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BACKGROUND: Myoinositol and D-chiroinositol improve insulin
resistance in women with obesity and gestational diabetes and in
postmenopausal women with metabolic syndrome. We previously
reported that offspring born to hypertensive dams lacking endothelial
nitric oxide synthase and fed a high-fat diet develop metabolic-like
syndrome phenotype.

OBJECTIVE: The objective of the study was to investigate the effect of a
mixture of myoinositol/D-chiroinositol supplementation during pregnancy
on the maternal metabolic profile in pregnancies complicated by the
metabolic-like syndrome and obesity using a pregnant mouse model.
STUDY DESIGN: Female heterozygous endothelial nitric oxide
synthase ™ mice with moderate hypertension were placed on a high-fat
diet for 4 weeks to induce a metabolic-like syndrome phenotype. Similarly,
wild-type C57BL/6 mice were placed on a high-fat diet for 4 weeks to
induce a murine obesity model. Mice were then bred with wild-type males.
On gestational day 1, dams were randomly allocated to receive either a
mixture of myoinositol/D-chiroinositol in  water (7.2/0.18 mg/mL,
respectively) or water as control (placebo). At term (gestational day 18),
maternal weights, systolic blood pressure, and a glucose tolerance test
were obtained. Dams were then killed; pups and placentas were weighed
and maternal blood collected. Serum levels of metabolic biomarkers
relevant to diabetes and obesity (ghrelin, gastric inhibitory peptide,
glucagon-like peptide 1, glucagon, insulin, leptin, resistin) were measured
by a multiplex enzyme-linked immunosorbent assay. Analysis was done
comparing metabolic-like syndrome-myoinositol/D-chiroinositol—treated
vs metabolic-like syndrome—nontreated mice and obese-myoinositol/
D-chiroinositol—treated vs obese nontreated mice.

RESULTS: Mean systolic blood pressure was lower in metabolic-like
syndrome pregnant mice treated with myoinositol/D-chiroinositol

compared with placebo (P = .04), whereas there was no difference in
systolic blood pressure between treated and placebo-treated obese
pregnant mice. Pregnant metabolic-like syndrome mice treated with
myoinositol/D-chiroinositol showed lower glucose values during the
glucose tolerance test and in the area under the curve (myoinositol/
D-chiroinositol: 17512.5 + 3984.4 vs placebo: 29687.14 + 8258.7;
P = .003), but no differences were seen in the obese pregnant mice.
Leptin serum levels were lower in the metabolic-like syndrome-myoino-
sitol/D-chiroinositol—treated mice compared with the placebo group
(myoinositol/D-chiroinositol: 16985 4= 976.4 pg/dL vs placebo: 24181.9
=+ 3128.2 pg/dL, P = .045). No other differences were seen in any of the
remaining serum metabolic biomarkers studied in metabolic-like syn-
drome and in obese pregnant mice. Maternal weight gain was not different
in the pregnant metabolic-like syndrome dams, whereas it was lower in
the obese myoinositol/D-chiroinositol—treated dams compared with the
placebo group (myoinositol/D-chiroinositol: 10.9 +0.5gvs 12.6 0.6 g,
P=.04). Fetal and placental weights did not differ between myoinositol/D-
chiroinositol—treated and nontreated pregnant dams with metabolic-like
syndrome and obesity.

CONCLUSION: Combined inositol treatment during pregnancy
improves blood pressure, glucose levels at the glucose tolerance test, and
leptin levels in pregnant dams with metabolic-like syndrome phenotype
but not in obese pregnant dams. In addition, inositol treatment was
associated with lower gestational weight gain in the obese but not in the
metabolic-like syndrome pregnant dams.

Key words: blood pressure, C57BL/6J mice, endothelial nitric oxide
synthase inositol, insulin resistance, knockout mice metabolic syndrome,
obesity, pregnancy

M etabolic syndrome and obesity

are growing causes of morbidity
and mortality worldwide. Metabolic
syndrome is a major risk factor for car-
diovascular disease and is defined by the
National Institutes of Health by having
at least 3 of the following conditions:
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hypertension, elevated fasting plasma
glucose, central obesity, elevated tri-
glycerides, or low high-density lipopro-
tein cholesterol."”

