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Lithium, valproic acid and car-
bamazepine are the most used mood stabilizers and
anticonvulsant drugs. They share the depletion of
myo-inositol in the central nervous system as mecha-
nism of action. However, such therapies may expose
patients to several side effects that negatively influence
their quality of life, leading to a poor compliance and a
poor prognosis. Gathering scientific evidence explain-
ing why myo-inositol supplementation may recover
side effects without dampening the central therapeutic
action of these drugs is the purpose of this review.

We reviewed liter-
ature searching through different databases. We used
different keywords, including mood stabilizers, anti-
convulsant drugs, mechanisms of action, inositol de-
pletion, bipolar disorder, and epilepsy.

We reported all the most common compli-
cations in patients taking lithium, valproic acid or car-
bamazepine related to inositol depletion in peripheral
tissues. Interestingly, the efficacy of myo-inositol sup-
plementation in recovering the adverse effects occur-
ring during the treatment corroborates its use in such
patients.

Concerning the chronic use of these
drugs, it is intriguing to explore the role of myo-ino-
sitol supplementation to recover, or altogether avoid,
the emerging side effects without dampening the cen-
tral therapeutic action, thanks to a dosage that poorly
crosses the blood brain barrier.
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Inositols are natural molecules involved in several bio-
chemical and metabolic functions in different organs
and tissues. They are essential components of the cells,
playing crucial roles as second messengers both in se-
veral pathways (cellular growth, signal transmission of
neurotransmitters and hormones, membrane biogene-
sis) and physiological processes, such as reproductive,
endocrine and metabolic pathways. Among the five na-
tural stereoisomers, myo-inositol (myo-ins) is the most
abundant one.

It plays a crucial role also in brain functionality as a
precursor molecule for inositol lipid synthesis, but also
as a physiologically important osmolyte!. As a key pre-
cursor of membrane phosphoinositide and phospho-
lipids, myo-ins is involved in the cell membrane and
myelin sheath structures®: higher levels of inositol in
brain (up to 10 mM), compared to those in cerebrospi-
nal fluid (100-500 uM) or in other tissues’, can correla-
te to the continuous synthesis and turnover of membra-
ne phospholipids, which are needed for both neuronal
plasticity and increased synapse formation*.

Myo-ins levels in brain cells depend on 3 routes:
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(1) recycling of inositol phosphates®, (ii) surrounding
environment inositol transporters®’ or, in the absence
of exogenous inositol, (iii) synthesis de novo, which
is primarily responsible for maintaining intrinsic myo-
ins levels into the brain®. In particular, since the blo-
od brain barrier (BBB) may slow inositol uptake in
brain’, the inositol de novo synthesis and the recycling
of inositol phosphates are the main sources in
cerebral tissue'”.

Inositol phospholipids play a central role in those cel-
lular pathways regulating neuronal function and neu-
rotransmission, such as the ion-channels activation or
the production of the second messengers’. Myo-ins is
involved in the phosphatidylinositol second messenger
system, which plays a crucial role in neurotransmit-
ter systems via two second messengers, diacylglyce-
rol (DAG) and inositol trisphosphate (InsP3). Each
of them, in turn, initiates separate cascades of cellu-
lar events, including the activation of protein kinase C
(PKC) and the mobilization of calcium (Ca?"), respecti-
vely!!.

Excessive activation of the InsP3/Ca?" signalling is one
of the biochemical features of bipolar disorder (BD), a
chronic psychiatric condition characterized by alterna-
ted episodes of extreme mania and depression'?. Such a
condition is often characterized by negative social con-
sequences with increased disability and poor quality of
life (QoL) for both patients and their relatives'>!,

The excessive activation of the InsP3/Ca*" signalling
characterizes the occurrence of manic episodes driving
the neuronal excitatory-inhibitory imbalance with the
overactivation of the neuronal phosphoinositide signal-
ling pathway in patients with BD'®, Several studies in-
dicated altered levels of phosphoinositide and myo-ins
in the brain of patients with BD'®!3: in particular, hi-
gher levels of myo-ins characterize the manic phase',
while lower levels of myo-ins identify the depressive
phases®.

