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Abstract

Polycystic Ovary Syndrome (PCOS) is one of the most common
female endocrine disorders which affects about 6-10% (in some
cases 15%) of women in reproductive age. It is a chronic, endocrine
syndrome that involves the hypothalamus, the pituitary gland, the
ovaries, the adrenal gland and the peripheral adipose tissue. Oligo-
anovulation, hirsutism and infertility are the three main symptoms
that characterize it.

Its pathogenesis is not yet entirely clear, but insulin resistance
and/or compensatory hyperinsulinemia seem to be central in PCOS
onset. Lifestyle management - namely physical activity and diet - is the
first line treatment in PCOS. It may help to reduce insulin resistance
and restore ovulatory cycles.

Inositol, with its stereo isomers, plays a central role in the
functioning of many important metabolic pathways; some of these
stereoisomers (mainly myo-inositol and also D-chiro-inositol) are
involved in the onset and development of PCOS. This molecule
is present in various foods, especially fruits and beans. Today,
unfortunately, the refining process of food entails the loss of amino
acids, minerals and vitamins. Industrially milled flour is rather bereft
of these nutrients because the removal of bran and germ during this
step. As a result of such process, refined flour loses one of its main
constituents: phytic acid or myo-inositol hexaphosphate. The western
diet, typical of industrialized countries, deficient in myo-inositol,
increases the risk to develop PCOS in women of childbearing age.
Therefore, an improvement of the diet, with appropriate levels of
bran, and in some cases the administration of dietary supplements
containing inositol (mainly myo-inositol plus D-chiro-inositol at the
physiological plasma ratio of 40:1) are highly recommended.

Keywords: D-chiro-inositol; Hyperandrogenism; Epimerase;
Hyperinsulinemia; Insulin Resistance; Myo-Inositol; Myo-Inositol
Hexaphosphate; Phytic Acid; Polycystic Ovary Syndrome;

Introduction

Polycystic Ovary Syndrome (PCOS) is one of the most
common female endocrine disorders. It is estimated that
6-10% (in some cases 15%) of women in reproductive age
are affected by this syndrome in industrialized countries. It

involves the hypothalamus, the pituitary gland, the ovaries, the
adrenal gland and the peripheral adipose tissue creating an
imbalance associated with three characteristic symptoms: oligo-
anovulation, hirsutism and infertility. The diagnostic criteria
are based on Rotterdam consensus that includes the following
three features: oligo-anovulation, clinical or biochemical signs of
hyperandrogenism, polycystic-appearing ovaries at ultrasound
examination, characterized by the presence of 12 or more follicles
with diameter of 2-9 mm in each ovary, and/or increased ovarian
volume (>10 ml). At least two of them have been fulfilled in order
to make the diagnosis.

Despite several studies on PCOS, its patho physiology remains
unknown although various etiological factors are suspected to
be involved. Particularly insulin resistance and compensatory
hyperinsulinemia seem to be central in PCOS onset, in addition to
genetic and environmental causes.

Inositol and its therapeutic role

In the last decades, many scientific studies have focused on
inositol(s), which is a polyol existing under nine stereoisomeric
forms depending on the spatial orientation of its six hydroxyl
groups. Inositol and its derivatives cover a very wide range
of physiological activities. The most important molecule is
Myo-Inositol (MI), which plays a key function as essential
constituent of membrane-incorporated phosphatidylinositol, as
well as contributing, per se or conjugated to phosphate, to ion
channel permeability, metabolic homeostasis, mRNA export and
translation, cytoskeleton remodelling, stress response, just to
cite a few [1]. MI and D-chiro-Inositol (DCI), both stereoisomers
of inositol, are capable of exerting an insulin-sensitizing effect
leading to a reduction of insulin levels in blood, function as
insulin second messengers and mediate different insulin actions.
MI is converted to an Inositol Phosphoglycan (IPG) insulin
second messenger (MI-IPG) which plays a key function in cellular
glucose uptake, whereas DCl is converted to an IPG insulin second
messenger (DCI-IPG) involved in glycogen synthesis [2]. In the
ovary, MI based second messenger is implicated in both glucose
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uptake and FSH signalling whereas DCI-based second messenger
is devoted to the insulin-mediated androgen production. John
Nestler and his team, provided evidence that the impairment in
insulin signalling in PCOS could be the result of a defect in the
IPG insulin second messenger pathway [3]. In PCOS women, a
deficiency of IPGs in tissues, or altered metabolism of inositol(s)
to IPG mediators, could play a role in inducing insulin resistance
[3]. It is well known that increasing insulin sensitivity in PCOS
patients by means of conventional antidiabetic drugs results
in an improvement of ovarian function and decrease of serum
androgen concentrations. Several studies have shown that
both MI and DCI are able to reduce LH levels, LH/FSH ratio
and testosterone levels, to restore spontaneous ovulation and
menstrual cycles and to improve cutaneous disorders of hyper
androgenism [4, 5].

