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Introduction: This Expert Opinion covers recent updates in the use of Inositol in polycystic ovary syndrome (PCOS), highlighting
the specific effects triggered upon ovarian steroidogenesis.

Areas Covered: An impressive body of evidence, obtained from molecular, animal and clinical studies, demonstrated the striking
association between PCOS and the metabolism of myo-Inositol (myo-Ins) and its isomer D-Chiro-Inositol (DCI). Early investigations
focused primarily on the metabolic consequences of inositol in modulating insulin transduction. However, recent advances disclosed
that Inositols trigger direct effects on steroidogenesis. High DCI levels exacerbate androgen synthesis, and downregulate aromatase
expression. Myo-Ins modulates insulin effects too, but exerts opposite actions on steroidogenesis, by increasing aromatase and FSH
receptor expression. Clinical studies demonstrated myo-Ins efficacy, suggesting that an appropriate ratio in between myo-Ins/DCI
(40:1) improves the reproductive function in PCOS women, even in absence of insulin resistance.

Expert Opinion: Inositol-based treatments in PCOS are gaining momentum, demonstrating safety and efficacy greater than those
obtained with other pharmacological agents. The efficacy depends not only on the modulation of insulin sensitivity but also on the
direct, steroidogenic effects upon the ovaries. Adequate adsorption of Inositol is a critical issue, and the association of a-Lactalbumin
can significantly overcome this problem. However, if a treatment based on inositol could be equally effective on different phenotypes
of PCOS needs a specific assessment.

Plain Language Summary:

® Myo-inositol (myo-Ins) and D-chiro-inositol (DCI) are two isomers of inositol playing a key role in insulin signaling throughout
the body, mainly through their phosphoglycan derivatives. They act as important regulators of hormone production within the
ovaries, modulating steroidogenesis.

® Molecular and clinical studies showed that myo-Ins enhances FSH and aromatase activity, while DCI stimulates androgenesis in the
theca. These isomers seem to have opposite, yet complementary, actions upon ovarian function. In the last decades, inositols have
emerged to treat Polycystic Ovary Syndrome (PCOS), one of the most common benign ovarian disorders affecting young, fertile
women.

® Myo-Ins/DCI ratio in the blood averages 40:1, and this parameter has been used as a basis for establishing a pharmacological
formula. Treatments based according to this ratio showed to be successful in the management of several symptoms and signs of
PCOS. This is particularly evident in obese patients, whereby the low doses of DCI help in counteracting insulin resistance.

® Further extensive research, both at the molecular and clinical levels, is needed to better understand inositol biology in mammals. In
particular, it should be clarified how myo-inositol modulates the nuclear steroidogenic factor-1 (SF-1) and other key enzymes
involved in steroid production. This could be done through epigenetic modifications.
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Introduction: A Matter of Definition

Polycystic ovary syndrome (PCOS) is the most common endocrine disease in women of reproductive age. Identified by Stein
and Leventhal in 1935,' PCOS is one of the major causes of infertility overall, affecting 10-20% of infertile couples.*
However, the epidemiological incidence depends on the diagnostic criteria adopted and shows significant fluctuations: from
4-8% according to NIH/NICHD parameters, to 18-20% according to the Rotterdam criteria.* Noticeably, incidence rate
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diverges dramatically among different countries — reflecting differences in genetic background and in exposure to environ-
mental/dietary factors — showing an increasing trend in the last ten years.” This picture is not unexpected, since PCOS is
a syndrome (from the Greek cOvopOpOv, meaning “concurrence”), ie set of medical signs and symptoms, which correlate
with each other but that recognizes different pathogenic causes and mechanisms. The convergence of different «causativey»
factors — interacting each other accordingly to a non-linear dynamic — helps in explaining the nosological intricacies emerging
in recognizing a proper definition, as acutely pointed out by Netter et al, who stated «the syndrome of Stein is a fugitive
syndrome, with limits less well defined than those of the Sahara or the Sudan».®

Thereby, the epidemiological differences noticed in PCOS phenotypes and incidence can reflect differences in the
pathogenic causes too. Interestingly, the overall epidemiological burden shows a significant worldwide increase from
1990 to 2019 (+54%),’ reflecting that environmental cues and changes in lifestyles likely play a relevant role. Moreover,
the intricate participation of distinct pathogenic factors can help explaining a major issue, ie the presence of four clinical
phenotypes, identified by clusters of biochemical signs and symptoms. According to Rotterdam Criteria,® patient must
present with at least two out of three major features: Ovulatory Dysfunction (OD), Hyperandrogenism (HA) and
Polycystic Ovary Morphology (PCOM). Partitioning PCOS patients according to these principles resulted in the
identification of four distinct phenotypes, namely A, B, C, and D (Table 1). Most frequent characteristics include
hyperandrogenism with ovarian dysfunction, chronic oligo-anovulation, and/or polycystic morphology of the ovary. The
androgenic phenotype is associated with more severe metabolic complications and it is even more resistant to conven-
tional treatments.” On the contrary, the PCOS phenotype deprived of HA has a lower risk of metabolic alterations and
shows a better prognosis. However, the identification of the four Rotterdam phenotypes has not led to personalized
treatments until now. Moreover, Rotterdam criteria do not include insulin resistance, a feature exhibited by the majority
of women with PCOS.'® Overall, these considerations have prompted to reconsider the meaning of the syndrome, paving
the way to a reinterpretation of the basic pathogenetic mechanisms as a key for establishing an appropriate, tailored
treatment.'' Indeed, such issue enables to put in the right place the advancement performed in basic research during the
last decades, namely by integrating genetic, biochemical and clinical data into a different framework.

Fundamentals of Physiology of Reproduction; the Need for a Systems
Biology Approach

The impairment of reproductive function is a common trait to all the PCOS phenotypes. Although PCOS can produce
oocytes in a huge quantity, they are often of poor quality, leading to lower fertilization, cleavage and implantation rates.'*
Infertility is a common denominator in almost all (from 75 to 90%) PCOS phenotypes.'®> Conversely, PCOS is the
predominant cause of infertility in young women.'* It is therefore mandatory to focus on the basic principles governing
the reproductive system in humans.