Therefore, most of the drugs used in BD aim to induce
the depletion of inositol, specifically myo-ins, in the
CNS as a mechanism of action, dampening the ove-
ractive InsP3/Ca*" cerebral signalling?'. This therapeu-
tic mechanism of action confirms that the alterations
of myo-ins levels and related pathways are a crucial
therapeutic target in mood disorders.

Mood stabilizers are the gold standard treatment for pa-
tients with BD, either in acute or long-term therapy?.
They aim to keep a balanced mood, even though re-
sidual clinical symptoms and dysfunctions can persist
even during the treatment®.

The main mood stabilizers for the treatment of BD,
include lithium (Li), as the eligible one, and the an-
ticonvulsants, such as valproate (VA), carbamazepi-
ne (CBZ), oxcarbazepine and lamotrigine, along with
some atypical antipsychotics, such as quetiapine, rispe-
ridone, olanzapine, ziprasidone and aripiprazole. Inte-
restingly, even though structurally dissimilar, Li, VA
and CBZ share the depletion of myo-ins in the CNS,
as a common therapeutic outcome among various me-
chanisms of actions®**. These medications act by nor-
malizing the altered phosphatidylinositol cycle activi-
ty observed in patients with BD?, confirming that the
excessive activation of the neuronal phosphoinositide
signalling pathway" is a crucial pathogenetic mechani-
sm. The induced reduction of free intracellular levels of
myo-ins can slow the recycling of inositol-containing
metabolites (phosphoinositides), which are required
for the maintenance and the efficiency of signal tran-
sduction?. This leads to the stabilization of the structu-
ral integrity of neurons and to the enhancement of sy-
naptic plasticity, with a consequent dampening of the
overactive neurotransmission.

Experimental evidence gave rise to the “inositol de-
pletion hypothesis”?, highlighting the depletion of
inositol in overactivated neural circuits as the principal
initial event in the mechanism of action shared by Li
and the most used anticonvulsant drugs?'.

At first, Berridge et al suggested the evidence of the
inositol-depletion mechanism®, with the attempt to
explain the effects of Li on InsP3 mediated signalling.
They highlighted the involvement of the inositol si-
gnalling cellular pathway in the pathogenesis of BD.
Previous studies demonstrated that Li induced a de-
crease in cellular concentration of myo-ins in certain
areas of the brain of patients with BD*® by inhibiting
the two main intracellular routes to produce inositol,
(i) the recycling and (ii) the de novo synthesis of ino-
sitol. Experimental studies further corroborated this
mechanism of action by revealing a reduction of InsP3
levels in rat cerebral cortex slices after Li administra-
tion®'. Allison et al demonstrated that Li administration
induced a 30% decrease of myo-ins levels in rat cere-
bral cortex, which was evident until 6 hours after Li
injection and for 24 hours*.
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Likewise, chronic treatments based on the anticonvul-
sants VA and CBZ induced inositol depletion in the
CNS. VA treatment led to a reduced intracellular basal
concentration of InsP3 observed both in rat and in hu-
man brain®’. Clinical evidence further revealed that VA
is effective both in the manic and in the mixed state of
BD, resulting as a useful mood stabilizer, especially in
those patients not responsive to Li**-4,

CBZ, in turn, causes inositol depletion, possibly by
preventing its proper uptake®. Indeed, all of the three
drugs, Li, VA and CBZ can reduce myo-ins cellular
uptake by inhibiting the Nat+-Myo-Ins transporters
(SMIT1), which is largely responsible for its uptake
from the extracellular fluid into the brain®. They all
targeted SMIT1 mRNA levels as demonstrated both in
astrocytes of murine models and in human astrocytoma
cell lines. However, the effect occurs only after prolon-
ged treatments, underlining that SMIT1 may not be the
primary target of these drugs’’. Even though the effecti-
veness of CBZ in the treatment of patients with BD?>,
a clinical study reported that about 68% of patients tre-
ated with CBZ discontinued treatment early due to the
lack of efficacy or to the occurrence of side effects®.
This evidence underlines that considering the adverse
effects during pharmacological treatments is crucial to
optimize patients’ prognosis.

