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Inositol and its derivates are catching interest in metabolism since taking part in several physiological
processes, including endocrine modulation. Through several mechanisms mostly mediated by insulin
signaling, these compounds regulate the activities of several hormones and are essential in oocytes
maturation. It is interesting to point out the contribution of an inositol deficiency in the development of
several diseases, mainly in the metabolic and endocrine setting. Inositols derive from both diet and
endogenous production; among causes of inositol deficiency reduced dietary intake, increased catabo-
lism and/or excretion, decreased biosynthesis, inhibition of gut and cellular uptake and altered micro-
biota could be considered. Mounting direct and indirect evidence suggests that the two main isoforms
(Myo-inositol-inositol, D-chiro-inositol) are implied in glycemic and lipidic metabolism and supple-
mentation yield a beneficial effect on these parameters without hazards for health. Moreover, they have a
role in polycystic ovary syndrome, acting as insulin-sensitizing agents and free radical scavengers,
helping to regulate metabolism and promoting ovulation. The aim of this narrative review is to discuss
the role of inositols in metabolic function disorders paying attention to whether these compounds could
be efficacious and safe as a therapeutic agent with a focus on dietary intake and the role of gut
microbiota.
© 2020 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Inositol and its derivates are attracting increasing interest
because they participate in several physiological processes,
including calcium metabolism, proliferation, endocrine and meta-
bolic modulation, stress response and signal transduction down-
stream neurotransmitter stimulation.1 Inositol is a
hexahydroxycyclohexane alcohol of cyclohexane belonging to the
glucose family.2 Nine stereoisomers are existing3; among them
myo-inositol and D-chiro-inositol are the two main stereoisomers
present in human body.1,3 Both D-chiro-inositol and myo-inositol
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have similar structures, differing in the stereochemistry for one
hydroxyl group. The other isomers are scyllo-inositol, muco-
inositol, L-chiro-inositol, neo-inositol, allo-inositol, epi-inositol,
and ci-inositol.4,5

Although myo-inositol is synthesized both by prokaryote and
eukaryote cells, it is provided to humans through dietary sources as
free forms, as inositol-containing phospholipid, or as phytic acid.1,6

In humans, the biosynthesis of myo-inositol primarily occurs in
the kidney, with a rate approaching 4 g/day. Extrarenal tissues like
the brain, the testis and the liver also contribute to the endogenous
production of inositol.7,8

Transport of inositol compounds from plasma to cells is an
active and saturable carrier-mediated process, following the so-
dium gradient through different channels.1 The main transport
system is represented by SMIT1 and SMIT2.9 However, also SGLT1/2
glucose transporter system is involved, at least in the liver.10

Inositol is incorporated into cell membranes as phosphatidyl-
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myo-inositol, the precursor of inositol triphosphate (IP3), which
acts as second messenger.1,3,11,12

The best-known signaling function for inositol polyphosphate, is
precisely IP3-mediated cytosolic calcium release from membranes
of intracellular calcium storages such as the endoplasmic reticu-
lum.13 IP3 regulates the activities of several hormones such as FSH,
TSH and insulin.1,3,11,12 IP3 is also dephosphorylated to produce free
myo-inositol which can be alternatively derived by recycling
inositol phosphates (InsP).14 Moreover, myo-inositol is essential in
oocytes maturation and it seems to play a role in testes, prostate,
epididymis, seminal vesicles, and seminal fluid, that is one of the
richest sources of inositol.1,3

Myo-inositol can be transformed into D-chiro-inositol by spe-
cific insulin dependent epimerases, and growing data suggest that
these two inositol stereoisomers are both chemical mediators of
insulin actions through different mechanism.1,3

The widespread role of inositols in cell functions, highlights the
contribution of an inositol deficiency in the development of several
diseases. The aim of this review is to discuss the role of inositols in
metabolic function disorders paying attention on whether inositol
could be an efficacious and safe therapeutic agent.