Metabolic syndrome etiopathogenesis
and long-term consequences are still
largely unknown, and preventive strate-
gies have not yet been identified.” The
impact of metabolic syndrome and
obesity during pregnancy is substantial:
indeed, all metabolic changes that
develop during pregnancy have well-
known effects on not only maternal
and fetal health during pregnancy, but
they also act as a catalyst for future health
throughout later life.*”

Epidemiological and animal studies
have shown that pregnancies compli-
cated by metabolic syndrome and
obesity are at risk for premature car-
diovascular disease, gestational diabetes,
and preeclampsia and predispose the
offspring to an increased risk of cardio-
vascular and metabolic disease later in
life.®

Inositols are a family of simple car-
bohydrates naturally found in several
foods. Inositols exist in 9 possible
stereoisomers, 2 of which are predomi-
nantly found in eukaryotic cells:
myoinositol and D-chiroinositol.” The
exact molecular mechanisms of action of

OCTOBER 2016 American Journal of Obstetrics & Gynecology 503.e1


https://core.ac.uk/display/84493832?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajog.2016.05.038&domain=pdf
http://dx.doi.org/10.1016/j.ajog.2016.05.038
http://www.AJOG.org

myoinositol and D-chiroinositol have
not yet been fully elucidated; however,
it is well established that myoinositol
and D-chiroinositol have different roles
as mediators of insulin, which lead to
different functions within the cells.

Myoinositol is the precursor of
inositol  triphosphate, a  second
messenger, responsible for the regulation
of many hormones such as insulin,
thyroid-stimulating  hormone, and
follicle-stimulating ~ hormone.  The
activation of phospholipid-containing
myoinositol by insulin  activates
glucose transporters, such as glucose
transporter-4, and increases the cell
membrane permeability to glucose,
which gets into the cell and is immedi-
ately available as substrate.'’

D-chiroinositol is the conversion
product of myoinositol, by an epimeri-
zation reaction, which is unidirectional
and insulin dependent."’ D-chiroinosi-
tol, different from myoinositol, is able
to determine the intracellular accumu-
lation of glucose (ie, glycogen synthesis).

So both stereoisomers are consid-
ered to play a key role in the insulin
pathway, acting synergistically as
insulin-sensitizing agents through the
enhancement of glucose peripheral
tissue uptake and glycogen synthesis.'”
In vivo animal”'* and human
studies'”"'” demonstrated that inositol
supplementation  during pregnancy
improve the glucose profile and reduces
the adverse effects of hyperglycemia.
Moreover, myoinositol supplementation
was proven to reduce insulin resistance
in postmenopausal women with meta-
bolic syndrome and in women with
polycystic ovary syndrome, a metabolic
and endocrine disorder associated with
insulin resistance.'”

However, to the best of our knowl-
edge, the inositol supplementation effect
has never been investigated in pregnan-
cies complicated by metabolic syn-
drome. Moreover, most of the studies in
pregnant women focus on the effect of
myoinositol supplementation alone,
whereas mounting evidence in polycystic
ovary syndrome studies suggest that
the administration of combined
myoinositol/D-chiroinositol ~ at  the
physiological plasma ratio (40:1) ensures

better clinical results, such as the
reduction of insulin resistance and car-
diovascular risk parameters.”’

Thus, our aim was to evaluate the
effect of natural compounds, such
as myoinositol and D-chiro inositol,
used as a mixture, to treat pregnancies
complicated by obesity and metabolic
syndrome, which represent different
degrees of a similar metabolic disorder.
We hypothesized that myoinositol/
D-chiroinositol treatment improves the
abnormal maternal metabolic profile in
a pregnant mouse model of either
metabolic-like syndrome or obesity. The
metabolic profile improvement seen
with myoinositol/D-chiroinositol treat-
ment could also translate into positive
long-term maternal and fetal health.

