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Myo-inositol soft gel capsules
may prevent the risk of
coffee-induced neural tube defects

Sara De Grazia, Gianfranco Carlomagno', Vittorio Unfer & Pietro Cavalli
YA.G.UN.CO., Obstetrics and Gynecology Center, Gennaro, Rome, Italy

Objective: Neural tube defects (NTDs) are classified as folate sensitive (about
70%) and folate resistant (about 30%); although folic acid is able to prevent
the former, several data have shown that inositol may prevent the latter.
It has recently been proposed that coffee intake might represent a risk factor
for NTD, likely by interfering with the inositol signaling. In the present
study, we tested the hypothesis that, beside affecting the inositol signaling
pathway, coffee also interferes with inositol absorption.

Research design and methods: In order to evaluate coffee possible negative
effects on inositol gastrointestinal absorption, a single-dose bioavailability
trial was conducted. Pharmacokinetics (PK) parameters of myo-inositol (MI)
powder and Ml soft gelatin capsules swallowed with water and with a single
‘espresso’ were compared. PK profiles were obtained by analysis of MI plasma
concentration, and the respective Ml bioavailability was compared.

Results: Myo-inositol powder administration was. negatively affected by
coffee intake, thus suggesting an additional explanation to the interference
between inositol deficiency and coffee consumption. On the contrary, the
concomitant single ‘espresso’ consumption did not affect Ml absorption
following MI soft gelatin capsules administration. Furthermore, it was
observed that MI soft gelatin capsule administration resulted in improved
bioavailability compared to the Ml powder form.

Conclusions: Myo-inositol soft gelatin capsules should be considered for the
preventive treatment of NTDs in folate-resistant subjects due to their higher
bioavailability and to the capability to reduce espresso interference.
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1. Introduction

Neural tube defects (NTDs) are severe birth defects with a multifactorial
aetiology involving both genetic and environmental factors [1,2] that arise from
failure of embryonic neural tube closure occurring within 8 weeks from concep-
tion. Despite periconceptional administration of high doses, folic acid can
prevent approximately 70% of all NTDs cases (MRC trial), whereas 30% of
NTDs appear unresponsive to folic acid intake, suggesting that a proportion
of human NTDs should be considered folate-resistant. Due to the absence
of a preventive therapy for this class of subjects, an alternative therapeutic
solution is needed to prevent those NTDs that do not respond to folic
acid supplementation.

The role of myo-inositol (MI) in neural tube development has been shown in
several studies [3-5], and the hypothesis that the disruption of inositol signaling might
be responsible for the NTDs has been suggested by experimental models; among
these, the curly-tail strain is a genetic model of folate-resistant NTDs; the mutation
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Article highlights.

e Maternal caffeine intake increases the risk of neural
tube defects.

« Coffee consumption impairs myo-inositol absorption.

 There are evidence that myo-inositol is able to prevent
folate-resistant NTD.

 Soft gel caps are able to prevent myo-inositol impaired
absorption induced by espresso.

This box summarizes key points contained in the article.

induced in this strain closely resembles human NTDs in form
and structure, axial location, sex bias and high levels of alpha-
fetoprotein in the amniotic fluid (4,5]. Furthermore, folic acid
supplementation (or several of its metabolites) is not able to
prevent NTDs in curly-tail mice [4,5].

Studies performed on the murine model of folate-resistant
NTDs showed that the majority of NTDs in this animal
model can be prevented by MI administration [6,7]. Moreover,
MI has been found to be effective in preventing NTDs in
diabetic rats ().

In humans, significantly lower MI blood levels have been
reported in mothers carrying NTD fetuses compared to
healthy pregnancies and mothers with low blood levels of
MI have an increased risk of an affected offspring [9-11].
Furthermore, MI supplementation has been associated with
a consistent reduction of the recurrence risk for NTDs in
humans [12,13], thus suggesting that at least some types of
human NTDs can be prevented by MI supplementation.

Two pilot studies performed on patients with a high risk of
recurrence for NTDs have shown that periconceptional
treatment with 500 - 1000 mg/day of MI (three months
before conception and two months after) can reduce the
risk of recurrence for NTDs [12,13].

Moreover, it was recently proposed the hypothesis that
caffeine, another risk factor for NTDs, may exert that specific
teratogenic effect by a mechanism that involves the intracellular
pathway of inositol [14].

If so, it could be important to find and describe the possible
interactions between inositol and espresso intake, thus
explaining at least part of the complex pathogenesis of
multifactorial NTDs.