This is not an easy task, as the reproductive system behaves as a complex process, governed by different, interacting
levels, which involves several pathways and molecular factors changing in times, as the ovary undergoes cyclic changes in
coordination with the uterus and the menstrual cycle (Figure 1). In turn, the ovarian cycle rules the preparation of several
endocrine-responsive apparatus (including breast and uterus), while orchestrating the maturation and release of the oocyte.

Table | Clinical Phenotypes of PCOS

Phenotype A|B|C D

Clinical and biochemical signs of hyperandrogenism | + | + | + -

Ovulatory Dysfunction + |+ |- +
Polycystic Ovarian Morphology + |- |+ +
Insulin Resistance + |+ | H)?
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Figure | The Hypothalamic-Pituitary-Gonadal axis. The HPG is subject to a set of regulatory rules, involving many levels, from the central nervous system to the local factor
produced by the ovaries. The integrated network includes also stimulatory/inhibitory cues provided by the environment and the metabolism.

When the secondary follicle is formed, the LH surge occurs to produce ovulation, with rapid growth of the follicle,
completing the first meiotic division, and rupture of the mature follicle to be released from the ovary. If fertilization
occurs within the next 24 hours, then the 2nd meiotic division is completed.

Schematically, we recognize two principal levels of regulation, a central one — represented by the coordinated release
of hypothalamic-pituitary hormones — and a terminal one (intra-ovarian), where several cytokines, endocrine factors and
biophysical cues concur. Two different clusters of signals — distributed along a top-bottom hierarchical tree — constitute
the main drivers of the overall system: the Hypothalamic-Pituitary-Gonadal (HPG) axis produces gonadotropin-releasing
hormone (GnRH), FSH and LH, whereas estrogens (Estrone, and 17B-Estradiol, E2) and Progesterone (P4) are
synthetized by the steroidogenic ovarian pathway. GnRH neurons discharge GnRH in discrete pulse and the pituitary
decodes the secretion rthythm in order to release selectively LH or FSH. In turn, LH and FSH regulate the E2 synthesis by
ovaries as well as cyclical changes across the menstrual cycle. However, this is a simplified scenario, given that other
neuropeptides and neurotransmitters — like Melatonin and Kisspeptin — participate in this complex regulation.
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Melatonin seasonal changes are instrumental in inhibiting the reproductive function in both male and female
animals,15 whereas, in humans, besides the direct effect exerted within the ovary in facilitating oocyte maturation,
melatonin plays a significant role in regulating the ovulation cycle, given that the gonadotropin surges are controlled by
cyclic light-dark photoperiods.'® Kisspeptin, a product of KISS1 gene, is a neuropeptide that stimulates the secretion of
FSH and LH via increased release of GnRH. PCOS was associated with increased kisspeptin release, supporting the
hypothesis that an over-stimulation of the KISS1 system that leads to hyper-stimulation of the HPG axis, causing
irregular menstrual periods and excessive androgen secretion.'” Yet, the influence of Kisspeptin extends beyond the
hypothalamus and the pituitary, given that the neuropeptide has direct effects on the ovaries, regulating processes such as
follicle development, oocyte maturation, and ovulation. Unfortunately, investigations carried out either on PCOS patients
or in animal models have not explored this area in depth.'®

A central theme in PCOS research is the disruption in the pattern of GnRH release, with consequent deregulated LH
and LH/FSH ratio.'” In the ovary, the relative suppression of FSH precludes proper follicular maturation, and LH
predominance contributes to enact a sustained production of androgens by theca cells TCs.*® Unexpectedly, in PCOS
women the GnRH pulse frequency is unaffected by Progesterone (P4)*' (in contrast to what happens in healthy females),
and this effect is independent of androgens, as the administration of Flutamide (an androgen antagonist) do not reverse
the observed abnormalities.”> However, the available experimental evidence does not help in clarifying if the deregula-
tion of the HPG axis is either primary or secondary to other causes, as concomitant hyperandrogenism and metabolic
associated complications (obesity and insulin resistance). Moreover, the cross-talk between HPG axis and androgen
release, as important as it is, cannot provide a satisfactory explanation of several key issues, highlighted by investigations
carried out with PCOS rodent models. In particular, female Sprague-Dawley rats gradually develop chronic anovulation
associated with PCOS disease when exposed to continuous light, as well as typical histologic features suggesting
a profound deregulation in ovary structure, with hyperplasia of the theca cell layer.”® The resulting anovulation is
reversible when animals switched to light/dark light regimens, although the intensity, duration, and spectral character-
istics of the light influence the rate at which chronic anovulation occurs. The mechanisms underlying anovulation in
those models still require an extensive investigation. Besides stress, which can activate the sympathetic nervous system
thus resulting in adrenal gland hypertrophy,®* melatonin can also participate in the pathogenic process given that
continuous light exposure suppresses melatonin synthesis. As a proof of principle, ovulation was restored in 70% of
female rats exposed a constant light regime when they received melatonin.”® Furthermore, feeding rats with a meal
(polenta) deprived of tryptophan that impairs both the serotoninergic and melatoninergic pathway, several abnormalities
occur, including reduced serotonin and increased LH levels.”® Overall, these data demonstrate that the anovulatory
condition and several PCOS-like features can result from the experimental manipulation of the central hypothalamic-
pituitary axis. Noticeably, androgen addiction is not required in these models for enacting the syndrome, albeit secondary
hyperandrogenism can occur later.