To achieve our aim, we used well-
characterized mice models of obesity
and metabolic syndrome that will allow
identifying the best target population for
a myoinositol/D-chiroinositol treatment
in pregnancies with metabolic abnor-
malities. We previously reported that
heterozygous mice lacking endothelial
nitric oxide synthase gene and born to
hypertensive mothers,”!  endothelial
nitric oxide synthase ", when fed a
high-fat diet for at least 4 weeks, develop
metabolic-like syndrome phenotype
such as obesity, glucose intolerance,
elevated systolic blood pressure, low
high-density lipoprotein, high insulin,
and low adiponectin levels compared
with their counterpart fed a control
diet.>” Furthermore, wild-type C57BL/6]
female mice fed an obesogenic diet from
weaning for 4 consecutive weeks show
diet-induced obesity.”

Materials and Methods
Animals

Female and male mice, homozygous for
disruption of the eNOS gene (endothelial
nitric  oxide  synthase-knockout™'",
strain B6.129P2, stock number 002684)
and their age-matched wild-type con-
trols (strain C57BL/6J, stock number
000664) were purchased from Jackson
Laboratory (Bar Harbor, ME) at 6 weeks
of age. The study was approved by the
Animal Welfare Committee (AWC) of
the University of Texas Health Science
Center at Houston. The mice were
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housed separately in temperature- and
humidity-controlled quarters with con-
stant 12:12-hour light-dark cycles in
the animal care facility at the University
of Texas Health Science Center at
Houston.

Metabolic-like syndrome mouse
model

Endothelial nitric oxide synthase-
knockout '~ females were bred with
wild-type males to obtain endothelial
nitric oxide synthase™’~ heterozygous
females. Then a metabolic-like syn-
drome mouse model was achieved by
using endothelial nitric oxide synthase /"
heterozygous offspring manifesting a
moderate hypertension phenotype”"**
and fed an obesogenic diet for 4
consecutive  weeks after weaning
(Figure 1).%

At 7—8 weeks of age, nonpregnant
endothelial nitric oxide synthase "
females were bred with wild-type males.
At gestational day 1 of pregnancy,
determined by the presence of a vaginal
plug after overnight exposure to male
breeders, metabolic-like syndrome dams
were randomly allocated to receive
either a mixture of myoinositol/D-
chiroinositol dissolved in water (see
next paragraph for concentrations) or
plain water, as placebo (control group)
(Figure 1).

Obesity mouse model

To induce the obesity phenotype
(Figure 1), wild-type—C57BL/6] female
mice were fed an obesogenic diet from
weaning for 4 consecutive weeks.”” Then
at 7—8 weeks of age, obese females were
bred with wild-type males and starting
from gestational day 1, obese mice were
randomly allocated to receive either a
mixture of myoinositol/D-chiroinositol
dissolved in water (see next paragraph
for concentrations) or plain water, as
placebo (control group).

Obesogenic diet

Both models, endothelial nitric oxide
synthase”’ " —heterozygous and wild-
type females offspring, were allocated
to an obesogenic diet, high-fat diet
(D12492, 60% of fat) until 7—8 weeks
of life to induce the metabolic-like
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syndrome and obesity phenotypes,
respectively. The high-fat diet was
maintained during the whole pregnancy
until animals were killed at term, on
gestational day 18. Daily food con-
sumption was estimated by subtracting
the total amount of food left on the
grid from the initial weight of food
supplied.

Inositol supplementation during
pregnancy

The myoinositol/D-chiroinositol mixture
corresponds to the physiological
plasma ratio of myoinositol and D-
chiroinositol equal to 40:1, which has
been proven to be the most effective.”’
On gestational day 1, metabolic-like
syndrome and obese mice were
randomly allocated to receive either a
mixture of myoinositol/D-chiroinositol
dissolved in water (7.2/0.18 mg/mL,
respectively, based on previous ani-
mals'*'* and human'>"'"? studies) or
plain water as placebo.

Considering that blood volume dur-
ing pregnancy physiologically shows a
20% increase compared with the
nonpregnant status, we adjusted the
myoinositol/D-chiroinositol doses by a
20% increase to the previously estab-
lished doses used in a nonpregnant obese
mouse model (myoinositol: 6 mg/
mL).">'* Myoinositol and D-chiroino-
sitol were purchased from Sigma
Chemicals (St Louis, MO).