In most tissues almost 99% of the intracellular inositol pool
is constituted by MI. However the concentrations of MI and
DCI in fat, muscles and liver are significantly different; such
physiological condition is due to the diversified functions that
these two stereoisomers play within the tissues. In fact high DCI
levels (even if always lower than MI concentration) are generally
observed in glycogen storing tissues (fat, liver, muscle), whereas
low DCI levels are present in tissues characterized by high
consumption of glucose (brain, heart).

The D-chiro-inositol paradox in the ovary

The conversion of MI to DCI and their different ratios are
regulated by an insulin-dependent epimerase according to tissue
requirement [6, 7]. As consequence of that, in Type 2 diabetic
patients, the reduced tissue insulin sensitivity leads to reduced
epimerase activity and hence a decrease in DCI synthesis.
However, differently from the other tissues, ovary never shows
insulin resistance. Starting from this peculiarity and taking in
account a vast array of studies Unfer and co-workers proposed
in 2011 the theory called “the DCI paradox in the ovary” which
may clarify some features of PCOS [8, 9]. The authors suggested
that hyperinsulinemia leads to an overstimulation of epimerase
activity in the ovary of PCOS women resulting in an excessive
conversion of MI to DCI, that means, at cellular level, high DCI
concentrations with a concomitant depletion of MI. Now it is
known that in the normal ovary the predominant stereoisomer
of inositol is MI [6]. This evidence, along with studies performed
on women undergoing assisted reproductive technologies,
demonstrated that MI improves FSH sensitivity. It has led
scientists to speculate that MI plays an important role in oocyte
quality and development. Consequently the decrease of MI
could ultimately be the cause of the poor oocyte quality found in
PCOS patients. This evidence was also crucial in order to explain
the therapeutic activity of MI in this syndrome [10] and some
failures obtained with the administration of DCI alone at elevated
doses which determined ovarian toxicity, reducing the ovarian
response to FSH and oocyte quality [10]. This could explain why
the promising results obtained by Nestler during the first study
in patients with PCOS have not been confirmed in the second
one, when the dose of DCI given to patients was doubled [3]. The
low levels of MI cause a lack of second messengers resulting in
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chronic anovulation, typical of PCOS. In addition, some studies
have allowed to find the physiological concentrations of MI and
DCI in plasma of normal women, where these molecules are
approximately at the ratio of 40:1 [10-12]. Thus the presumably
optimal clinical dosage in order to avoid ovarian toxicity was
identified [10, 12]. Of note, the recent Inositol Consensus
Conference on the use of MI and DCI in obstetrics, gynecology
and fertility [13] formally confirmed the framework suggested
by Unfer, adding a new milestone to the promising story of
inositol(s).

PCOS and diet

An uniform treatment for PCOS patients does not exist. Diet
therapy is one of the most important and effective management
strategies in PCOS. The health benefits of weightlossin overweight
and obese women with this syndrome is well established. Weight
reduction leads to improve insulin sensitivity and lipid profile;
it reduces hyperandrogenism and regulates menstrual cycle [14-
16].

A diet lower in sugars and higher in complex carbohydrates
decreases the postprandial excursion in serum glucose and
the excess of insulin secretion in response to dietary load. Low
glycemic index carbohydrates are preferable, such as peaches,
old-fashioned oatmeal, bran cereals, lentils, sweet potatoes and
milk, but also foods with high fiber content and low glycemic
index; they promote an increased level of satiety, help to control
appetite, decrease hunger and are useful in body weight control.
Vegetables contain high quantities of fiber, minerals, vitamins
and antioxidants. Non-starchy vegetables are low in calories and
carbohydrates. However, the attention for the diet also concerns
the quality and characteristics of the food eaten. As well known,
over the centuries the eating habits have deeply changed.

Myo-inositol: endogenous synthesis and content in
foods and diet

The refining process to which some foods are subjected,
especially flour, caused the reduction in dietary intake of certain
substances. MI is the predominant form of inositol(s) that we
can find in nature and in our food. It is synthesized by human
body from glucose-6-phosphate. Liver and kidneys are the key
organs for its endogenous synthesis, however such biosynthesis
does not seem to be able in providing adequate amounts of MI
for a good health, at least in some groups of subjects. Human
diet from animal and plant sources can contain MI in its free
form, as inositol-containing phospholipid (phosphoinositides)
or as myo-inositol-1,2,3,4,5,6-hexakis dihydrogen phosphate,
also called phytic acid (IP6). Phytate, the salt of phytic acid, is
widely distributed in the plant kingdom. It serves as a storage
form of phosphorous and minerals and contains about 75% of
total phosphorous of the kernels, serving biologically for birth
and bud development. The greatest amounts of MI in its different
forms are found in fresh fruits and vegetables, and in all foods
containing seeds (beans, grains and nuts). Especially high phytic
acid contents are found in almonds, walnuts and Brazil nuts; bran
and oats contain more MI than other sources. Among vegetables,
the highest contents are found in the beans and peas, instead the
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poorest in leafy vegetables. Among the fruits, melon and citrus
fruits (with the exception of lemons) have extraordinarily high
contents of MI [17].