Indeed, chronic administration of Li, as well as VA
and CBZ, even though it provides beneficial ef-
fects on mood, exhibits a narrow therapeutic win-
dow with some risks and complications. The chro-
nic use of Li, VA and CBZ may expose patients to
peripheral side effects related to several pathologi-
cal conditions, such as Polycystic Ovary syndrome
(PCOS), hypothyroidism, hormonal and metabolic
imbalances, like weight gain, hyperinsulinemia, dy-
slipidaemia*“°. All these pathological conditions can
worsen patients QoL weakening their adherence to
the therapy.

Notably, all these effects correlate with an altered myo-
ins metabolism in the related peripheral tissue. Sher-
man et al reported that the inositol depletion occurring
in the CNS after Li administration correlates with re-
duced levels of myo-ins in peripheral tissues, such as
kidney and testes*!.

The impairment of kidney function occurs in up to
70% long-term patients causing excessive urination
and thirst (polyuria and polydipsia)****. Myo-ins de-
pletion in renal tissue is associated with its increased
degradation in animal models of metabolic diseases,
such as diabetes mellitus, dietary-induced obesity, and
hypertension®. Chang et al demonstrated that myo-ins
depletion is a persistent feature of hypertensive and
insulin-resistant states, correlating with an increased

activity of the myo-ins degrading enzyme, the myo-ins
oxygenase (MIOX).

About a third of patients under chronic Li administra-
tion exhibit cardiac alterations*. Indeed, InsP3 signal-
ling also plays a role in cardiac myocytes, since its al-
terations can cause the initiation and/or progression of
arrhythmias, hypertrophy and heart failure®.

Another target of Li and anticonvulsant drugs is the
thyroid functionality. Indeed, myo-ins is a second mes-
senger of the thyroid-stimulating hormone (TSH)* and
about 20% of patients taking Li exhibit hypothyroidi-
sm*’, while up to 50% may develop goiter. Li may inhi-
bit thyroid hormone release that is a crucial process in
the development of hypothyroidism.

Notably, one of the most common causes of patients’
dropout is weight gain. A meta-analysis on 14 trials
from Gitlin et al demonstrated that patients taking Li
and anticonvulsants exhibit a significant weight gain
(>7 %) compared to those receiving placebo®. Up to
50% of patients taking VA undergoes a significant wei-
ght gain (>10% gain from baseline weight), which in-
fluences treatment acceptability*®.

Furthermore, another side effect, more specific for
VA and CBZ chronic administration®, is the occur-
rence of polycystic ovary syndrome (PCOS)**°!. In a
meta-analysis, the raw incidence of PCOS in VA-tre-
ated women is approximately 1.95-fold than in other
antiepileptic drugs®. VA administration also correlates
with an increase in androgen levels, causing a condi-
tion of hyperandrogenism that is a typical pathologi-
cal feature of PCOS. Interestingly, the hormonal and
endocrine imbalance typical of these patients clearly
correlated to altered inositol metabolism. Patients with
PCOS are generally characterized by an altered ratio
between myo-ins and its stereoisomer, D-chiro-inositol
(D-chiro-ins), in favour of the former. These patients
tend to exhibit insulin resistance, resulting in a redu-
ced intracellular conversion of myo-ins to D-chiro-ins,
which is mediated by an insulin-sensitive epimerase
enzyme>>°. An opposite situation occurs in the ovaries
of patients with PCOS that maintain a normal sensiti-
vity to insulin®**%, thus becoming enriched in D-chi-
ro-ins and depleted in myo-ins. Physiologically ovarian
myo-ins acts as the second messenger of the Folli-
cle-stimulating hormone (FSH) signalling pathway,
while D-chiro-ins is responsible for insulin mediated
androgen synthesis. The latter also inhibits the aroma-
tase enzyme, which is responsible for the conversion
of androgens into estrogens®**’. Therefore, in women
with PCOS the altered ratio occurring in ovaries in
favour of D-chiro-ins promotes hyperandrogenism
and the related features (hirsutism, acne), with a re-
duced efficiency of myo-ins-mediated FSH signalling.
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The observed reduction of estradiol and progesterone
and the increase of testosterone, can induce hypogo-
nadism, resulting in amenorrhea or oligomenorrhea,
along with sexual dysfunction and lower fertility in
these women.