The treatment was maintained until
term gestation (gestational day 18 of
pregnancy), when dams were killed.
Pregnant mice were single housed to be
able to carefully evaluate water intake
and consequently the daily dose of
myoinositol/D-chiroinositol. Daily wa-
ter consumption was estimated by sub-
tracting the total amount of water left
in the bottle from the initial amount
supplied. On average, pregnant mice
drink 5 mlL/day, so myoinositol/
D-chiroinositol daily consumption was
approximately 36/0.9 mg of, respectively,
myoinositol/D-chiroinositol per day per
mouse.

At term gestation, the metabolic pro-
file of the metabolic-like syndrome and
obese pregnant dams were obtained
including the following: systolic blood

FIGURE 1
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For the MLS mouse model, maternal (Mat; eNOS ™) heterozygous females (gray mouse), with mild
hypertension, were placed on a high-fat diet for 4 weeks to develop an MLS phenotype. For the
obesity mouse model, wild-type CB57 females (white mouse) were placed on a high-fat diet for
4 weeks to induce an obese phenotype. Both animal models were then bred with wild-type
normotensive males and starting from gestational day 1 were allocated either to MI/DCI treat-
ment or water as placebo until term gestation when the experiments were performed, as displayed in

the scheme.

DCl, D-chiroinositol; eNOS, endothelial nitric oxide synthase; HDL, high-density lipoprotein; M, myoinositol; MLS, metabolic-like

syndrome; W7, wild type.
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pressure, a glucose tolerance test,
maternal gestational weight gain, and
serum levels of metabolic biomarkers
relevant to diabetes and obesity. Damns
were then killed and pups and placentas
weights and numbers collected.

Blood pressure measurement
Systolic blood pressure measurements
were always taken on gestational day 18

in the morning at the same time using a
calibrated, 8-chamber, tail-cuff system
(CODA; Kent Scientific, Torrington,
CT). Dams were kept warm using a
warming pad. Mice underwent an initial
10 cycles of acclimatization period;
blood pressure was then monitored and
recorded over 10 new cycles. Systolic
blood pressure averaged of the last 10
cycles was used for the final blood
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pressure measurement and utilized for
data analysis.””*°

Glucose tolerance test

Pregnant dams on gestational day 18
underwent a glucose tolerance test after
being fasting for 6 hours. Mice received
1.0 g/kg of glucose intraperitoneally, and
serial blood glucose levels, via a tail nick
at 0, 15, 30, 60, and 120 minutes, were
immediately determined with the Accu-
Chek Aviva blood glucose meter system
(Roche Diagnostics, Indianapolis, IN)
after glucose administration. Glucose
levels and the area under the curve were
compared between the metabolic-like
syndrome  and  obese  pregnant
mice treated with myoinositol/D-
chiroinositol and identical nontreated
mice.”’

Serum metabolic panel

Blood samples were obtained as soon as
animals were killed by heart puncture.
Serum levels of metabolic biomarkers
relevant to diabetes and obesity such as
glucagon, insulin, leptin, ghrelin,
gastric inhibitory peptide, glucagon-
like peptide 1, and resistin were

measured by a multiplex enzyme-linked
immunosorbent assay (Bio-Rad Labo-
ratories, Hercules, CA).

Statistical analysis

Results are expressed as mean £+ SEM.
All the data were analyzed using an
unpaired ¢ test with SigmaPlot 12.
The analysis was done comparing
metabolic-like syndrome myoinositol/
D-chiroinositol—treated pregnant mice
vs metabolic-like syndrome nontreated
(placebo) pregnant mice and obese
myoinositol/D-chiroinositol—treated pre-
gnant vs obese nontreated (placebo)
pregnant mice. Numbers of pregnant
mice per group were as follows:
metabolic-like syndrome myoinositol/
D-chiroinositol ~ treated, n = 9
metabolic-like syndrome placebo treated,
n = 8; obese myoinositol/D-chiroinositol
treated, n = 8; and obese placebo
treated, n = 6. (Figure 1).

Results

Food and water intake

Daily food intake was not different
between  metabolic-like  syndrome
myoinositol/D-chiroinositol—treated and

FIGURE 2

Average systolic blood pressure (mm Hg) in MLS and obese pregnant mice
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Systolic blood pressure in MLS pregnant mice (A) and obese mice (B) at term gestation (gestational
day 18) with (in red) and without (in blue) MI/DCI treatment. Data are shown as mean + SEM.
Significance is indicated on the figure. Asterisk indicates a value of P = .04. Systolic blood pressure
was higher in MLS mice treated with MI/DCI vs the nontreated damns; no difference in systolic blood

pressure is seen in obese mice.