It is remarkable that HPG displays alternative modules of functioning, a phenomenon known as bistability,”” which is
disrupted in some reproductive disorders. For instance, in polycystic ovary syndrome (PCOS), alterations in the GnRH
pulse generator and abnormal androgen feedback may lead to a persistent high LH-state.”® The switch between the two
frameworks proceeds according to the cyclic phase of ovary activity, becoming evident especially during the transition
between the follicular and luteal phases. Physiologically, under the influence of positive/negative feedback loops
involving GnRH, LH, FSH, estrogen, and progesterone, the kisspeptin system drives the switch towards different,
alternative issues, ending up into two distinct, stable states that orchestrated the cyclic ovulatory process. In PCOS,
alterations in the normal pattern of GnRH activity can lead to a persistent high-LH state, becoming then insensitive to the
inhibitory feedback exerted by estrogens and progesterone. This condition enacts a hyperandrogenic state. In turn,
hyperandrogenism participate in self-perpetuating an abnormal pattern of endocrine release, characterized by a high LH/
FSH ratio. Increased secretion of LH promotes the synthesis of androgens in TCs that cannot be properly converted into
estrogens by granulosa cells (GCs). Finally, increased availability of androgens further compromises the HPG home-
ostasis and its capability to restore an appropriate regulatory loop.*’

During the last years, the critical role of some factors — frequently underrated — has emerged as relevant in providing
directionality and resilience to this transition. Namely, Inhibin A and B have been shown to plays a specific role in ensuring

4186 https: Drug Design, Development and Therapy 2025:19



Lentini et al

the switch in between the two endocrine states. In the follicular phase, sustained levels of Inhibin B — along with rising
estrogen levels — contribute in suppressing FSH secretion. Once the tertiary follicle has been selected, Inhibin A — produced
by the corpus luteum — becomes the dominant form. Consequently, at the end of the luteal phase Inhibin A favors the FSH
rise, a mandatory step for recruitment of new ovarian follicles and the restart of the entire ovarian cycle.*

Disruptions in the bistable nature of the HPG axis have been implicated in various reproductive disorders and
recognizes several pathogenic causes, including genetic, drug administration, endocrine disruptors, nutritional habits,
psycho-neurological disorders and environmental factors.>! Intriguingly, women with eating disorders tend to manifest
ovulatory problems (oligomenorrhea and amenorrhea), meanwhile starvation or bulimia favor deactivation of HPG, thus
blocking ovarian and uterine cycles.>* Similarly, toxicants and endocrine disruptors can dramatically impair the HPG
axis, especially when exposure undergoes in pre-natal periods or girlhood.*® Interestingly, pre-natal exposure to
androgens, endocrine disruptors or nutritional deficiencies, affects development of PCOS in adulthood,** demonstrating
that time at which exposure occurs is a critical determinant in enacting the syndrome. However, many other endocrine
factors participate in modulating the principal axis of control by acting at several, intertwined levels: prolactin,
melatonin,'® thyroid hormones, IGF-1,>® not to mention ACTH and androgens secreted by the adrenals.’

Relevance of pre-natal exposure to androgens has been extensively investigated, since it was ascertained that female
pseudo-hermaphrodite monkeys exposed to testosterone in uterus resulted in PCOS-like symptoms and hyperandrogen-
emia in adulthood.*® Similarly, sheep exposed to testosterone during-gestation develop oligo-ovulation, PCOS morphol-
ogy, LH deregulation and hyperandrogenism.*® Noticeably, obesity fostered by overfeeding amplifies the reproductive
defects in these animals that show also insulin resistance.*>*' Similar results have been obtained in rodent models,** in
which testosterone administration causes increased LH and testosterone and reduced FSH, in addition to estrous cycle
irregularities and ovarian cysts. Moreover, in this specie, even a small dose of 5 mg/d prenatal testosterone may also lead
to metabolic disturbances, including increased body weight, hyperinsulinemia, and dyslipidemia.** Accumulated data
shows thus that the disruptions in the pattern of GnRH release may be partially primed during the pre-natal period,
particularly through exposure to androgen excess that may permanently alter steroid negative and positive feedback
regulatory mechanisms through changes affecting via changes in neural network and steroid receptors (reviewed in**).

This overall evidence indicates that systemic factors and higher levels of control regulate both ovarian steroidogenesis
and reproductive function. The regulation displays bistability and it is sensitive even to mild fluctuations of critical
parameters, according to a non-linear dynamic, varying in space and times,* in both humans and animals.*® Remarkably,
the HPG axis establishes an intricate cross talk with intra-ovarian factors that contribute significantly in shaping
steroidogenesis and reproductive function. As privileged levels of «causation» are not recognizable in complex
systems,*” the intrinsic dynamic of the ovarian apparatus can be caught only by considering the interplay in between
the two aforementioned tiers: systemic and intra-ovarian according to a systems biology approach. Unfortunately, besides
some preliminary attempts,*® this field has not received the attention it deserves.

Intra-Ovarian Factors in PCOS Pathogenesis

The single follicle is the fundamental unit of the ovary and is composed of an oocyte surrounded by specialized
endocrine cells, partitioned in the theca and granulosa cell layers, respectively. Steroid synthesis occurs in
a compartmentalized system in which TCs produced androgens (mostly testosterone), which are then converted into
estrogens by GCs. The coordinated action of sex steroid hormones, in association with the concerted participation of
several other molecular factors and cytokines — including Bone Morphogenetic Proteins (BMPs), Inositol (myo-Ins),
Activin, AMH, IGF-1, Inhibin A and B), modulate the regulate follicle cell growth and maturation of the oocyte®
(Figure 2). Cytoskeleton (CSK) architecture provides a critical support in performing such tasks, enabling cholesterol
transport into ovarian cells under the stimulus of ACTH, and it is noteworthy that some factors involved in ovarian
regulation may influence the dynamical changes of CSK.>'