MI can be released from IP6 in the gut of monogastric
animals by phytate-degrading enzymes, called phytases, which
are found in plants, microorganisms and animal tissues. Much
of the ingested inositol hexaphosphate is hydrolysed to inositol
available to be used by the cell. As we know, through the decades
our diet has changed considerably. The refining process of flour
has brought to the depletion of many substances, among them MI
has to be included also for a reason that concerns it specifically.

Scaling down the antinutrient activity of phytates

Phytic acid forms complexes as mixed salts phytates, with
many essential bi- and trivalent metal ions, in foods as well as
in the intestine. It shows the feature to easily and severally bind
to calcium, iron, magnesium, manganese, zinc, but potentially
to other ions and proteins. The chelating properties of phytic
acid may, therefore, have an effect on the bioavailability of
minerals. This is the reason why it is considered an anti-
nutrient compound. Due to this feature of phytic acid, there
has been a lot of concern about the effect of an unrefined high-
fiber diet on health. Consequently many researchers have been
carried out to remove phytate from food, to avoid deficiencies
of essential minerals. Reducing the dietary intake of phytic
acid, MI intake was also decreased. Therefore dietary changes,
due to the reduced consumption of this component, may have
contributed to facilitate the onset and the development of PCOS
in the population of industrialized countries in consideration of
the central role exerted by MI in the functioning of important
metabolic pathways, involved in PCOS. More recently it has been
suggested that phytic acid is not the component that is solely
responsible for the decreased mineral availability, as dietary
fiber itself also might be of importance [18, 19]. On the other
hand in the last decades also beneficial properties of phytate
have been observed. It prevents renal stone formation, reduces
starch digestion along with slowing down of the glycemic index of
foods, has positive effects on blood glucose and blood cholesterol
[20-23]. Furthermore, it exerts antioxidant [24] and anticancer
activities [25]. These findings have revived speculation about the
role of phytate and other inositol phosphates in human nutrition
and for human health.

Phytate absorption

It is important to understand what occurs to phytate in
the gut and how phytate and its degradation products can be
absorbed. The human beings do not synthesize the phytase
enzyme, but nature has given us the same chance to digest
phytate and phytic acid. First, exploiting this enzyme present in
the seeds: the acid and hot stomach environment, in fact, actives
large part of phytases. Some studies [26] have shown that a lot of
phytic acid can be neutralized already in the stomach and make
free those minerals linked to it. IP6, partially degraded, is more
easily digested then in the intestine. The amount remained intact
passes through the small intestine and may undergo further
dephosphorylationinthe colonbytheintestinal bacteria. However
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a clarification should be made. This process of degradation
and assimilation of IP6 occurs in ideal conditions: primarily
when the consumed seeds have not undergone an excessive
manipulation and secondly through an efficient digestive system,
possibly not weakened by a poor or improper diet. Potentially
a broad range of inositol phosphates may be consumed, eating
unprocessed food. It has been estimated that the daily intake
of phytate and other inositol phosphates varies from 0.180 to
4.569 g [27]. Obviously significant differences may exist between
developing and industrialised countries, urban and rural areas,
females and males, young and old, omnivores and vegetarians,
however specific studies are still lacking [17]. This variability
derives from differences in phytate content of cultivated plant
foods, different contents in plant foods in the daily diet, different
amounts of foods consumed and different processing and
preparation of vegetables, legumes, pulses, cereals and whole
grain products. Strong variations between the mean phytate
intake in rural population (greater intake of phytic acid) and
urban population (lower intake of phytic acid) are evident in the
Republic of China [28]. These data reflect the changing of dietary
habits from traditional to more Westernized type diets in cities
and metropolises. In the industrialized countries, most plant
foods, such as whole grain products - the main sources of dietary
phytate intake - are processed or heat treated either during food
production or preparation, in such way phytases are inactivated
or removed to a large extent [17, 29]. This is another dangerous
depletion which adds to the reduced content of phytate in refined
foods. It means that in humans consuming Western style diets
with low phytase activity, phytate degradation in the stomach
and the small intestine by food phytases is very limited and
consequently the amount of MI absorbed with the diet nowadays
is even more reduced.