DCl, D-chiroinositol; M, myoinositol; MLS, metabolic-like syndrome; SBP, systolic blood pressure.
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metabolic-like syndrome—placebo mice
(myoinositol/D-chiroinositol: 6.0 += 0.9 g
vs placebo: 6.5 + 0.7 g) or between obese
myoinositol/D-chiroinositol—treated and
obese placebo-treated (myoinositol/D-
chiroinositol: 6.3 & 0.6 g vs placebo: 6.0 £
0.7 g). Daily water intake was not different
between  metabolic-like  syndrome-
myoinositol/D-chiroinositol—treated and
metabolic-like syndrome—placebo mice
(myoinositol/D-chiroinositol: 5.1 £ 0.9
mL vs placebo: 4.9 + 0.7 mL) or between
obese myoinositol/D-chiroinositol—
treated and obese placebo-treated
(myoinositol/D-chiroinositol: 4.8 £ 0.9 g
vs placebo: 5.0 + 0.7 g).

Systolic blood pressure
measurement

At term gestation, mean systolic blood
pressure was lower in metabolic-like
syndrome pregnant mice treated with
myoinositol/D-chiroinositol  compared
with the placebo group (myoinositol/
D-chiroinositol: 138.52 + 6.48 mm Hg vs
placebo: 157.03 £ 7.79 mm Hg, P =.04)
(Figure 2A). In the obese pregnant dams,
there was no difference in systolic
blood pressure between myoinositol/
D-chiroinositol—treated and placebo
damns  (myoinositol/D-chiroinositol:
143.18 £ 7.6 vs placebo: 150.09 + 7.9)
(Figure 2B).

Glucose tolerance

The glucose levels in the glucose tolerance
test were lower in the metabolic-like
syndrome pregnant mice treated with
myoinositol/D-chiroinositol  compared
with placebo-treated mice at all time pe-
riods except for the 15 minute value
(Figure 3A). To confirm, the area under
the curve for the glucose tolerance test
was lower in metabolic-like syndrome
mice myoinositol/D-chiroinositol—
treated group (myoinositol/D-chiroino-
sitol:  17512.5 + 3984.4 vs placebo:
29687.14 + 8258.7; P =.003). In contrast,
in the obese pregnant dams, the glucose
levels in the glucose tolerance test and the
area under the curve were not different
between myoinositol/D-chiroinositol—
treated and placebo-treated dams
(myoinositol/D-chiroinositol: 23573.6 £
4758.2 vs placebo: 25410 + 5764.4)
(Figure 3B).
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Serum metabolic profile

Serum leptin levels were lower in the
metabolic-like syndrome myoinositol/
D-chiroinositol—treated mice compared
with  the placebo-treated  group
(myoinositol/D-chiroinositol: 16985 =+
976.4 pg/dL vs placebo: 241819 +
3128.2 pg/dL, P = .045). No other dif-
ferences were seen in the serum levels of
the remaining metabolic biomarkers
studied in the metabolic-like syndrome
pregnant mice (Table). No difference
was found between obese myoinositol/
D-chiroinositol—treated and nontreated
mice in any of the investigated metabolic
biomarkers (Table).

Weights

Gestational weight gain was not different
between metabolic-like  syndrome—
myoinositol/D-chiroinositol—treated and
placebo mice (myoinositol/D-chiroinosi-
tol: 11.53 £ 0.9 g vs placebo: 11.6 £ 0.7 g)
but was lower in the obese myoinositol/
D-chiroinositol—treated dams compared
with the placebo-treated mice (myoino-
sitol/D-chiroinositol: 10.9 £+ 0.5 g vs
placebo: 12.6 £ 0.6 g, P =.04).