2. Dietary sources of inositol

As introduced previously, inositol is a polyol, natural isomer of
glucose, existing in nature under nine stereoisomeric forms
depending on the spatial orientation of its six hydroxyl groups. It is
a lipotropic compound essential for lipid metabolism, DNA
methylation, and the production of nucleoproteins and mem-
branes.4,5 Myo-inositol is the major nutritionally relevant form of
inositol found in food. In the past, myo-inositol was considered to
belong to the vitamin B family. However, because it is produced by
the human liver and kidney starting from D-glucose at a production
rate of up to 4e5 g/day, it is no more considered as an essential
nutrient.15

Animal food contains mainly inositol in its free form or as
inositol-containing phospholipid (phosphatidylinositol), diversely
plant-derived food contains inositol preferentially as inositol hex-
aphosphate (IP6). IP6 is the primary storage compound of phos-
phorus in seeds. During germination, IP6 is hydrolyzed by
endogenous phytases and other phosphatases to release phos-
phate, inositol and other micronutrients.4,5,15 A western diet has
been estimated to provide about 1 g/day of myo-inositol.1,3 When a
diet is poor in minerals, large quantities of IP6, but not of myo-
inositol, could reduce the bioavailability of Ca, Fe, K, Mg, Mn and
Zn because IP6 phosphates binds to these cations. This event is very
rare when the dietary intake is around 1e2 g/day.15

Myo-inositol is present in greatest amount in fresh fruits and
vegetables, and in seeds (beans, grain, pseudo-cereals and nuts),
mainly in their aleurone layer.16e18 Whole-grain cereals are a
source of myo-inositol.16e18 Oats and bran contain more myo-
inositol than other cereals. Regarding nuts, walnuts, almonds and
Brazilian nuts are the major source of IP6. Leafy vegetables are the
poorest vegetable sources, whereas beans and peas are the richest.
Melon and citrus fruits are also particularly rich in IP6.4 The IP6 in
whole grain (0.1e1.5% on 100 g) is poorly absorbed in humans,
being degraded the 54%e79% in subjects fed whole bread. Differ-
ently, the absorption of free myo-inositol and D-chiro-inositol is
higher.18 However, the total amount of free myo-inositol absorbed
with cereals is influenced by processing methods.4,16 In fact, the
processing of food, like baking or even simple fermentation with
yeast, seems to inactivate most of nutritional-derived phytases.
Furthermore, in humans up to 66% of dietary phytates are hydro-
lyzed in the stomach and large intestine by microbial phy-
tases.4,15,19 Hence, free myo-inositol and D-chiro-inositol are
absorbed depending on the quantity not degraded by microbiota.

Collectively, many factors contribute to inositol deficiency, as
reduced diet intake, increased catabolism and/or excretion,
decreased biosynthesis, inhibition of gut and cellular uptake,
altered microbiota.6 Some of these mechanisms are described in
following chapters.

3. Inositol and the gut microbiota

All living cells (animals, plants, bacteria, fungi) contain inositol
phospholipids in their membranes. Phytic acid, one of the inositol
form, is the main form of phosphorus preservation in many plant
tissues, mainly bran and seeds.5 Myo-inositol, starting from phytic
acid (inositol hexaphosphate or IP6), can be released into the in-
testine of monogastric animals by the activity of enzymatic phy-
tases, a process that occurs in the intestinal mucosa.4,15,20 Phytases
(myo-inositol hexaphosphate phosphohydrolase) are found in
plants, microorganisms, including bacteria, and animal tis-
sues.16,17,18 It can release free inositol, orthophosphate and inter-
mediate products including forms of inositol. Although inositol
forms partly derive from bacterial phytases, scant data are available
in the literature on microbiota modulation due to the inositol
administration. To date, results are available from only three papers
on rats fed different types of diet and from another study on laying
hens. The first study21 described the effects of a diet supplemented
with 2% sodium phytic acid 0.4% myo-inositol, or 1.% sodium phytic
acidþ0.2%myo-inositol given for 3weeks, comparedwith a control
diet. The authors documented that dietary phytic acid was able to
up-regulate cecal production of microbial short chain fatty acids,
particularly n-butyrate, significantly more than the phytic
acid þ myoinositol-containing diet. This response was associated
with parallel changes in microbiota composition. In fact, the cecal
ratio of Lactobacillales, cecal and fecal mucins, and fecal b-glucosi-
dase activity were higher in rats fed a diet containing sodium phytic
acid than those fed acontrol diet.21

A second study demonstrated that dietary phytic acid prevents
fatty liver disease in rats fed a high-sucrose diet (HSC), and that the
presence of undigested phytic acid products may have beneficial
effects on gut microbiota.22 The effects are similar to those
demonstrated in animals fed a diet rich in fiber or oligosaccharides.
When compared to a high-starch diet (HSR), the HSC diet signifi-
cantly increased liver weight, total lipid and triacylglycerol levels,
as well as liver expression of lipogenic enzyme genes. However,
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these metabolic alterations were suppressed by dietary phytic acid.
Moreover, the intake of phytic acid increased the fecal ratio of
Lactobacillus spp., reduced Clostridium cocoides, suppressed the
increase in the ratio of C. leptum induced by the HSC diet, and did
not impact Bacteroides. Therefore, the authors22 suggested the ex-
istence of a relationship between the hepatic activity against fatty
liver of dietary phytic acid and the changes of the intestinal
microbiota, at least in rats fed a HSC diet.22 A third study23