Balanced diet for improving phytate digestion and
dietary supplements

In fact, under non-varied and non-balanced diet, phytate
may affect the bioavailability and in consequence the status
of some minerals (iron, zinc and calcium) [30]. It should be
stressed that in many countries whole grain cereals and legumes
are among the most important food sources for minerals and
trace elements but also contain high amounts of phytate and
polyphenols. Adequate strategies to prevent deficiencies of
these essential elements adjusted to the specific situation are
required, in order to preserve the enormous advantages of the
consumption of whole grains, legumes and oil seeds decreasing
its negative effects. It is advisable, therefore, a varied diet. In fact
the minerals from other foods are not chelated by acid phytic
during their passage in the intestine. It is important a proper
intake of fibers in the diet. Especially the soluble (found mostly
in fruits and vegetables) fermenting in the colon by the action
of healthy intestinal bacterial communities produce short-chain
fatty acids that can easily bind to the mineral ions making them
assimilable and eliminating the negative effect of IP6. If we take
into account the leavening process of the dough for bread, pizzas
and cakes, this speech becomes more complex. The hydrolysis of
phytate occurs by the activation of the endogenous phytase of
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flour. In the case of bread made with sourdough leavening it is
more effective than one made with yeast because of the longer
times required. In a well-leavened dough up to 100% of phytic
acid is hydrolyzed. But to allow proper hydrolysis of phytic
acid the leavening should be long, not that quickly induced by
industrial yeasts, used by most of the industry, and unfortunately
also by many bakers. It is understood, therefore, as the inhibition
of the intestinal metal absorption, however, can be counteracted
by many food compounds such as organic acids and complexing
agents, ascorbic acid, food fermentation products. Milling of
cereals, in which phytate is located in the outer layer of the
seed, can cause up to 90% reduction of phytate. In corn where
phytate is mainly located in the germ, removing of this part of the
grain will effectively result in strong reduction of it. Mechanical
separation of the phytate containing compartments of the
seeds, however, will also lead to a loss of nutrients and valuable
bioactive molecules. All this to prevent its chelating action that in
the light of recent studies appears to be very minimal and which
can further be reduced with small dietary precautions.

Whether a balanced diet and a correct food processing can
facilitate the right intake of phytates, however in many case a
satisfying condition cannot be achieved in specific population
sectors by these means. It is well known that, in agreement with
the Rotterdam criteria, four different “discrete” phenotypes, or
subsets, can be identified in PCOS women [31-33]. Therefore, we
may allocate them in the following groups of subjects affected by
two or three clinical and endocrine anomalies:

1. chronic ovulatory disorder (OD) + hyperandrogenism (HA)
+ polycystic ovaries (PCO),

2. chronic ovulatory disorder (OD) + hyperandrogenism (HA),
3. hyperandrogenism (HA) + polycystic ovaries (PCO),
4. chronic ovulatory disorder (OD) + polycystic ovaries (PCO).

The most common subset is the phenotype 1, with 60,2%,
whereas the other groups showed respectively these frequencies:
group 2 with 16,1%, 3 with 18,3%, and 4 with 5,4%. [33]. In many
of these subjects it may be necessary associating to a correct diet
also the intake of dietary supplements containing inositol. Recent
researches and studies have highlighted the relevance of the
supplementation with MI plus DCI at the physiological plasma
ratio of 40:1 in PCOS therapy [7, 10]. This kind of treatment allows
to restore the correct balance between these two molecules in
the body.

Conclusion

Phytic acid is one of the most fascinating bioactive food
compounds and is widely distributed in plant foods. It is an
important source of MI for our organism. Due to its molecular
structure, phytic acid shows a high affinity to polyvalent cations
and interferes in their intestinal absorption.

In countries where the diet is unbalanced this may lead to
serious deficiencies. However, with a well-balanced nutrition
this seems to be a less significant problem.
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These considerations let us to think that PCOS may be a
characteristic syndrome in the industrialized countries. The
modern food processing allows us to have attractive and highly
refined foods that have lost some of their essential nutritional
characteristics.

In industrialised countries the beneficial effect of phytic acid
on the blood glucose and blood cholesterol levels, its anticancer
and antioxidant effect should advise its dietary intake.

Aspects highlighted on the pathogenesis of PCOS and the role
of MI as insulin-sensitizing agent show that the eating habits
of Westernized populations and the quality of the food we eat
expose us to a low intake of phytic acid.

We can conclude that a diet rich in foods containing phytic
acid would help to improve the quality of life of patients with
PCOS, reducing probably its incidence in the population and its
complications in the short and long term. The changes in lifestyle
and eating habits still represent the first-line treatment in PCOS.
Furthermore, we cannot forget the therapeutic efficacy of a
dietary supplement containing MI and DCI, at their physiological
plasma ratio of 40:1, in restoring the correct balance between
these two molecules in the body, mainly in cases such as PCOS.
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