ANS Autonomic Nervous System
AT Adipose Tissue
BAT Brown Adipose Tissue
CDR Cell Danger Response
DAMPS Danger Associated Molecular Patterns
DNA Deoxyribose Nucleic Acid
EDC Endocrine Disrupting Chemical
GDM Gestational Diabetes
GI Gastrointestinal
GLUT Glucose Transporter
HPA Hypothalamic-Pituitary-Adrenal
IR Insulin Resistance
LH Luteinizing Hormone
LPS Lipopolysaccharide
PAMPS Pathogen Associated Molecular Patterns
PCOS Polycystic Ovary Syndrome
PNS Peripheral Nervous System
PRR Pattern Recognition Receptors
RAGE Receptor of Advanced Glycation End-Products
RNA Ribose Nucleic Acid
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SAT Subcutaneous Adipose Tissue
SNS Sympathetic Nervous System
TLR Toll-like Receptor
TNF Tumour Necrosis Factor
T2DM Type 2 Diabetes Mellitis
WAT White Adipose Tissue
VAT Visceral Adipose Tissue
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