confirmed that dietary phytic acid or myo-inositol suppresses the
hepatic expression of lipogenic genes and their involvement in the
modulation of intestinal microbiota in rats fed a HSC diet but not in
those receiving a HSR diet. Cecal short chain fatty acids, which are
produced by bacterial fermentation, influenced hepatic lipogenesis
and cholesterogenesis, and increased fecal and cecal percentage of
Lactobacillus spp., a finding that agrees with previous reports after a
diet rich in phytic acid or myo-inositol.22,23 These results suggest
that both dietary phytic acid and myo-inositol normalize hepatic
triglycerides concentration as well as the activity and expression of
hepatic lipogenic enzymes in rats fed a lipogenic diet through a
concomitant improvement in microbiota composition. Because
phytic acid and myo-inositol effects are parallel, the myo-inositol
ring of phytic acid can be responsible for the effects of dietary
phytic acid intake on the metabolism of liver lipids and on the in-
testinal microbiota.23

Interestingly, diet also has an essential influence on the estab-
lishment of the cecum microbial communities in poultry, so its
supplementation with additives, such as probiotics (2 g/kg of
addition of phytic acid), prebiotics, and symbiotics has been
claimed to improve animal health.20 Olsenella spp., and Lactoba-
cillus crispatus increased their abundance in prebiotic and symbi-
otic treatments in this animal model. Furthermore, metagenomes
revealed that the genes encoding for the metabolism of butanoate,
propanoate, InsP, and galactose were more abundant during a
prebiotic diet. These findings supported a role for gut microbiota in
the InsP degradation and phosphorous release derived by the
diet.20

In exploring genes that clustered in the same structural genomic
variant, Zeevi and coworkers24 uncovered several possible mech-
anistic links between the microbiome and its host: for example, a
region in Anaerostipes hadrus that encodes a composite inositol
catabolism-butyrate biosynthesis pathway, correlated with the
host lower risk to have metabolic diseases. The positive energetic
effect yielded by the catabolism of myo-inositol, in combination
with glycolysis, the synthesis of Acetyl CoA, and the synthesis of
butyrate was hypothesized to benefit the overall energy meta-
bolism of A. hadrus.24 This interesting study suggests that what has
been shown in studies in rats fed diets using different carbohydrate
contents and supplemented with myo-inositol can be effectively
confirmed in humans.

Together, these findings suggest that diet composition of the
host, in terms of different carbohydrate contents as well as phytic
acid and myo-inositol intake, has a metabolic role in concert with
gut microbiota. However, given the few studies available in the
literature, further studies will be needed to confirm the causal re-
lationships between inositol uptake, microbiome modulation and
metabolic effects.

4. Inositol and insulin signaling

Insulin increases glucose uptake from the bloodstream and
metabolism in peripheral tissues. The first step of insulin signaling
is the phosphorylation of the tyrosine kinase receptor and its
substrates. A cytoplasmic secondmessenger is generated in parallel
with the phosphorylation events initiated by the tyrosine-kinase
receptor. The phosphorylation network and the second
messenger pathway are both required to fully account for insulin
effects.25

In the classic model of insulin signaling phosphorylation of in-
sulin receptor substrates, phosphoinositide 3 kinase (PI3K) and
protein kinase B/Akt (PKB/Akt) account for the most intracellular
actions of insulin. Moreover, insulin stimulates both cellular
glucose uptake and glycogen synthesis, but these actions some-
times occur disconnectedly, suggesting other signaling pathways
connecting activation of insulin receptor to glucose uptake.
Consequently, second messengers of insulin as inositol phospho-
glycans (IPG) have been discovered.5