The dermatological adverse effects, mainly acne, nor-
mally occur in the first weeks of the pharmacological
treatment. They are not highly common (3.4-4.5% of
lithium-treated patients), but they contribute to we-
aken patients’ adherence to the therapy and to wor-
sen their QoL*. Li-associated psoriasis has an esti-
mated prevalence ranging from 1.8 to 6% of treated
cases, and it is one of the major reasons for a poor
compliance in patients®': it can make existing psoria-
sis worse and even trigger new cases. Noteworthy, a
recent work by Owczarczyk-Saczonek Agnieszka et
al identified an intriguing role for inositols, in par-
ticular D-chiro-ins, as a local adjuvant treatment
of mild plaque psoriasis, opening novel fields of
application®.

Finally, such drugs may expose to teratogenic risk, in-
creasing the occurrence of neural tube defects (NTDs);
therefore, pregnant women should avoid their use®. In-
terestingly, previous studies revealed a protective role
of myo-ins supplementation during the periconceptio-
nal period in preventing the risk of NTDs, especially
for those folic acid resistant®. Indeed, the active myo-
ins uptake mechanism in the embryonic stages, when
the neural tube is closing, is likely to be an important
determinant of physiological development®*%. Howe-
ver, in clinical practice, women under anticonvulsants
or mood stabilizers are strictly recommended to conco-
mitantly take anti-conceptional drugs in order to avoid
the occurrence of congenital fetal malformations.
Overall, therapies based on mood stabilizers and anti-
convulsants deserve a proper monitoring of side effects,
due to inositol depletion, in order to optimize patients’
compliance and improve the QoL.

Monitoring side effects during the pharmacological
administration of Li, VA and CBZ may optimize the
acceptability and the effectiveness of the therapies in
patients with BD, ensuring the best QoL possible.
Clinical studies highlighted that myo-ins supplemen-
tation led to positive effects in most of the previously
reported pathological conditions due to myo-ins crucial
role in the physiology of the involved tissues.

Regarding thyroid dysfunctions, a recent study from
Nordio et al revealed that the administration of myo-ins
plus selenium is significantly effective in restoring eu-
thyroidism in patients with subclinical hypothyroidism
or autoimmune thyroiditis®.

Furthermore, considering the occurrence of PCOS
phenotype in patients treated with VA or CBZ, several
studies highlighted the beneficial effects of myo-ins
in improving hormonal profile, hyperandrogenism®,
menstrual cycle and oocyte quality in patients with
PCOS®%. In addition, clinical studies pointed out the
beneficial effects of the combination between myo-ins
and D-chiro-ins. The combined ratio of 40:1, in favour
of myo-ins, positively affects the hormonal profile in
overweight women with PCOS™7!, also improving me-
tabolic parameters like levels of insulin, triglycerides,
lipids™ and weight gain. Later studies revealed that the
addition of a-lactalbumin (a-LA) to inositol administra-
tion can optimize the beneficial effects in women with
PCOS, overcoming the common problem of inositol re-
sistance occurring in these patients’. Indeed, in vitro
studies and clinical data corroborated the ability of aa-
LA in improving inositols intestinal adsorption, ensu-
ring a higher effectiveness of inositol-based therapy™.
Overall, the use of myo-ins supplementation is ge-
nerally recognized as safe (GRAS) by experts. Pre-
vious studies reported that a dosage of myo-ins up to
30 grams/daily can induce only mild gastrointestinal
symptoms experienced for the first month, while the
dosage of 4 grams/daily of inositol, which is com-
monly used in clinical practice, is completely free
of side effects™.

However, a crucial point in patients with BD under such
pharmacological therapies is to evaluate whether myo-
ins supplementation may reduce the central pharma-
cological therapeutic effect by increasing the levels of
myo-ins into the brain. Interestingly, some studies ad-
dressed this issue by demonstrating that inositol supple-
mentation can recover some of the unwanted peripheral
effects of Li, without diminishing the beneficial effect
of the pharmacological treatment.

Bersudsky et al reported that inositol supplementation
both in rats and in patients ameliorated Li-induced
polyuria-polydipsia’, which are among the most com-
mon unwanted events. Rats treated with Li and conco-
mitantly with myo-ins, exhibited lower polydipsia com-
pared to controls. Likewise, patients under Li treatment
taking 3 grams/daily of myo-ins exhibited an improve-
ment in polyuria and polydipsia, without any effects on
Li central therapeutic effect’®.