Caffeine intake is considered among the risk factors
connected with NTDs. Indeed, a population study [15]
identified a positive association between total maternal
caffeine intake and spina bifida. Caffeine is rapidly absorbed
and because of the absence of cytochrome P450 1A2 in the
placenta and the fetus, the amount of caffeine and meta-
bolites available to the fetoplacental unit depends entirely
on maternal metabolism [16,17].

Although genetic variability in metabolizing enzymes and
environmental factors are considered as a basis to clarify the
association between increased occurrence risk of NTDs
and caffeine intake, an additional explanation involving

inositol metabolism has also been suggested. Inositol isomer
MI is a precursor in the phosphatidylinositol cycle, in
which the second messengers diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP3) regulate calcium release
from intracellular stores.

It was reported that caffeine inhibits the activity of IP3-gated
calcium channels in neuronal tissues in a non-cooperative
fashion (18] as well as the activity of IP3-generated calcium
receptors in smooth muscle cells and cultured mammalian
cells [19]. Therefore, caffeine intake was supposed to be
associated with an effect mimicking inositol deficiency [13].

It has been reported that caffeine intake interferes
with the absorption of several substances and impairs the
bioavailability of many drugs [20-22].

For instance, L-thiroxine was recently added to the list of
compounds whose intestinal absorption is tempered by the
concomitant consumption of coffee [23].

It is still unknown, however, whether pre-conception
caffeine intake interferes with prophylactic therapy for NTDs.

The aim of the present study was to investigate whether
coffee intake, which is one of the factors that increases NTDs
risk, might be related to MI deficiency or malabsorption.

To get more information about the possible negative effect
of a single ‘espresso’ coffee consumption, a single-dose relative
trial on healthy volunteers was performed.

A secondary endpoint of the study consisted in the
evaluation of a possible different interference related to MI
pharmaceutical forms. In particular, MI powder and a newly
developed MI soft gel capsule form were administered and
variations of the relative bioavailability after espresso intake
were compared.

2. Materials and methods

2.1 Patients and methods

The study involved 12 healthy volunteers enrolled at the
AGUNCO Obstetrics and Gynacology Center (Rome, Italy).
All the volunteers were women aged between 20 and 40 years
with a body mass index (BMI) value between 18 and 24.
Subjects were evaluated on the basis of medical history, phys-
ical examination and laboratory screenings. Women who were
either pregnant, affected by chronic disease and/or received
pharmacological treatment in the previous 2-week period
were excluded. The study was approved by SIFIOG (Italian
Society of Phytotherapy and Dietary Supplements in Obstet-
rics and Gynecology) ethical committee and before entering
the trial all the volunteers gave their written consent.

The study consisted of four different phases in which
subjects received a single-dose of MI powder (LO.LI.pharma
Rome, Italy) or MI soft gel capsules (patent pending, LO.
Ll.pharma Rome, Italy), with water or a concomitant con-
sumption of one ‘espresso’ coffee (corresponding to about
100 mg of caffeine; espresso group).

During Phase I, volunteers were kept for 15 days under an
inositol-poor diet and at the end of this period, 4 g of MI
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powder was administrated in a single dose. In order to high-
light the relative pharmacokinetic parameters, the MI plasma
concentration was analyzed. Blood samples were collected by
venous puncture at predose (0), and at 30, 60, 90, 120,
180, 300, 420, 540, 1440 min post administration.

Phase IT consisted of 15 additional days of an inositol-poor
diet: basal levels of MI were again measured and then 3.6 g
of MI soft gelatin capsules were administered. The same
procedure was followed in Phase III and Phase IV, when MI
administrations (powder and soft gelatin capsules, respec-
tively) were concomitant to caffeine exposure through a single
‘espresso’ consumption.

Chelab Pharma Division (Resana, Italy) performed the
procedure for the quantification of MI in plasma. A gas
chromatography-mass spectrometry (GC-MS) (GC Agilent
6890, Agilent Milano, Italy) analysis was used after extraction
and derivatization of the samples. A (1,0 pl) injection was
performed on a splitless mode at 270°C and a capillary
column Agilent 122-5532 DB-5 ms (0.25 mm X 30 m x
0.25 pm Agilent Milano, Italy) was used. The flow rate was
fixed to 1.2 ml/min. Total run time was 15 min: oven at
70°C from 0 to 1 min; 20°C/ min to 150°C; 10°C/min to
240°C; 4 min at 320°C in post run. A MS 5973 Network
Series detector (Agilent Milano, Italy) in sim mode was used
to analyze the results.