Proper CSK configuration is needed to ensure the communication between the two functional compartments of the
ovary (TCs and GCs), resulting in the reciprocal modulation of morphology, structure, growth, and function. Indeed,
cellular interactions seem to be one of the major factors controlling the fate of follicular cells during follicular
maturation. Conversely, when theca and granulosa cells are left to grow in isolation — with resulting disruption of the
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Figure 2 Ovarian steroidogenesis. Steroidogenesis in the ovary encompasses two principal phases. First, LH (in association with insulin (IN) promotes androgens synthesis
and androgen receptors (AR) expression, mostly by up-regulating CYPI7A1. IGF-1, AMH, and Inhibin-B progressively increase, amplifying LH-induced stimulation, meanwhile
blocking CYPI9AI activation. PI3K overexpression/hyperactivation is required. Correspondently, the primordial follicle progresses to reach the small antral stage. This phase
is largely gonadotropin-independent. The bifurcation point occurs when, under the increase of FSH (and of its receptor), aromatase becomes activated. Aromatase levels
increase and trigger the synthesis of estrogens, quickly followed by a parallel increase in progesterone (P4), and Activin that contributes in enhancing oocyte’s maturation.
The follicle progresses until reaching the pre-ovulatory condition. This secondary phase is considered gonadotropin-dependent.

reciprocal interactions — they lose several critical features,”> meanwhile, GCs cultured alone in vitro undergo luteiniza-
tion, with increased production of progesterone.’® Cytoskeleton architecture and cell—cell interactions display a critical
role during the early phase of ovarian growth characterized by the primordial follicle assembly, during which a transition
occurs from nests to primordial follicles. Several paracrine/autocrine factors govern this transition, including ligand (KL),
leukaemia inhibitory factor (LIF), BPMs, keratinocyte growth factor (KGF) and basic fibroblast growth factor (bFGF). It
is worth of note that abnormalities in the development of this very early stage of ovary specialization result in premature
ovarian failure, PCOS and female infertility (reviewed in>%).

The overall process proceeds through two different phases. The first — from the primordial to the secondary follicle
development — is substantially independent from gonadotropin stimulation, whereas the next one is tightly dependent on
gonadotropin secretion (Figure 2). On a molecular level, the phosphoinositide 3-kinase (PI3K) pathway seems to be
central in regulating fate decisions in primordial follicles and activation of PI3K enable the recruitment of follicles in the
maturation process.”> The PI3K-FOXO3 pathway is promoted by testosterone through a non-genomic mechanism,®
allowing primordial follicles to enter into the maturation process. This effect relies on PI3K activation and on the
contemporary downregulation of GDF-9. Similarly, IGF-1 synergizes with androgens by exerting a receptor-mediated
protection from apoptosis through the PI3K activation.”” During the first-phase androgens, androgen receptors (ARs) as
well as AMH rise incrementally until the moment when estrogens and FSH begin to surge. The zona pellucida develops,
GCs acquire a second layer thus establishing cell-cell contact with both TCs and GCs. Androgens are required for the
establishment of gap junctions through which the oocyte communicates with both TCs and GCs.>® Overall, transition into
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the second phase is supported by androgens, given that Flutamide administration decreases connexin 43 expression and
impairs connectivity among GCs. Intriguingly, this effect is strictly dependent on the phase of differentiation of
granulosa, as androgen excess occurring after ovulation is associated with an opposite effect, ie with reduced con-
nexin-43 expression.”® This example clearly shows that the degree of differentiation of GCs constraints the functional
outcome downstream estrogen stimulation (context dependence). At this moment, an antrum begins to develop in the
follicle and GCs differentiate leading to the appearance of mural and cumulus cells that will provide structural and
nutritional support to the oocyte.

When the secondary phase begins, TCs participate in providing a vascular network to the growing follicle, while
enhancing the activity of several steroidogenic enzymes (Star, CYPI11Al, Cypl7Aland HSD3p), as well as the
expression of LH receptor (LHr), allowing a sustained androgen synthesis.’® In this phase, TCs are extremely sensitive
to the auto/paracrine control provided mainly by members of the tumor growth factor-p (TGFp) superfamily, including
GDF-9 and the bone morphogenetic proteins (BMP-4, BMP-6 and BPM-7). GDF-9 is essential for TC layer differentia-
tion and subsequent androgen synthesis in pre-antral follicles. Noteworthy, GDF-9 contributes in inhibiting FSH-induced
maturation of GCs and aromatase activity.®! Concomitantly, insulin, in synergy with LH, induces Cypl7Al and
stimulates thecal androgen production, as well as estrogens from GCs.°> On the contrary, BMP proteins attenuate
androgen synthesis by downregulating Cypl17A1.% In GCs, activin negatively modulates androgen synthesis, while,
under the stimulation exerted by FSH, aromatase synthesis increases.® Androgen surge from TCs is also needed in
priming GCs receptivity to FSH stimulation, given that testosterone amplifies AR and FSHr expression, as well c-AMP
signaling downstream of FSH stimulation.®’

The Pivotal Role of Inositol

Androgens produced by TCs are quantitatively converted into estrogens in healthy subjects, promoting the transition
from the first into the secondary phase of maturation. Aromatase (Cypl19A1) is the key enzyme that catalyzes this
transition, mostly through the conversion of testosterone to 17B-Estradiol.®® Noticeably, in follicles from PCOS women,
both estrogens and aromatase expression are dramatically reduced when compared to healthy control.®” Another paper
evidenced that GCs from PCOS patients have little if any aromatase enzyme activity, as evidenced by their inability to
convert aromatase substrate to estrogens. However, they recover their capability of aromatization when stimulated with
FSH.®® Therefore, activation of aromatase identifies the critical bifurcation point that marks the transition, driving the
maturation process towards the final steps. Estrogen synthesis in coordination with the activity of FSH and its receptor
display a pivotal role in this process. The surge in estrogens mediated by Cyp19A1 is further followed by the increase in
progesterone receptors (P4Rs) and progesterone. Although underestimated, progesterone displays a critical role in these
last steps, as witnessed by the amplitude of increase in its concentrations: whereas levels of estradiol increase by 200%,
progesterone concentrations vary by over 1200%.%°