Furthermore, Allan et al demonstrated that myo-ins ad-
ministration in patients with psoriasis under Li treatment
recovered the Psoriasis Area and Severity Index (PASI),
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further helping psoriasis aggravated by the treatment’’.
In this study, fifteen patients with psoriasis, who were
taking Li, were administrated with 6 grams/daily of
myo-ins. Such dosage significantly induced beneficial
effects on the psoriasis phenotype without dampening
the central effect of myo-ins depletion and without any
negative effects on mood disorder. This result suggests
a crucial therapeutic use for inositols, up to 6 grams/
daily, in patients with psoriasis who need to continue
Li treatment for the management of BD. Subsequently,
Kontoangelos et al provided a case report of a bipolar
patient that discontinued Li treatment due to a severe
psoriatic exacerbation. After myo-ins administration
(3 grams/daily), skin condition significantly improved,
while patient’s mood remained stable’. This study de-
monstrated the effectiveness of a lower dose myo-ins
compared to the study of Allan, to recover psoriatic pla-
que phenotype, also in the case of a discontinuous Li
treatment.

Scientific evidence reported that myo-ins is poorly ab-
sorbed from the periphery into the brain, so large do-
ses are required to penetrate into the CNS, when it is
administered exogenously'’. Previous studies on patho-
logical conditions that require higher levels of inositol
in brain, like depression and premenstrual dysphoric
disorder, reported beneficial effects of myo-ins supple-
mentation by using a dosage of 12 grams/daily”. These
data confirm that a high myo-ins dosage is necessary to
cross the BBB.

Noteworthy, the combined ratio of 40:1, in favour of
myo-ins, is effective to recover endogenous conditions,
including metabolic impairments and endocrine altera-
tions, heart defects, thyroid alterations>7#%_ Howe-
ver, as reported in recent reviews®*¢, the iatrogenic de-
pletion of inositols needs a higher amount of inositols.
The tailored combined ratio of 80:1 myo-ins:D-chiro-
ins provides a large amount of myo-ins and an adequate
one of D-chiro-ins immediately functionable, which is
needed for the metabolic boost, thus recovering the al-
tered inositol metabolism. Such ratio may guarantee a
recovery of inositol eumetabolism in patients taking Li,
VA or CBZ, improving those pathological conditions
reported as side effects.

This therapeutic strategy may overcome the iatroge-
nic depletion of inositols bridging the gap in clinical
practice. Such ratio in a clinical dosage of 4 grams/daily
may further improve adherence to the therapy, by coun-
teracting side effects of mood stabilizer-based therapy,
without interfering with the pharmacological therapies
nor worsening patients’ mood.

Li, VA and CBZ are the most used treatments in patients
with BD. They induce the inositol depletion in the cen-
tral nervous system, dampening the overactive InsP3/
Ca* signalling. The “inositol depletion hypothesis” was
put forward to explain the effect of Li and anticonvulsant
drugs on manic depressive psychosis: brain myo-ins le-
vels fall as these drugs negatively affect its biosynthesis
and uptake, confirming the crucial role of myo-ins in the
pathogenesis of BD. However, this depletion may expo-
se patients taking pharmacological therapy to side effects
in peripheral tissues, which share an alteration of inositol
levels as a common feature. Therefore, considering that
myo-ins poorly crosses the blood brain barrier, its admi-
nistration can be useful to overcome, or altogether avoid,
the adverse effects occurring during the pharmacological
treatment without dampening the central positive effect.
The beneficial effects of inositol supplementation on
several pathological conditions, like hypothyroidism,
obesity, PCOS — and concomitantly — the promising
effects of myo-ins on psoriasis and polyuria in patients
taking lithium may open the possibility to counteract
side effects related to the treatment of BD.

Therefore, supplementation of inositols in a controlled
dosage (up to 6 grams/daily), can effectively recover the
adverse effects without hindering the beneficial central
action of the pharmacological treatment. Furthermore,
the safety and the wide use in various pathological con-
ditions make the application of inositols intriguing to
propose as a concomitant supplementation in patients
taking Li or anticonvulsant drugs, with the final aim to
optimize patients’ compliance and their QoL.
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