2.2 PK parameters
The main pharmacokinetic parameters such as C,,,, and
Tmax were obtained from the plasma concentration data
and the area under the curve (AUC g _ 1440)) value referred
to the last measured concentration was calculated using
GraphPad Prism software (GraphPad Software, Inc., La
Jolla USA).

One-way ANOVA followed by Bonferroni correction
was used in order to identify statical differences.

3. Results

All enrolled subjects completed the study. Arithmetic means
for AUC, C,. and Ty, related to each of the four phases
of the trial are shown in Table 1.

Plasma concentrations related to MI powder administration
(Phase I and Phase III) were compared, and variations of the
PK profile, due to a concomitant ‘espresso’ administration,
are shown in Figure 1. The C,,,, value for MI powder form
was 30% lower in the ‘espresso’ group (Table 1), suggesting
that the coffee intake strongly interferes with MI adsorption
rate. Indeed, when MI administration was concomitant
with coffee, MI serum concentrations were significantly lower
after 120, 180, 300, 420 and 540 min (p value < 0.05 and
0.01, Figure 1).

Different results were obtained when the MI plasma
concentrations related to soft gelatin capsule administration
(Phase IT and Phase IV, Figure 1) were compared. No relevant
variation in the PK profile was registered and a nearly equal

Myo-inositol may prevent the risk of NTDs

Crnax value was observed (89.2 vs 84.4 pmol/l; Table 1), thus
suggesting that the new formulation is able to prevent coffee
intake interference.

The T,.x parameter did not exhibit any variation indi-
cating that the time to peak concentration is equally reached
in the four phases.

An interesting difference in MI bioavailability was also
observed when the two pharmaceutical forms (powder and
soft gel capsules) were compared. In particular, administra-
tion of MI in soft gelatin capsules resulted in enhanced
bioavailability, with C,,,, value > 90% higher than the one
of MI powder.

Subjects that received MI soft capsules did not report any
adverse side effect, whereas two cases of mild gastrointestinal
discomfort were registered when 4 g of MI powder was
administered.

4. Discussion

Primary prevention with folic acid offers a possible univer-
sal solution to the problem of morbidity and mortality
caused by NTDs. Neural tube defect risk is not only related
to folic acid intake, as background serum folate is also
a crucial parameter [24]. Despite high dose (4 mg daily)
of folic acid administered in the periconceptional period,
1% of pregnancies still have recurrence of NTDs (MRC
trial) [24]. This strongly suggests that a proportion of
NTD cases is fundamentally resistant to folate supplemen-
tation. The MRC study found that about 70% of NTDs
are prevented by high-dose folic acid supplementation [24],
suggesting that around 30% of NTDs may be unresponsive
to folate therapy.

Reports of NTD recurrence in families despite high dose of
folate intake [12,25] also strengthen the hypothesis that certain
human NTDs are essentially resistant to folic acid preventive
therapy. This idea is further supported by the observation that
some NTDs are not prevented even when the intake of
folic acid is increased [26]. Novel therapies are needed to
improve  NTD primary prevention, by encompassing
folate-resistant cases that currently cannot be prevented by
periconceptional supplementation.

Among micronutrient deficiencies that have been associ-
ated with an increased risk for NTDs, inositol deficiency
seems to play an important role [27]. The relation between
NTDs and inositol was first described in 1988 in rat
embryos (28] and confirmed in curly-tail mice a few years
later (29]. More recently, the hypothesis that inositol deficiency
and/or the disruption of inositol signaling might be responsi-
ble for at least some subtypes of NTDs has been proved in
several murine experimental models [30].

Inositol 1,3,4-triphosphate5/6-kinase (ITPK1) plays a
pivotal role in inositol metabolism, and represents a key
regulatory enzyme for highly phosphorilated inositol
phosphates including hexakisphosphate (IP6), that drives

intracellular regulation of ion channels, transcription and
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Table 1. Pharmacokinetic parameters.

Parameter Powder

Baseline 95% ClI Caffeine 95% CI
Crnax (pmol/l) 45.69 4295 - 48.43 33.45 31.32 - 35.58
Trnax (Min) 127.6 118.3-136.8 133.1 121.4 - 144.8
AUC(o _ 1440) 47,394 45,736 - 49,052 36,774 35,335 - 38,231

Soft Gel

Baseline 95% ClI Caffeine 95% Cl
Crnax (gmol/l) 88.2 85.89 - 90.52 83.64 81.71 - 85.58
Tmax (mMin) 120.6 111.7 - 129.4 121.7 113.3 - 130.1
AUC(o _ 1440) 79,475 78,034 - 80,915 70,684 69,301 - 72,067

Data are presented as mean + standard deviation (SD).