At this point, the participation of intra-ovarian regulatory factors — namely AMH and Inositol — becomes critical, as
they orchestrate the switch of steroid synthesis, from androgens to estrogens. The Anti-Mbllerian Hormone (AMH),
a member of the TGFp family, is exclusively synthetized by GCs and its release increases (in association with Inhibin)
when the follicle progresses to the secondary phase; then AMH declines during the last steps.’”® The convergence of both
AMH and Inhibin B surge is consistent with the inhibitory role sustained by both on FSH activity, helping in promoting
the selection of the mature follicle, leaving AMH to inhibit the transition of primordial follicles toward the primary ones.
AMH antagonize also the FSH-dependent expression of Cypl9Al and attenuates sensitivity of follicles to FSH.”!
Remarkably, AMH is 75 times higher in GCs from anovulatory PCOS women, compared with normal ovaries.
Moreover, this increase is insensitive to FSH downregulation, as observed in healthy controls suggesting a dramatic
impairment of GCs control upon steroidogenesis.”> This combined effect increases significantly the androgen/estrogen
ratio within the ovaries. A positive correlation has been recorded between testosterone and AMH circulating levels, while
AMH and AR expression showed a linear correlation in GCs obtained from PCOS women.”? Interestingly, serum AMH
increases in both PCOS and Type 1 diabetes mellitus patients, suggesting a link between deregulation of insulin/glucose
metabolism and AMH profile.”* Ovarian sensitivity to androgen is further enhanced by insulin, even in absence of insulin
resistance (IR). However, Insulin alone does not increase androgenic enzymes (CYP17A1) expression in PCOS theca
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cells, and other factors — including LH — are required in sustaining a «hyperandrogenic» phenotype.”” It is worth noting
that insulin increases FSH synthesis without affecting estradiol secretion, given that an uncoupling mechanism leads to
decrease aromatase activity.”® A lack of increase in FSHr could probably explain why FSH increase does not translate
into an enhanced CYP19A1 activity.

All these factors participate in increasing androgen release. Thereby, it is mandatory to ensure an appropriate
stimulation to increase both Cypl9Al synthesis and activation in such a condition. Ovary relies on FSH (namely
through the overexpression of its receptor, FSHr) for fulfilling such tasks. However, other factors demonstrated to
participate in fine-tuning the process, while modulating any androgen excess that could occurs.

In the last decade, several studies evidenced that myo-Inositol (myo-Ins) and D-Chiro-Inositol (DCI) are both
involved in modulating ovarian steroidogenesis.’” This role has been hypothesized long ago, when a beneficial effects

1.”® This clinical result was ascribed to the

upon ovary function was obtained in PCOS women treated with low doses DC
improvement of the insulin resistance, given that insulin over-stimulation alters the myo-Ins/DCI ovarian ratio.
Intriguingly, a previous study noticed that pharmacological reduction of insulin secretion in PCOS women (without
sign of metabolic disease and normal insulin levels) induces a significant decrease in blood testosterone and LH levels,
thus reinforcing the hypothesis of a pathogenetic link between insulin and PCOS.”’

Indeed, a number of experimental and clinical results have suggested a tight connection between inositols and insulin.
Insulin signalling depends on the faithful transduction assured by insulin receptor (IRS), which in turn enacts a number of
critical biochemical cascades, including the activation of PI3K pathway.®® Transduction of IRS signal required an
appropriate myo-Ins/DCI equilibrium within the cell.®' Insulin promotes the epimerase-mediated conversion of myo-
Ins into DCI, which is further incorporated into glycosylphosphatidylinositol-anchored proteins (GPI), from which it is
released as DClI-inositol-phosphoglycan (IPG-P), an intermediary metabolite displaying a critical role in transducing
insulin effects.®” Note that myo-Ins is also found as phosphoglycan derivative (IGP-A), displaying similar effects on
insulin transduction. Consequently, insulin resistance and diabetes — two conditions in which the epimerase activity is
severely impaired due to the reduced effectiveness of insulin transduction — show a reduced DCI release from muscle and
adipose tissues. The limited availability of DCI is in turn associated with some defects in the proper utilization of
glucose.® These findings prompted to consider the myo-Ins/DCI ratio a reliable parameter of IR.** However, as ovaries
retain their insulin sensitivity even in presence of IR, persistent increase in insulin during IR likely promotes the myo-Ins
conversion into DCI, leading to a «paradoxical» DCI increase in the ovary, in contrast to what recorded in other tissues.
The increased levels of both epimerase and DCI in TCs documented the «hypersensitivity» of ovarian cells to insulin,
showing that the myo-Ins/DCI ratio was significantly lower than that recorded in normal women.® Furthermore, this
hypothesis received a decisive confirmation by analyses of inositol content of follicular fluid, showing that the myo-Ins
/DCI ratio average 0.2:1 in PCOS patients, while in healthy control the value was around 100:1.%¢

The increased DCI concentration in ovarian cells could therefore amplify insulin action in PCOS theca cells, thus
leading to increased intra-cellular synthesis of testosterone.®” Unexpectedly, it was ascertained that the DCI-derived
phosphoglycan (IPG-P) is required for androgen synthesis downstream of insulin stimulation.®®

Consequences of increased DCI are not restricted to androgen synthesis in TCs and involve GCs as well. The DCI
isomer displays specific effects on estrogens availability, likely through the inhibition of aromatase activity. Indeed, in
PCOS-mice administration of DCI lead to profound ovarian histologic alterations, and inhibits aromatase activity.®
Furthermore, high DCI concentrations negatively influence the quality of oocytes, therefore impairing the overall
efficiency of the reproductive system.”® Yet, the increased availability of androgens promoted by DCI would favor an
increased transformation into estrogens, at least in principle,”’ given that androgens, insulin and IGF-1 synergize with
testosterone in enhancing FSH transduction and aromatase activity.”® Therefore, it is evident that DCI not only promotes
androgen release but also impairs the estrogenic response of granulosa cells to FSH and androgens.