There were no differences between
the pregnant metabolic-like syndrome
myoinositol/D-chiroinositol—treated and
placebo groups, respectively, in fetal
weights and placental weights, as reported
in the Table. Likewise, fetal and placental
weights did not differ between myoino-
sitol/D-chiroinositol—treated and pla-
cebo obese pregnant mice (Table).
Furthermore, no differences were found
regarding the number of pups born from
dams with metabolic-like syndrome or
obese either treated or nontreated
myoinositol/D-chiroinositol.

A summary of all experiments results
is reported in Figure 4.

Comment

We found that myoinositol/D-
chiroinositol supplementation in preg-
nant mice with metabolic-like syndrome
phenotype had improved blood pres-
sure, glucose tolerance, and leptin levels.
However, in obese pregnant mice,
myoinositol/D-chiroinositol treatment
prevented maternal increased weight
gain associated with a high-fat diet
but did not affect maternal glucose

FIGURE 3

Glucose Tolerance Test (mg/dL) in MLS and obese pregnant mice

A MLS Model

400

==MI/DCI
-&-Placebo

[~ IS
S 153
3 3

Glucose levels (mg / dl

=
S

p <0.001

p=0.02 p=001

p=0.008

193
=

fasting 15 30' 60' 90' 120'
Time (min)

B Obese Model
400
350 L MI/DCI
-4 Placebo
= 300
I Y ST ]
8250 Bl #".: 2 +
% 200 > e " 3
z & L
2 .,
HF by
2 5
O 100
50
0
fasting ~ 15' 30' 60' 90’ 120
Time (min)

Glucose levels in metabolic-like syndrome pregnant mice (A) and obese pregnant mice (B) at term
gestation with and without MI/DCI treatment. Glucose levels were significantly lower in MI/DCI
treated mice with MLS compared with nontreated animals at all time periods except for the
15 minutes. In obese mice the GTT was not different between MI/DCl-treated and nontreated
animals. Significance is indicated on the figure. Asterisk indicates a value of P < .05.

DCI, D-chiroinositol; GTT, glucose tolerance test; Mi, myoinositol; MLS, metabolic-like syndrome.
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tolerance, blood pressure, and the
metabolic markers related to diabetes.

Our findings therefore support the
rationale for the use of combined
myoinositol/D-chiroinositol supplemen-
tation in pregnancies complicated by
metabolic syndrome but not by obesity
alone in these animal models. Inositols
are Food and Drug Administration—
approved supplements*® with a potential
role in improving metabolic profile in
metabolic syndrome. It is well established
that metabolic syndrome traits, such as
obesity and insulin resistance, during
pregnancy have a negative impact on
the pregnancy and on the metabolic
and cardiovascular future health of
the mother and the offspring.*””
Therefore, the potential of a new non-
pharmacological approach as a preventive
and therapeutic agent is clinically relevant
because appropriate preventive strategies
for metabolic syndrome in pregnancy
have not yet been identified.

Previous human studies focused
either on gestational diabetes preven-
tion/therapy'”'” or on metabolic syn-
drome associated with menopause’””’
or polycystic ovary syndrome,’”*
whereas to the best of our knowledge,

this is the first study to investigate ino-
sitols’ combination effect in a metabolic-
like syndrome and obese pregnant
mouse model. Four human studies
reported on the efficacy of myoinositol
supplementation  during pregnancy
to prevent gestational diabetes in
patients at risk because of family his-
tory, obesity, or polycystic ovary syn-
drome."” "

In addition, 1 prospective randomized
trial demonstrated a therapeutic role of
myoinositol in women with diagnosed
gestational ~ diabetes  showing that
myoinositol in second trimester reduced
homeostatic model assessment resistance
and adiponectin concentrations
compared with controls."” Similarly, in
nonpregnant women with polycystic
ovary  syndrome” ™ and  post-
menopausal women,” " myoinositol was
shown to reduce insulin resistance and
improve cardiovascular risk parameters
(reduction in blood pressure, total and
low-density lipoprotein-cholesterol, tri-
glycerides, and enhancement of the high-
density lipoprotein-cholesterol). Our
study reveals that inositol supplementa-
tion improved systolic blood pressure
and glucose tolerance in pregnancies

30,31
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TABLE

Serum metabolic profile (pg/mL) and fetal and placental weights (g)