Under insulin stimulation and activation of a phosphatidyl-
inositol phospholipase C, liver plasma membranes release IPG
containing either myo-inositol or D-chiro-inositol. While D-chiro-
inositol (also named inositol phosphoglycan-phosphatase stimu-
lator) promotes the activation of pyruvate dehydrogenase (PDH)
phosphatases (PDHP) and PDH, myo-inositol (also named inositol
phosphoglycan AMP kinase inhibitor) inhibits both protein kinase
A and adenylyl cyclase. Both types of IPGs have been shown to exert
an insulin-mimetic activity, acting as second messengers down-
stream of insulin receptors. Upon insulin receptor activation, IPGs
are released outside the cell and re-uptaken by an ATP-dependent
inositol glycan transporter, activating cytosolic phosphoprotein
phosphatase 2C-a (PP2Ca) and mitochondrial PDH. This enhances
oxidative glucose metabolism along the tetracarboxylic acid cycle.
Activated PP2Ca stimulates glycogen synthase both directly and
indirectly, through the PI3K/Akt pathway. Activation of Akt in-
activates glycogen synthase kinase-3, enhancing glycogen synthase
activity, and increases GLUT-4 translocation and glucose uptake.
Upon insulin stimulation, myo-inositol is converted by a specizc
epimerase into its D-chiro-inositol isomer.25,26 Inositol isomeriza-
tion occurs at phospholipid level where (3H)-myo-inositol phos-
pholipids are converted into (3H)-D-chiro-inositol in 15 min after
insulin stimulation. Myo-inositol epimerization is severely
impaired when muscle, fat, and liver become insulin resistant.
Intriguingly, a reduced D-chiro-inositol/myo-inositol ratio has been
proposed to reflect the degree of insulin resistance.27

D-chiro-inositol is depleted in muscles and reduced in urine of
patients with type 2 diabetes (DM2). Differently, urinary loss of
myo-inositol is increased, probably depending on glucose-
mediated inhibition of renal myo-inositol re-absorption.13 A
shortage of myo-inositol impacts negatively on D-chiro-inositol
levels worsening insulin resistance.1,2

It is still unclear if insulin resistance depends on a reduced
content of membrane-bound IPGs, a primary defect in IPG release,
or impaired epimerase activation downstream of insulin stimula-
tion leading to a reduced D-chiro-inositol intracellular availability.
While insulin-resistant tissues suffer from a general depletion of D-
chiro-inositol due to the reduced epimerization of myo-inositol,
other tissues that retain an adequate insulin sensitivity, like the
ovary, display increased levels of D-chiro-inositol but reduced
levels of myo-inositol, due to its enhanced epimerization.25 The
increased availability of D-chiro-inositol in these tissues leads to
several biological dysfunctions that are partially unexplained. For
example, polycystic ovary syndrome (PCOS) has been associated
with the increase in the D-chiro-inositol/myo-inositol ratio within
the ovary but not in other tissues.1,3,25

The relationship between different isomers of inositol and their
glycan derivatives is still unclear and in-depth studies are war-
ranted to fully understand the role of inositol and IPG in insulin
signaling.25

5. Inositols in polycystic ovary syndrome and fertility

PCOS is a common disease that affects 5e21% of women during
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their reproductive age,28 and is characterized by two of these three
conditions according to the Rotterdam criteria: (i) chronic anov-
ulation disorder (oligo- or anovulation up to amenorrhea); (ii)
clinical (acne, hirsutism) or biochemical signs of hyper-
androgenism; and (iii) presence of micro polycystic ovaries at ul-
trasound or presence of 12 or more follicles with a diameter of
2 ± 9 mm in each ovary, and/or increased ovarian volume
(>10 ml).29 It is the most common cause of infertility secondary to
ovulatory dysfunction.

The exact etiology of this disorder remains largely unknown,
although it is recognized that ovarian hyperthecosis, increased
androgens, insulin resistance, genetic and environmental factors all
play a role in the pathophysiology of this syndrome.29 Insulin
resistance is a critical point in the pathogenesis of PCOS in a large
subset of patients and it is associated with metabolic morbidities as
well as reproductive dysfunction.29 Insulin contributes to hyper-
androgenism in PCOS by stimulating androgen production and
secretion by the ovarian theca cells and promoting a rise in glucose
blood levels. The disorder coexists with a decreased hepatic syn-
thesis of sex hormone-binding globulin (SHBG), which increases
the circulating levels of free androgens. It has been postulated that
a defect in the post-receptor transport of glucose and selective
resistance to metabolic actions of insulin may be responsible for
hyperinsulinemia in these patients.29,30 The well-known associa-
tion between hyperinsulinemia, hyperandrogenism, and ovulatory
dysfunction in PCOS formed the basis for pharmacological treat-
ment with insulin-sensitizing agents such as inositol, which have
been demonstrated effective in improving insulin resistance as well
as ovarian functions in these women.29,30