Clinical Data

For a while, it has been supposed that inositol effects could be explained by the modulation exerted upon insulin transduction.
The first study authored by Nestler et al treated with DCI (1200 mg/daily) a group of hyper-androgenic PCOS women (22%
with insulin resistance). After 8 weeks of treatment, a remarkable recovery of the ovarian capability was recorded in the
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majority of women (86% vs 27% in the control group). These results were later confirmed by further studies performed in lean
women, as well as in insulin resistant patients, in which DCI was able to reduce both testosterone and insulin.”>** These
previous findings were greeted lukewarmly, as some studies did not confirm the DCI effectiveness.” Indeed, this result is not
surprising given that DCI inhibits aromatase expression, as previously mentioned,” thus impairing estrogen release from the
ovaries. Furthermore, it was shown that DCI stimulates testosterone synthesis through its phosphoglycan (IPG-P),” as also
confirmed by the increase in testosterone levels recorded when healthy volunteers were treated with 1200 mg of DCI for
a short period of time.”” Conclusively, high doses of DCI will paradoxically enhance androgen synthesis from TCs and
consequently impair ovulation by decreasing aromatase activity.

Insulin overstimulation — as happens during insulin resistance — significantly impairs myo-Ins conversion into DCI in

many tissues (particularly muscle and heart), with resulting low intracellular concentration of DCI.”®

Conversely, the
administration of DCI at pharmacological doses demonstrated to ameliorate some metabolic features related to diabetes/
insulin resistance, decreasing henceforth insulin release and, consequently, the insulin-dependent stimulus on androgen
synthesis.”” However, insulin resistance is not associated with impairment of the insulin transduction signal at the ovarian
level, as hyperinsulinemia still stimulates ovarian androgen production in PCOS.'" Therefore, in the ovary, insulin
increases «paradoxically» myo-Ins conversion into DCI. Consequently, DCI, while ameliorating the PCOS-related
systemic metabolic parameters, amplifies the ovarian steroidogenic abnormalities, thus providing a mechanistic rationale
explaining the «inositol paradox».'®" Indeed, by raising ovarian DCI, the insulin signalling would likely be amplified,
given that IPG-Ps increase mRNA and protein expression of the insulin receptor substrate (IRS1), thus improving the
receptor-mediated insulin transduction, up-regulate PI3K and enhance the activation of several pathways downstream of
PI3K, including the Akt-mTOR.'*?

Those findings also help to explain why treatment with antidiabetic drugs (metformin) improves several PCOS-

associated metabolic markers,103

while being ineffective in ameliorating the ovulatory function, as demonstrated by
a decrease in follicle number and quality following metformin treatment.'® By no doubt, myo-Ins can efficiently
counteract some abnormalities associated with insulin resistance, as reported by studies performed in animals and
humans.'%>'% Investigations dealing with a rodent PCOS model showed, for example, that myo-Ins administration
downregulates androgen release while increasing estrogens synthesis, ultimately leading to the recovery of the estrous
cycle and ovulation function.'”” The same study evidenced that insulin resistance was efficiently antagonized, as
witnessed by the normalization of several metabolic parameters and the reduction of inflammatory markers (IL-6).
However, insulin resistance alone cannot provide a satisfactory explanation of the complexity of PCOS. Henceforth, it is
wrong to hypothesize a PCOS pathogenesis model in which the metabolic “defect” (ie, defective insulin transduction due
to impaired availability of inositolphosphoglycans) plays a causative role. This model underestimates the effects directly
triggered by DCI and myo-Ins upon steroidogenesis.

These findings prompted to reconsider the pivotal role played by aromatase in PCOS pathogenesis, as CYP19A1
occupies a central position in switching follicle maturation from the primary to the secondary phase by enacting the
estrogen surge in thigh coordination with FSH stimulation.'®® Intriguingly, myo-Ins induce very different effects upon

199 while

steroidogenesis. Treatment with myo-Ins significantly decreases the LH/FSH ratio in plasma of PCOS women,
supplementation with myo-Ins during in vitro fertilization permits to lessen the doses of recombinant FSH
administered,''” and increases CYP19A1 expression even without any previous FSH administration.''" Moreover, myo-
Ins increases FSH receptor and aromatase expression in GCs, while reducing androgen synthesis in a PCOS murine
model."'? In addition, myo-Ins downregulates PI3K in different cell types.''? This is an interesting finding given that
PI3K activation participates in enhancing the pro-androgenic effects of LH and insulin.'"* Furthermore, a new line of
evidence comes from studies related to the nuclear steroidogenic factor 1 (SF-1), a critical effector involved in
folliculogenesis and aromatase expression in the ovary.''”> The phosphatidylinositol 4,5-bisphosphate (PIP2),
a phosphoinositide that is modulated by exogenous myo-Ins, binds to SF-1 and modulates its transcription, shifting to
a phosphorylate state mediated by the inositol polyphosphate multi-kinase.''® This overall evidence suggests that myo-
Ins exerts direct and significant effects upon steroidogenesis.

Based on reported data, the associated use of both isomers has been advocated by several groups. The rationale
behind this strategy relies on two basic assumptions: DCI would reduce systemic insulin levels (by ameliorating glucose
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metabolism in tissues supposed insulin-resistant), while myo-Ins could improve FSH and aromatase activity. In turn,
improvement of insulin resistance mitigates the stimulation exerted upon the ovarian epimerase that converts myo-Ins
into DCI, thus facilitating the normalization of myo-Ins/DCI ratio in follicular fluid.""” To ensure that outcome it is
mandatory to combine the isomers according a proper, physiological ratio.