AUC(o - 1440): (pmol-min/l) area under the plasma concentration-time curve to the last measured concentration; Cpax: (umol/l) maximum observed plasma
concentration during the 0 - 1440 min dosing interval; Tax: Time to peak concentration.

-& MI powder
-o— MI powder caffeine

Myo-Inositol (umol/l)

Minutes

Figure 1. Comparison of the plasma concentration-time
data profile for Phase | and Phase Ill (Ml powder and Mi
powder swallowed with a single espresso).

DNA repair [5,31]. As ITPK1 is expressed in the brain, and is
required for proper development of the neural tube, it has
been suggested that a disruption of inositol signaling might
be responsible for NTDs in the genetically engineered
mouse with a hypomorphic allele at ITPK1 [4].

Type I phosphatidylinositol-4-phosphate 5-kinase (PIP5KI)
catalyzes the synthesis of PIP2 by phosphorylating phosphatidy-
linositol 4 phosphate. PIP5KIgamma-null mouse embryos are
characterized, among other congenital abnormalities, by NTDs,
further linking the disruption of inositol signaling to NTDs (3.

Myo-inositol can prevent a large proportion of spinal
NTDs in the curly-tail mutant mouse, whereas folic acid
is ineffective [7,32].

Dietary MI supplementation is also effective in reducing
the frequency of NTDs in diabetic rats [8], thus suggesting
that the mechanisms involved in folate-resistant NTDs can
be prevented by MI supplementation. Exogenous MI enters
the inositol phospholipid cycle and is incorporated into

phospholipids, including phosphatidylinositol diphosphate
(PIP2), that hydrolyzes into inositol triphosphate (IP3) and
DAG, acting as second messenger in signal transduction
pathways. Inositol triphosphate induces calcium release from
the endoplasmic reticulum, whereas DAG activates protein
kinase C (PKC) that produces the phosphorylation of specific
substrates. Myo-inositol prevents folate-resistant NTDs in
the curly-tail mutant mouse by reversing the defective proli-
feration of hindgut cells that depends on activation of specific
PKC isoforms [32].

In humans, significantly lower MI blood levels were found
in mothers with a NTD affected pregnancy and low maternal
MI blood concentrations are associated with the risk of spina
bifida in the offspring [10].

It is well known that maternal diabetes is a risk factor for
NTDs in offspring, and the relative risk for an affected
NTD pregnancy in diabetic women is 3 — 4 times higher
than in non-diabetic mothers [33]. In those cases, NTDs
would originate from an impaired maternal metabolism
leading to defective turnover of phosphatidylinositol [34].

Interestingly, no affected pregnancy was reported in a
cohort of women at high risk of recurrent NTDs undergoing
MI plus folic acid periconceptional supplementation [13].

Inositol is a constituent of living cells, is widespread in
many foods and is an essential nutrient included in the culture
medium of many cell lines. No side effects were reported in
adults under MI treatment for psychiatric disorders, polycys-
tic ovary syndrome, psoriasis, patients on lithium therapy,
nor in children treated for autism and newborns affected by
respiratory distress [35-39].

Periconceptional inositol supplementation up to 4 g per day
was never associated with any collateral side effects to the
mother or the fetus [13,40,41].

All these data suggest an important role of MI in pre-
venting some subtypes of human NTDs, and its use in the
periconceptional period is under close observation [42].
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Figure 2. Comparison of the plasma concentration-time
data profile for Phase Il and Phase IV (Ml soft gelatin
capsules and MI soft gelatin capsules swallowed with a
single espresso).

Maternal caffeine consumption has been associated with
unfavorable effects on the fetus and the newborn. Beside
being related to fetal growth restriction [16], caffeine intake
has also been considered as a risk factor for congenital
malformations, particularly NTDs [15,17.42].

Higher homocysteine blood levels will follow caffeine
intake (43 and hyperhomocysteinemia is associated with
NTDs [44], suggesting a possible explanation for the association
between caffeine exposition and increased risk for NTDs.

However, given the inconsistencies often seen in the relation-
ship between caffeine intake and the risk for NTDs [45-49], other
possible explanations involving different mechanisms need to
be explored.