The inability in PCOS tissues to synthesize or metabolize inosi-
tols adequately may contribute to insulin resistance and hyper-
insulinaemia.31 Hyperinsulinemia, in particular when observed in
lean PCOS patients, should be explained by a reduced function/
expression of epimerases, which converts myo-inositol to D-chiro-
inositol allowing post receptor transduction.26 These findings are
supported by the evidence that also healthy siblings of patients
with type 2 diabetes have an imbalance in myo-inositol conversion
to D-chiro-inositol, expressed as myo-inositol-to-D-chiro-inositol
ratio, suggesting that altered specific epimerase activity is a
player in the development of insulin resistance and family predis-
position to altered glucose levels.25,26 Since deficient IPG second
messenger pathway could be at the basis of the hyperinsulinaemia,
inositols are supposed to be therapeutic for PCOS because they act
as insulin-sensitizing agents and free radical scavengers, helping to
regulate metabolism while promoting ovulation.32 In fact, PCOS
women have reduced serum level and increased urinary loss of D-
chiro-inositol and urinary clearance of this compound was
inversely correlated with insulin sensitivity.33,34 Following these
assumptions, it has been established that PCOS is characterized by a
dysregulation of inositol metabolism,35 providing a mechanistic
link between inositol deficiency and insulin resistance in PCOS.35

Since IPG signaling pathways are involved in insulin-mediated
thecal biosynthesis of androgens, a defective conversion of myo-
inositol to D-chiro-inositol in PCOS patients may also contribute
to hyperandrogenism.32 Indeed, administration of D-chiro-inositol
at low doses has been shown to decrease insulin resistance and
serum androgens and improve ovulatory frequency.31,32,36,37

In a first work, Nestler et al.37 administered 1200 mg of D-chiro-
inositol to PCOS obese patients for 8 weeks demonstrating an
improvement in insulin sensitivity as well as free testosterone
concentrations. Ovulation was restored in a higher percentage of
these patients, and similar results were observed also in lean PCOS
patients.38 When higher doses of D-chiro-inositol were adminis-
tered, no significant improvement was observed in PCOS patients,
suggesting that it was not a simple problem of nutritional
deficiency. However, when administered at a dose as high as
2400 mg/day the efficacy was again demonstrated.36

The combined administration of myo-inositol and D-chiro-
inositol in a 40 to 1 ratio, which seems to be the physiological
plasma ratio, ensures better clinical results in the setting of treat-
ment of PCOS women.32

While several studies have analyzed the effectiveness of myo-
inositol and D-chiro-inositol in PCOS, either given alone or in
combination, only two studies have compared the effects of myo-
inositol and D-chiro-inositol, finding that they seem to exert
comparable effects.32,39

Focusing on metabolic parameters, inositol isoforms were
shown effective in improving the glucose metabolism and the lipid
profile of obese PCOS women thus reducing the cardiovascular
risk.40,41 D-chiro-inositol was efficacious in decreasing blood
pressure and triglyceride concentrations.37 Myo-inositol treatment
was demonstrated to be effective in reducing metabolic and
oxidative abnormalities in PCOS patients by improving insulin
resistance with a significant reduction also in glucose and C-pep-
tide levels.37,42,43 Minozzi et al.44 reported a higher reduction of
homeostatic model assessment-insulin resistance (HOMA-IR) after
a 12-month combination therapy with myo-inositol and an oral
contraceptive as compared to the oral contraceptive alone. The
combination of myo-inositol/D-chiro-inositol induced an
improvement of LDL-cholesterol, HDL-cholesterol, triglycerides40

and the association seemed twice more effective in reducing
HOMA-IR than myo-inositol alone.45

Results of inositols on body weight in PCOS patients are not so
concordant. In fact, while some studies found significantly
decreased BMI following myo-inositol treatment,32,46,47 Genazzani
et al.42 showed a non-significant change of BMI, although insulin
sensitivity and hormonal parameters were improved. Moreover,
the positive effects of inositol on metabolic parameters were not
observed in patients with morbid obesity (BMI>37 kg/m2) and an
inverse relationship between BMI and treatment efficacy was
described.32,48 However, the association of myo-inositol and D-
chiro-inositol seems to accelerate weight loss and fat mass reduc-
tion with a slight increase of lean mass, and this treatment con-
tributes in restoring of the menstrual cycle.49

Attention has recently focused on the combination of inositol
treatment with alpha lipoic acid (ALA). Using doses as low as 1 gr of
myo-inositol combined with 400 mg of ALA improved insulin
sensitivity and hormonal parameters in PCOS, overcoming the
blunted response observed in some PCOS individuals with family
predisposition to DM2.50,51 Increasing evidence suggests that
oxidative stress-related hyperglycemia downregulates the expres-
sion of the lipoic acid synthasewhich is responsible of the synthesis
of ALA inside the mitochondria of mammalians. A reduced ALA
synthesis contributes to insulin resistance by lowering glucose
uptake through a decrease of AMPK and, therefore, GLUT-4 in
skeletal muscles.50,51,52 Indeed, the choice of inositol supplemen-
tation and its co-administration with other food supplements
active on insulin signaling should be carefully considered in respect
to the phenotype of patients, and pursue further research on this
topic.