MLS model Obese model
Variables MI/DCI Placebo Pvalue  MI/DCI Placebo Pvalue
GIP 530.1 +49.3 674.6 + 88.0 18 4125 +111.3 542.1 +£70.8 .34
GLP-1 426 + 4.2 45+59 74 349 +6.7 36.6 + 4.6 .84
Glucagon 564.5 + 83.0 461.1 £75.8 37 400.8 + 48.7 453.1 £ 64.5 .53
Insulin 11,79.3 + 136.9 1146.7 + 176.7 .88 999.7 + 204.9 1042.8 + 231.3 .89
Leptin 18,156.6 & 1472.1°  22,620.4 & 3290.2 045 21,998.2 + 3525.4  18,914.4 + 3809.1 .66
Ghrelin 15,016.1 + 3459.7  22,676.6 + 15492.8 .64 10,052.3 + 5764.2 42,5448 + 26,9788 .28
Mean fetal weight 0.9 £+ 0.01 0.88 + 0.01 .81 0.9 &+ 0.01 0.87 + 0.01 .88
Mean placental weight 0.11 £0.02 0.11 £ 0.01 .92 0.10 £ 0.01 0.10 £+ 0.01 .99
Number of pups 7 6.7 T7 7.3 6.5 .63

All serum metabolic marker were measured in picograms per milliliter. Data are shown as mean =+ SEM.
DCI, D-chiroinositol; GIP, gastric inhibitory peptide; GLP-7, glucagon-like peptide 1; M/, myoinositol; MLS, metabolic-like syndrome.

@ P =045, MLS MI/DCl-treated pregnant mice vs MLS placebo pregnant mice and obese MI/DCl-treated pregnant mice vs obese placebo pregnant mice.
Ferrari et al. Inositols effect in pregnancies with metabolic syndrome and obesity. Am ] Obstet Gynecol 2016.

complicated by metabolic syndrome but
not in obese pregnancies.

The lack of effect in the obese preg-
nant mice could be due to the short
period of high-fat diet exposure leading
only to weight gain but not to metabolic
abnormalities severe enough to reveal
effects of myoinositol/D-chiroinositol

a diet-induced obesity phenotype’’;
however, several animal studies reported
alonger period of high-fat diet exposure,
up to 12 weeks, to manifest metabolic
abnormalities and an inositol effect."’
Moreover, the lack of effect in obese
pregnant mice could be due to different
mechanistic pathways involved.

supplementation. In fact, according to We speculate that myoinositol/
the literature, 4 weeks of high-fat diet ~D-chiroinositol treatment improves
exposure should be sufficient to develop  glucose tolerance in metabolic-like
FIGURE 4
Results summary
MLS PREGNANT MICE | OBESE PREGNANT MICE
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Pregnant mice with the MLS phenotype treated with MI/D-chiroinositol during pregnancy have
improved blood pressure, glucose tolerance, and leptin levels compared with nontreated mice. In
obese mice instead, MI/DCI treatment prevented maternal increased weight gain associated with a
high-fat diet but did not affect maternal insulin resistance and blood pressure.

DCl, D-chiroinositol; GTT, glucose tolerance test; M/, myoinositol; MLS, metabolic-like syndrome.
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syndrome pregnant mice but not in the
obese mice, possibly involving the nitric
oxide nitric oxide pathway, which is
known to be defective in our metabolic-
like syndrome model, but not in the
obese one.”"”” The exact molecular
mechanisms of action of myoinositol
and D-chiroinositol have not yet been
fully elucidated. It has been shown that
potential mechanisms by which the
inositols might act is by improving
endothelial function in decreasing
radical oxidative stress, enhancing
endothelial nitric oxide synthase and
nitric oxide activity.”®