Caffeine is a methylxanthine that can cross the placenta
during pregnancy, and exposure to high doses of caffeine
during pregnancy results in teratogenic effects, including
NTDs, in animal studies [50].

Caffeine is rapidly absorbed and because of the absence of
cytochrome P4501A2 (CYP1A2) in the placenta and the
fetus, the amount of caffeine and metabolites available to
the fetoplacental unit depends entirely on the maternal
metabolism [16] [17].

Genetic variability in metabolizing enzymes CYP1A2 and
N-acetyltransferase 2 (NAT?2) was proposed as an alternative
explanation for the association between the increased risk for
NTDs and caffeine intake [17]. However, caffeine inhibits
[P3-related calcium channels in neural tissue [18], thus sugges-
ting the hypothesis that caffeine affects a biological pathway
involved in calcium regulation [13].

Beside that specific mechanism, it is well known that caffeine
may interfere with the bioavailability of several drugs [23].

The concomitant exposure to other dietary risk factors,
for example, low folate intake or alcohol consumption,
results in an amplification of the teratogenic effects of
caffeine (51]. That mechanism might be involved even in
the complex interplay between caffeine, inositol and the

risk for NTDs.

Myo-inositol may prevent the risk of NTDs

Indeed, NTDs etiology includes not only genetic and
environmental factors but, more likely, a combination of both.
As both caffeine intake and inositol deficiency might increase
the risk of occurrence and recurrence for NTDs in experimental
models and in humans, their combined effect should be studied
more in depth at the population level.

Our results clearly showed that MI powder administration
is negatively affected by ‘espresso’ coffee concomitant
consumption. Due to the reported positive effects of inositol
in preventing NTDs in folate-resistant subjects, this interfer-
ence could help to clarify the association between caffeine
intake and the increased risk for NTDs.

Coffee impairs inositol(s) absorption; indeed, it was also
able to interfere with D-chiro-inositol absorption (data not
shown). The fact that coffee intake affects inositol bioavail-
ability further strengthens the hypothesis of inositol deficiency
as a risk factor for NTDs in humans.

Caffeine is likely to be one of the most used pharmacologic
agents in the world, and even a small increase in risk for
NTDs would have a great impact at the population level.

Therefore, to avoid caffeine interference during a prophy-
lactic therapy for NTDs based on MI supplementation,
women should be advised about the effects of caffeine expo-
sure in the periconceptional period and counseled to reduce
their caffeine intake before conception. Moreover, the
concomitant intake of caffeine and inositol supplementation
should be discouraged in women seeking for pregnancy and
in the first months of pregnancy.

However, a very small variation of the PK profile was obser-
ved when the newly developed MI soft gelatin capsule form
was swallowed with water or with coffee. This result suggests
that the pharmaceutical form may play an important role in
preventing the interactions with food and/or other substances.

Moreover, given the reduced interference on MI absorp-
tion, administration of MI soft gelatin capsules should be pre-
ferred to MI powder.

Despite the equivalence of MI concentration in the two
pharmaceutical forms, the C,,,, value of the MI soft gelatin
capsules was > 90% higher than that of the MI powder, sug-
gesting that the new MI form is characterized by an
enhanced bioavailability.

In conclusion, with the aim to search for new clinical treat-
ments able to prevent the development of NTDs, recent studies
reported that MI supplementation might prevent folate-
resistant N'TDs. Caffeine intake has been found to be a risk
factor for NTDs. In order to evaluate its possible negative effects
on MI gastrointestinal absorption, a single-dose bioavailability
trial was conducted on 12 healthy volunteers. Pharmacokinetics
(PK) parameters of MI powder and MI soft gelatin capsules
swallowed with water and with a single ‘espresso’ were com-
pared. MI powder administration was negatively affected by
caffeine intake, thus suggesting an additional explanation to
the interference between MI deficiency and coffee consumption.
On the contrary, the concomitant single ‘espresso’ consumption
did not affect MI absorption after MI soft gelatin capsules
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administration. Furthermore, it was observed that MI soft gela-
tin capsule administration results in an improved bioavailability
when compared to the MI powder form.

5. Study limitation

6. Conclusions

Myo-inositol soft gelatin capsules should be considered for
the preventive treatment of NTDs in folate-resistant subjects
due to their higher bioavailability and to the capability to

reduce coffee interference.

The present study has some limitations: for instance, the use

of a complex drink such as an espresso rather than simply
caffeine; therefore, we cannot undoubtedly conclude that

caffeine impairs MI absorption.
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