Indeed, pre-clinical studies in PCOS mice with different myo-Ins/DCI ratio showed that only formulas with high
myo-Ins concentrations and low DCI content (40:1) proven to be effective.''*> Mice receiving myo-Ins/DCI in a 40:1
molar ratio fully recover from PCOS, while treatments with higher DCI concentrations resulted ineffective or even
detrimental. Remarkably, histological findings showed that the theca layer undergoes a dramatic hyperplasia in PCOS
animals treated with high doses of DCI, whereas inositols in the physiological ratio (myo-Ins/DCI 40:1) re-establish in
full the normal architecture.

Several studies and meta-analyses provided a sound confirmation of pre-clinical investigations, showing that myo-Ins
supplementation — associated with DCI in the 40:1 ratio — produced beneficial effects by ameliorating several endocri-
nological and metabolic parameters in PCOS.'?%!1#-12!

These findings indicate that the inositol isomers play a conflicting role in the ovary. Androgen release increases under
DCI treatment, while aromatase is significantly downregulated. On the contrary, myo-Ins increases both aromatase and
FSHr expression. Impaired availability of FSHr and CYP19A1 are specific hallmarks of PCOS.”® Indeed, it has been
shown that treatment based on high DCI concentrations (either with or without myo-Ins) further deteriorate signs and
symptoms of PCOS.?” Those findings has been vindicated by clinical studies using combination of myo-Ins/DCI in the
ratio 40:1.'%?

the primary mechanism should involve insulin. Indeed, studies performed in young women with PCOS not affected by

Moreover, the fact that myo-Ins could directly modulate the estrogen/androgen balance, casts on doubt that

metabolic abnormalities, including insulin resistance, evidenced that myo-Ins-based treatments are in any case
effective.'**'** Additionally, even women that resulted “refractory” to preliminary myo-Ins treatments, recover their
sensitivity to myo-Ins when inositol was co-administered with a-lactalbumin, which favors significantly the intestinal
inositol adsorption).'*> In these patients, myo-Ins was able in recovering a proper reproductive function in 86% of
women, while a significant improvement in endocrine profile was achieved in the majority of cases.'*® Recently,
Kamenov et al provided a confirmation of these findings by comparing the effects of myo-Ins versus myo-Ins plus a-
Lactalbumin in a three-months trial involving 50 patients. The associated therapy improved several symptoms and
endocrine features, while achieving high rates of ovulation.

An Integrated Pathogenetic Model

Cumulative evidence shows that the reproductive function is severely impaired in ovaries from PCOS women, given that
androgens (and related enzymes) increase, altogether with AMH, while estrogens and CYP19A1 are significantly down-
regulated. Noticeably, as suggested by histologic observations from murine models, ovarian follicles develop a significantly
enlarged theca cell layer, while the granulosa cell layer is reduced with the TCs/GCs thickness shows an inverted ratio.>> This
finding is consistent with the characteristics of an increased TCs activity, suggesting an intra-ovarian hyperandrogenic
disposition. However, hyperandrogenism by itself is untenable to account for all the fundamental characteristics of PCOS.
Indeed, accumulated evidence reinforces the hypothesis of a deregulated balance in the ovary — involving both androgens and
estrogens — as a fundamental pathogenetic moment for the development of PCOS.'*’

Histologically, PCOS ovaries are characterized by the accumulation of small antral follicles, evidencing that the
physiological follicular development is impaired, with an arrest corresponding to the beginning of the secondary phase, ie
from the very early, gonadotrophin-independent stage onward, finally resulting in follicular arrest without the selection of
a dominant follicle.'**'* PCOS ovaries contain three to six fold the normal number of follicles, particularly at the
primary follicle stage, when they reach 4-7 mm in diameter. The excessive growth of primary follicles indicates that an
intra-ovarian hyperandrogenism occurs even if signs of clinical hyperandrogenism are missing. Second, the inability to
select a follicle committed toward a complete maturation demonstrates that FSH and aromatase activity — required in
fostering the estrogen surge — are inefficient in PCOS. These findings indicate that ovaries are partially unresponsive to
the control exerted by LH and FSH. Conversely, LH suppression induced through the administration of Gn-RH analogue
is unable in reducing androgen synthesis.'** Moreover, studies performed on TCs in long term cultures obtained from
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either PCOS women or mice models have demonstrated that TCs display a sustained activation of several androgenic
enzymes (CYP17A1 and HSD3p) with resulting increased synthesis of testosterone and DHEA, even in absence of LH
stimulation.'?” It may be hypothesized that intra-ovarian hyperandrogenism (ie, increased ovarian availability of
androgens even in absence of biochemical and clinical signs of hyperandrogenism) may indeed play a causative role
in PCOS. Clinical hyperandrogenism should not be confused with ovarian hyperandrogenism. Certainly, ascertaining
intra-ovarian hyperandrogenism is a difficult task, and this feature could run unnoticed. However, when appropriate
chromatographic/mass-spectrometry techniques are used to investigate steroids pattern in follicular fluids, higher con-
centrations of individual and total androgens, lower total estrogens, and a lower total estrogen-to-androgen ratio, are
identified in the majority of PCOS women compared with regularly menstruating women.'** Those results showed
a lower capability of PCOS women in transforming an intra-ovarian androgen excess to estrogens via aromatase, thus
leading to the arrest of follicular growth and anovulation, as already noticed by earlier findings.'*®> Aromatase in GCs has
limited conversion capability, due to either enzymatic defects (blockade of the active site of the enzyme and decreased

substrate affinity),'**

or to reduced expression. Noticeably, some local factors — including myo-Ins availability — might
play a significant role at that level, by either enhancing or inhibiting aromatase activity. The dynamic cross talk between
systemic players and intra-ovarian factors may help explaining how the convergence of these different factors can, in
turn, produce different phenotype, although impairment of reproductive function represents the outcome.