This  endothelial  nitric  oxide
synthase”’" heterozygous mouse mani-
fests metabolic-like syndrome, probably
because of the lack of endothelial nitric
oxide synthase associated with an
obesogenic diet during pregnancy. The
metabolic abnormalities seen in this
model of metabolic-like syndrome
might be a consequence of an endothe-
lial dysfunction leading to hyper-
insulinemia, insulin resistance, and
increased blood pressure. Thus, this
mouse model of metabolic-like syn-
drome seems very well suited to benefit
from inositol supplementation, which
aims at restoring endothelial function.
Indeed, in our obese pregnant mouse
model, an obesogenic diet alone and for
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a short period of time does not seem to
lead to such an endothelial dysfunction

for which inositol supplementation
could show a target effect.
In our study leptin levels

were improved by  myoinositol/
D-chiroinositol treatment in metabolic-
like syndrome pregnant mice, which is
consistent with previous studies that
showed decreased circulating leptin
concentration after 16 weeks of
myoinositol treatment in women with
polycystic ovary syndrome.'””” The
exact mechanism by which myoinositol/
D-chiroinositol reduces leptin level re-
mains unclear. Leptin controls energy
balance and body weight by regulating
neuronal activity in the hypothalamus.”

It is possible that myoinositol/D-
chiroinositol improved leptin resistance
through either reductions in circulating
leptin levels or the up-regulations of re-
ceptors mediating leptin’s action to the
brain, which needs further investigation.
Furthermore, in our study, maternal
gestational weight gain was significantly
reduced in the obese mice after
myoinositol/D-chiroinositol treatment,
in agreement with previous studies on
gestational diabetes patients.'””” In both
obese and metabolic-like syndrome
models, pups and placental weights
did not differ between myoinositol/
D-chiroinositol—treated and placebo
animals.

These findings are in contrast to
others that found a reduction in
hyperglycemia-related  complications,
such as fetal macrosomia, after
myoinositol supplementation in women
at risk for gestational diabetes for a
family history of type 2 diabetes'® or
elevating fasting glucose levels'’; how-
ever, again this could be due to a differ-
ence in the duration of a high-fat diet or
to the fact that we evaluated the average
weights of litters and placentas inde-
pendently from their genotype (endo-
thelial ~ nitric ~ oxide  synthase "
heterozygous, 25%, or wild type, 75%).

Study strengths are the following: (1)
to the best of our knowledge, this is the
first time that combined inositols
(myoinositol/D-chiroinositol) have been
evaluated as a mixture rather than single
compounds during pregnancy and (2)

and furthermore being used in a
metabolic-like syndrome mouse model
during pregnancy. Indeed, diet-induced
obesity could be considered a less severe
degree of the same metabolic disease that
ultimately leads to metabolic syndrome.
Therefore, the thorough investigation
of inositol in the presence of a spectrum
of components of metabolic syndrome,
rather than obesity alone, allows for
the identification of the best target pop-
ulation for myoinositol/D-chiroinositol
treatment. Moreover myoinositol and
D-chiroinositol have shown different
concentrations at the tissue level'”*" and
different roles in the whole cell,'"*°
leading to the conclusion that both of
them should be used in a synergistic ac-
tion for the purpose of better treatment
efficacy in metabolic diseases.”’

Unfer and colleagues™”*” performed
dose-response studies identifying the
physiological plasma ratio of myoino-
sitol and D-chiroinositol equal to 40:1,
which was proven to be the most effec-
tive in polycystic ovary syndrome
overweight patients with metabolic
abnormalities, but it has never been
studied in pregnancies with metabolic
abnormalities.

The main weakness of our study is
that we did not investigate the effect of
myoinositol/D-chiroinositol on the lipid
profile, which is an important feature
of metabolic syndrome. We also did not
evaluate the nitric oxide pathway as
well as the inositol phosphoglycans
intracellular mediators as possible mech-
anisms involved in the myoinositol/
D-chiroinositol actions to elucidate
our results. Moreover, in our study we did
not plan to evaluate the combined
myoinositol/D-chiroinositol  effect in
physiological uncomplicated pregnan-
cies, nor did we plan to evaluate the effect
of myoinositol or D-chiroinositol alone.

Future studies need to be performed
to investigate the effect of myoinositol/
D-chiroinositol treatment on long-term
maternal health and in the offspring
born to metabolic syndrome and obese
pregnancies to identify a possible role of
inositols on metabolic fetal program-
ming. Undoubtedly, further studies are
warranted to fully elucidate the molec-
ular pathways triggered by myoinositol

and D-chiroinositol and to define the
ideal timing (before conception, during
pregnancy, and/or postpartum) dose
and the combination of inositol stereo-
isomers of such a supplementation.
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