By reducing insulin resistance, inositol is effective in reducing
androgen concentrations and improving menstrual regularity. The
efficacy of myo-inositol treatment on the improvement of gonadal
parameters such as LH levels, the LH/FSH ratio, as well as prolactin
and testosterone levels, has been repeatedly demonstrated.42,43 In a
study on 46 hirsute women, Minozzi and colleagues40 observed
that myo-inositol therapy given at a dose of 2 g/day for 6 months
decreased hirsutism as well as total androgens, FSH and LH, while
increase in estradiol concentrations. Some also suggested thatmyo-
inositol could be more effective than metformin in reducing
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testosterone and hs-CPR levels, as well as the Ferriman-Gallway
score, irrespective of circulating insulin levels.53 Favorable results
have been also reported by Genazzani et al.54 in a group of over-
weight/obese PCOS patients receiving 500 mg/day D-chiro-inositol
for 12 weeks; after treatment, improvements in LH, FSH and an-
drostenedione levels, as well as in the GnRH-induced LH response
was observed. Moreover, daily D-chiro-inositol administration for a
maximum of 15 months increased the percentage of women
reporting regular menstrual cycles, proportionally to the duration
of the treatment. In the same study, D-chiro-inositol administration
modulated the secretion of anti-mullerian hormone.55 Also when
given in combination, myo-inositol and D-chiro-inositol treatments
were associated with a decrease in free testosterone, LH, FSH, an
increase of serum SHBG, and an improvement in skin conditions.56

Some studies have demonstrated that myo-inositol treatment in
patients with PCOS improved fertility.57,58 The positive pro-
ovulatory effect of inositol was demonstrated both when
compared to placebo47,48 and metformin.57 In an observational
study performed on more than 3000 infertile women with PCOS, a
treatment with myo-inositol and folic acid restored ovulation in
70% of women and promoted 545 pregnancies.59 In fact, myo-
inositol was shown to be essential for proper oocyte maturation,
and a direct correlation was found between myo-inositol concen-
tration in the follicular fluid and increasing oocyte quality.31

Additionally, myo-inositol increased the total number of retrieved
oocytes and improved oocyte quality in assisted reproduction
procedure, while reducing the average number of immature oo-
cytes.31 Focusing on in vitro fertilization in PCOS, the combined
treatment of myo-inositol and D-chiro-inositol was able to improve
oocyte and embryo quality, as well as pregnancy rates.31,32

Although these clues are encouraging, it is worth mentioning that
as the fertility-promoting effects of myo-inositol in some studies
are possibly flawed by coadministration of other supplements,
mainly folic acid.59 Indeed, larger studies are warranted to sub-
stantiate these promising evidences.

We can thus summarize that PCOS is an endocrine and repro-
ductive disorder that is frequently associated with abdominal
adiposity, insulin resistance, obesity, metabolic disorders and car-
diovascular risk factors. The etiology of this syndrome remains
largely unknown, but mounting evidence suggests that PCOS could
be linked to a dysregulation of inositol metabolism, justifying the
use of inositols in these patients.

6. Inositol and diabetes mellitus

Inositols have long been identified as possible mediators of in-
sulin action and mechanism of insulin resistance in DM2 as well as
gestational diabetes mellitus (GDM). Following its conversion
in vivo from myo-inositol, D-chiro-inositol acts by enhancing the
activity of proteins involved in intracellular glucose metabolism
and activates rate-limiting enzymes (i.e., pyruvate dehydrogenase
phosphatase and glycogen synthase) during insulin-mediated
glucose metabolism, thereby accelerating insulin action in
insulin-sensitive tissues.1,5,25,60 However, in the setting of insulin-
resistance and DM2 a reduction of myo-inositol re-absorption is
observed at the kidney level, which causes consequent urinary
losses of myo-inositol.1,25 This urinary loss results from hyper-
activation of renal-specific oxidoreductase/myo-inositol oxygenase
(RSOR/MIOX) via transcriptional/translational events and reduced
tubular uptake of myo-inositol in condition of hyperglycemia and
oxidative stress.1,25,61e63 Hyperglycemia-related depletion of myo-
inositol occurs also in insulin-sensitive tissues (liver, muscle, fat
and kidney) as well as at the cellular level, where an impairment of
physiological processes relating to myo-inositol uptake, de novo
biosynthesis, phosphoinositide-cycle regeneration, efflux and
degradation occurs.1,5,25,64 Moreover, a 2e3 fold decreased epim-
erase activity has been described in target tissues of insulin action
in GK rats. This could justify the decrease of the content of D-chiro-
inositol and of its ratio relative to myo-inositol that has been
observed in animal tissues, in postmortem tissue specimens of
diabetic individuals, and in relation to insulin resistance in siblings
from families with predisposition to DM2.26,65,66 It has been addi-
tionally suggested that abnormality in myo-inositol metabolism
could be linked to the development of microvascular complications,
abnormal nerve conductivity and kidney fibrosis associated with
DM2.