At the ovarian level, TCs show a commitment toward increased androgen synthesis, due to deregulation of LH
transduction (as evidenced in presence of reduced MAP2K1 expression, high DCI content) and the contemporary
overexpression of PI3K. Increased insulin stimulation — in association with LH — amplifies androgen release. In turn,

decrease in FSH, eventually amplified by reduced FSHr expression and in presence of high AMH levels, reduces

INFLAMMATION
& OXIDATIVE
STRESS

METABOLIC
INSULIN
SIGNALING

Figure 3 Mio-Inositol effects in the ovarian cell. The picture shows schematically the principal effects related to myo-Inositol treatment. Myo-Ins modulate insulin
transduction (mostly through the epimerase-dependent conversion into DCI; participate in CSK remodelling; modulate the ratio between PIP2 and PIP3; antagonize
oxidative and inflammatory processes. Overall, those mechanisms contribute in modulating the ovarian steroidogenesis. Myo-Ins up-regulate CYPI9A| and FSHr expression,
while inhibiting some androgenic enzymes. AT the opposite, DCI favor androgenesis and downregulates CYPI9AI expression.
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aromatase activity, especially in myo-Ins deficient GCs. In this context, the continuous availability of androgens
reinforces the inhibition upon aromatase activity, therefore leading to a deficit in estrogens.'®' Inositols participate in
different steps of the process: high DCI levels (coupled with reduced myo-Ins concentrations) can worsen insulin effects
upon androgen synthesis, while decreasing aromatase expression. Myo-Ins exerts opposite actions, by modulating PI3K
and increasing both aromatase and FSHr expression (Figure 3). Moreover, myo-Ins displays other relevant effects upon
metabolic pathways, CSK architecture, and by antagonizing inflammatory and oxidative processes, that contribute — at
least in part — in the pathogenesis of PCOS."?

Conclusion

Conclusively, we can infer that PCOS pathogenesis should integrate both an increase in androgens as well as a reduction
in estrogen availability: these two pathogenetic aspects are both required for the clinical appearance of the syndrome.
Systemic factors (LH, Insulin, just to mention a few) should synergize to impair the ovarian steroidogenesis by
interacting in a cooperative manner with intracellular, specific conditions, including altered BMP, activin and especially
inositol concentrations. Given that LH/gonadotropin deprivation does not seem to restore a normal steroidogenesis within
the ovary, it is conceivable that the systemic influence upon ovary function can predispose but not trigger the
abnormalities observed in PCOS, until an intra-ovarian defect does not come into play. The selective participation of
those factors can likely explain differences in the resulting clinical phenotypes. Whether PCOS could be a primary
ovarian disorder or a consequence of systemic deregulation is therefore a false question, as cumulative evidence shows
that systemic and intra-ovarian factors cooperatively interact in producing signs and symptoms of the disease. Myo-Ins
treatments — especially when associated with low doses of DCI according to the 40:1 ratio — has proven to ameliorate
some systemic effects (namely by counteracting insulin resistance) and to modulate intra-ovarian processes, leading to
reactivation of aromatase and FSH sensitivity. Remarkably, following myo-Ins treatment recovery of ovulation occurs in
animals and in PCOS women, with a high rate of success (63—-86% of cases). It is worth noting that therapies based on
inositols are usually well tolerated and can be extended over time without relevant side effects.

Expert Opinion
Cumulative evidence from both basic and clinical studies suggests that myo-Inositol (especially when associated with
DCI according to the 40:1 ratio) could be as effective (and even more manageable) as Metformin, and likely better than
other endocrine treatments. The 40:1 ratio allows conjugating the benefits of DCI upon insulin resistance (occurring in
muscle and adipose tissues, especially in obese women) with those related to myo-Ins (enhanced FSHr and CYP19A1
expression). A critical issue is still represented by patients showing the phenotype D (anovulation and ovary cysts
without clinical evidence of hyperandrogenism) in which the benefit of myo-Ins treatment is still under investigation.

The field would benefit from further, extensive research carried out at molecular and clinical level. It should be
clarified how myo-Ins modulate the nuclear steroidogenic factor-1 (SF-1) and the field would benefit from further,
extensive research carried out at molecular and clinical level. It should be clarified how myo-Ins modulate the nuclear
steroidogenic factor-1 (SF-1) and if inositol induces epigenetic modifications on several key steroidogenic enzymes.
These studies need to be complemented by investigating how myo-Ins addition modifies the overall metabolism of
ovarian cells (TCs and GCs). From a clinical point of view, it is mandatory to reconsidering PCOS nosology, currently
established by the Rotterdam criteria. Phenotypic differences cannot accommodate with a unified pathogenetic mechan-
ism and likely require a differentiated treatment strategy. Recognizing the hallmarks of each phenotype will necessitate
an extensive study that should encompass omics studies, including metabolomics. The identification of the specific
phenotype would be followed by a «tailored» therapy, aiming to personalize the treatment. Major hurdles in adopting this
new framework depend on the availability of specific diagnostic procedures and clinician’s skill. Moreover, reframing the
PCOS definition according to different phenotypes would help in rationalizing the management of PCOS women. To
achieve this goal, pharmacokinetic studies are urgently needed in order to establish the bioavailability of inositol(s) and
the correct dosage. Indeed, a standardization of posology is urgently warranted.

Deepening of inositol studies must include the assessment of myo-Ins fate and dynamic within the cell. Inositols are
metabolized into phosphoinositides, inositol phosphates and pyrophosphates, according to the context (cell type) and the specific
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functional/metabolic demand. This study should be prioritized in order to acquire a full understanding of this molecule. Such

advancement will pave the way or future discovery regarding the potential usefulness of myo-Ins in other clinical fields, like

cancer, morphogenesis-related diseases, neurological problems and metabolic disturbances, including diabetes.

Abbreviations
CYP11A1, Cholesterol side-chain cleavage enzyme P450cllal; CYP17Al, 17a-hydroxylase P450c17; HSD3p, 3p-
Hydroxysteroid dehydrogenase; GDF-9, oocyte Derived Growth factor; myo-Ins, myo-Inositol; DCI, D-Chiro-Inositol.
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