The role of inositols, particularly myo-inositol, in regulating
pathways related to DM2 has been also investigated in interven-
tional studies. In animals and humans studies, inositol supple-
mentation demonstrated that the risk of DM2 is significantly
reduced by diets rich in fibers as well as by meal plans rich in fresh
fruit/vegetables, legumes, whole grains, nuts and seeds, all of which
are high in myo-inositol content.16,67 Myo-inositol has been shown
to inhibit intestinal glucose absorption and promote muscle
glucose uptake in rats,68 while a D-chiro-inositol-derivative glycan
originally isolated in beef liver has been shown to act as an insulin
mimetic and sensitizer, decreasing body weight and food intake
when administered intracerebroventricularly in mice.69 In humans,
clinical trials demonstrated that both myo-inositol and D-chiro-
inositol possess insulin-mimetic properties and improve insulin
sensitivity in metabolic conditions associated with insulin resis-
tance other than PCOS. At doses ranging between 2 and 10 g/day
with or without D-chiro-inositol supplementation, myo-inositol
has favorable effects on glucose and insulin homeostasis, lipid
profile and arterial blood pressure in people with prediabetes or
dyslipidemia, as well as in women with GDM or postmenopausal
metabolic syndrome. A pilot study in patients with incompletely
controlled DM2 found that myo-inositol and D-chiro-inositol, given
at relatively small doses (550 mg and 13.8 mg/day, respectively) for
three months, observed a significant reduction in fasting glucose
and HbA1c levels compared to baseline, devoid of changes in
arterial blood pressure, lipid profile, and BMI levels.70 In a recent
meta-analysis and systematic review, myo-inositol given at doses
ranging 600e4000 mg showed to promote a reduction in fasting
and post-OGTT plasma glucose, as well as improvements in glucose
intolerance and insulin resistance independent of effects on body
weight, HbA1c and insulin needs.71 Also, myo-inositol supple-
mentation has been proven to be particularly useful in non-
pharmacological management of GDM. A secondary analysis of 3
randomized controlled trials found that myo-inositol supplemen-
tation reduced the risk for GDMdiagnosis by 64% and decreased the
risk for macrosomia and preterm birth by 62% and 56%, respec-
tively, without harms for the fetuses.72 Because urinary myo-
inositol loss occurs in DM2 and insulin resistance,1,6,25,61,62 a
further application of myo-inositol is diabetic nephropathy that is
characterized by thickening of basement membranes, mesangial
expansion with progression to glomerulosclerosis, tubular atrophy,
and interstitial fibrosis, finally resulting in renal failure. Although
convincing studies on the involvement of myo-inositol depletion in
diabetic nephropathy are present, results of trials in humans are
still lacking.

These direct and indirect evidences suggest that myo-inositol
(and D-chiro-inositol) supplementation yields a beneficial effect
on glycemic parameters of people at risk for or with DM2 without
hazards for health.

7. Inositols and dyslipidemia

As mentioned above, the insulin-mimetic properties of myo-
inositol and D-chiro-inositol supplementation could also
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represent a potential tool to control lipid profile in combination
with lifestyle modification and pharmacological therapy.

Obesity, metabolic syndrome and PCOS are well known to be
associated with hypertriglyceridemia and hypercholesterolemia,
and hypertriglyceridemia is per se well correlated with insulin
resistance and DM2.

Many studies have been conducted to determine whether
inositol supplementation had any effect on lipid profile in pop-
ulations with metabolic diseases.73 Even though most studies
demonstrated the beneficial effects of inositol supplementation on
lipid profile in patients with metabolic syndrome or PCOS, findings
are still controversial.37,38,74,75

Several randomized controlled trial (RCTs) have been so far
conducted to investigate the role of both myo-inositol and D-chiro-
inositol supplements on lipids.73,76e78

A decrease in triglycerides and an increase in HDL-cholesterol
levels were shown in postmenopausal women with metabolic
syndrome taking a combination of inositol and alpha lipoic acid,76

as well as in early postmenopausal women affected by metabolic
syndrome taking myo-inositol.76 Moreover, Kim et al.77 demon-
strated that soybean-derived pinitol (D-3-O-methyl-Chiro-Inositol)
supplementation in patients with DM2 decreased total-, LDL-, LDL/
HDL-cholesterol ratio, and increased HDL-cholesterol, but did not
affect triglycerides levels.

A recent systematic review of RCTs73 conducted in populations
with metabolic diseases showed that inositols supplementation
results in an improvement in triglycerides, total- and LDL-
cholesterol levels, with no apparent effects on HDL-cholesterol
levels. Noticeably, favorable effects of inositols supplementation
on HDL-cholesterol levels were also observed in patients with
PCOS.73 Moreover, Shokrpour et al.,78 recently compared the effects
of 12 week myo-inositol and metformin administration on glyce-
mic control, lipid profile, as well as gene expression related to in-
sulin and lipid metabolism in women with PCOS, and found
beneficial effects on triglycerides and VLDL-cholesterol levels,
without modifications of LDL- and HDL-cholesterol or LDLR
expression.

Several mechanisms have been proposed to explain the possible
effects of inositols on lipid profile.

First, the decrease in insulin resistance following the intake of
inositol. In addition, lipid metabolism might improve through
lowering visceral fat weight, hepatic lipid accumulation and insulin
secretion, as well as by increasing adiponectin concentrations.73 In
fact, 8-weeks myo-inositol supplementation in women with GDM
increased adiponectin levels79; moreover, Gerli et al.48 described a
significant weight loss and leptin reduction following myo-inositol
administration, that might led to an improvement in lipid profile.

8. Inositols as food supplements

Based on the findings above commented, it seems that
consuming extra inositols has therapeutic potentials in several
metabolic diseases.

Studies investigating this topic have employed different forms,
combinations, and dosages of inositols with variable results. With
regard to dosing, supplements usually contained no more than
2e4 g/day of inositol content, although studies in patients with
depressive disorders used much larger doses of up to 12e18 g/day,
without reporting significant adverse events while showing addi-
tional clinical benefits.80 The main side effects reported were
nausea, flatus, and diarrhea secondary to the highest dose of myo-
inositol (starting from 12 g/day).71,80 Some authors seem to favor
supplements containing D-chiro-inositol, while others question
this option and, rather, stress the disadvantage relating to D-chiro-
inositol inability to be converted in myo-inositol.81 It has been
argued that a myo-inositol/D-chiro-inositol ratio of 40 : 1 repre-
sents more closely the physiological condition because it reflects
what we can find in the plasma.70 However, uncertainties still
remain relatively to intracellular balance, target tissue distribution,
clearance, interactions with food minerals, and plasmatic and uri-
nary measurements of the different inositol forms. Furthermore,
most of the trials did not consider the daily intake of inositols and
phytates with the diet, making difficult to understand if a threshold
effect for different forms exists. It can be speculated that low and
high dietary intake of inositol could have an impact, especially in
studies using relatively low supplementation doses (1.2e2 g/day).
Also, food supplements containing inositol frequently include
combinations of functional molecules such as folic acid, melatonin,
vitamin D, vitamin E, or ALA making it difficult to decipher the
specific action of inositol itself.

9. Conclusions

Isoforms of inositol are polyols present in both prokaryotic and
eukaryotic cells and are components of manymolecules and second
messengers, making them essential for numerous biological pro-
cesses. Inositol-deficient diets or alterations in its metabolism are
potentially associated with several diseases, particularly metabolic
disorders where inositol is implicated in insulin function. Since
inositol isoforms are putative mediators of insulin action, their
deficit or unbalance in insulin target tissues could participate in the
development or progression of insulin resistance. Some tasks
should be focused on future research. Investigations are required to
decipher the exact molecular mechanisms of action of isoforms,
mainly myo-inositol and D-chiro-inositol. The interaction with diet
and microbiota is also a critical challenge to determine supple-
mentation rate, isomers and dose range to use. Moreover, shaping
microbiota to potentiate inositol production by a daily natural diet
is an interesting field. Yet another challenging question in investi-
gating the functional inositol benefits is constituted by gender
medicine, since inositols have been more investigated in females
than males, and open issues remain on gender-dependent dosing
and efficacy. Larger appropriately designed studies on both genders
are warranted to thoroughly exploiting the potentiality of inositol
in the diet or as a food supplement for the prevention or treatment
of insulin-related metabolic diseases.
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