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Abstract

Background: Insulin resistance in women with polycystic ovary syndrome (PCOS) may be mediated, in part,
by a deficiency in the insulin-stimulated release of a D-chiro-inositol-inositolphosphoglycan (DCI-IPG) me-
diator of insulin action. Supporting this idea, several studies have reported improved insulin sensitivity in both
lean and obese women with PCOS after oral administration of DCI. Pioglitazone improves insulin sensitivity in
women with PCOS, but it is unknown whether this may be contributed by enhanced insulin-stimulated release
of the DCI-IPG second messenger. The study aimed to determine if pioglitazone increases release of biolog-
ically active DCI-IPG per unit insulin released during an oral glucose tolerance test (OGTT).

Methods: A randomized, double-blind placebo-controlled trial was conducted in 32 women with PCOS at a
tertiary referral center in Venezuela. The intervention comprised administration of pioglitazone 45 mg daily or
matched placebo for 6 months. Outcome measures included area under curves (AUC) of DCI-IPG (AUCpcyripg),
insulin (AUC;,su1in), and the ratio of AUCpcripg t0 AUC,suiin during a 2-hr OGTT.

Results: After treatment with pioglitazone, AUC;,su;in during the OGTT decreased and whole body insulin
sensitivity, as determined by the Matsuda index, increased significantly only in the pioglitazone group. The ratio
of AUCpcr.1p/AUCsuiin increased in the pioglitazone group by 1.85-fold (P <0.0001) with no significant
change in the placebo group. Change in Matsuda index correlated with change in DCI-IPG released per unit of
insulin during OGTT (r=0.47, P<0.01).

Conclusion: In women with PCOS, pioglitazone increased insulin-stimulated release of the DCI-IPG second
messenger of insulin action, which may contribute to its insulin-sensitizing effect in these women.

Introduction

OLYCYSTIC OVARY SYNDROME (PCOS) is a common

disorder affecting 6%—10% of reproductive age women'~
with significant implications for fertility; it is also associated
with co-morbidities such as hypertension, diabetes, dysli-
pidemia, and cardiovascular disease. Numerous studies
have established a central role of insulin resistance (IR)
and compensatory hyperinsulinemia in the pathogenesis of
the hyperandrogenism and chronic anovulation of PCOS.>*
Multiple lines of evidence suggest that a deficiency of a
putative inositolphospho%lycan (IPG) second messenger that
mediates insulin action,” specifically the D-chiro-inositol-

inositolphosphoglycan mediator (DCI-IPG), contributes to
IR in both individuals with type 2 diabetes (T2DM) and
in women with PCOS.®7 Insulin-stimulated release of DCI-
IPG mediator correlates with insulin sensitivity in women
with PCOS.® Furthermore, insulin action is coupled to release
of DCI-IPG, an insulinomimetic second messenger that
promotes glycogen synthesis.” Recently, it was reported that
the coupling between insulin action and the release of the
DCI-IPG mediator is selectively impaired in PCOS women
with obesity this suggests that insulin-stimulated release of
the DCI-IPG mediator is defective in obese women with
PCOS.'° Moreover, interventional studies have reported
that oral administration of DCI reduced circulating insulin,
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decreased serum androgens, and imProved ovulatory fre-
quency in obese women with PCOS."'~'*

We previously reported that metformin increased the re-
lease of bioactive DCI-IPG per unit of insulin released
during an oral glucose challenge,® further supporting the
contribution of DCI-IPG deficiency to the IR in these women.
Pioglitazone is a PPAR-y (peroxisome proliferator-activated
receptor gamma, also known as the glitazone receptor) or
NRIC3 (nuclear receptor subfamily 1, group C, member 3)
receptor agonist that enhances insulin sensitivity and has been
demonstrated to improve ovulatory function and lower serum
androgen levels in women with PCOS."? However, the effect
of pioglitazone on the insulin-stimulated release of the DCI-
IPG mediator is not known. We hypothesized that, in a manner
similar to that reported for metformin,® pioglitazone im-
proves insulin action in women with PCOS, in part, by in-
creasing insulin-stimulated release of DCI-IPG. To test this
hypothesis, we conducted a double-blind placebo-controlled
study, in which we assessed the release of both insulin and
DCI-IPG during an oral glucose tolerance test (OGTT) at
baseline and after 6 months of treatment with either placebo
or pioglitazone.

Materials and Methods

The study was conducted at Virginia Commonwealth
University (VCU), Richmond, VA (A.G., J.E.N.), and the
Hospital de Clincas Caracas, Caracas, Venezuela (D.J.), as a
randomized, double-blind placebo-controlled trial, in which
insulin-stimulated release of the DCI-IPG mediator in re-
sponse to glucose during a standard OGTT was assessed at
baseline and after treatment with pioglitazone or matched
placebo for 6 months in women with PCOS. A total of 32
[body mass index (BMI) >24kg/m?] women with PCOS,
between 18 and 40 years old, were studied during the
equivalent of the follicular phase of the menstrual cycle, as
documented by serum progesterone of <2 ng/mL.

PCOS was defined using the 1990 NIH/NICHD criteria'?;
that is, all PCOS women had chronic oligomenorrhea (eight or
fewer menstrual periods annually) and biochemical hyperan-
drogenemia (elevated serum-free testosterone), and secondary
causes of hyperandrogenism or ovulatory dysfunction were
excluded by a normal thyroid stimulating hormone, prolactin,
and 17o-hydroxyprogesterone <200ng/dL. All women un-
derwent screening with a 2-hour 75 g dextrose OGTT to ex-
clude diabetes mellitus. Women who had disorders associated
with IR, such as hypertension or dyslipidemia, were not ex-
cluded as long as they had been on a stable dose of medication
for 6 months. Exclusion criteria included the following: (1)
diabetes mellitus by fasting glucose or OGTT, or clinically
significant pulmonary, cardiac, renal, hepatic, neurologic,
psychiatric, infectious, neoplastic, and malignant disease
(other than nonmelanoma skin cancer); (2) current use of oral
contraceptives, steroids, or anorectic drugs; (3) documented or
suspected recent (within 1 year) history of drug abuse or al-
coholism; or (4) ingestion of any investigational drug or being
on a weight loss diet within 2 months before study onset. The
study was approved by the Institutional Review Board of
Virginia Commonwealth University, and signed informed
consent was obtained from all participants.

Because DCI may be taken in as part of a diet high in
legumes or fruits, all participants were interviewed by a
dietitian to identify those who may be consuming diets
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containing unusually high amounts of inositols. The women
were given instructions for a balanced mixed diet to be
followed for at least 3 days before the start of the study.

On day 1, the participants came to the Hospital de Clin-
icas Caracas at 08:00h after a 12-h overnight fast, and
fasting blood samples were drawn at 08:00, 08:15, and
08:30h and pooled for determination of liver function tests
and plasma insulin, glucose, and sex steroids (testosterone).
At 09:00h, an OGTT was performed by administering 75 g
dextrose orally and collecting blood samples for determi-
nation of serum glucose and insulin every 60 min, and DCI-
IPG every 15 min for 2 hr. Height and weight were measured
to the nearest 0.1cm and 0.1kg using a precision stadi-
ometer and digital scale, respectively. Waist was measured
at the level of the umbilicus, and hip circumference was
measured at the widest diameter of the buttocks to the
nearest 0.1 cm. Waist/hip ratio was calculated subsequently.

After completing the OGTT, women were randomized to
receive either pioglitazone 45 mg or matched placebo once
daily for 6 months. This dose and duration of pioglitazone
administration have been previously demonstrated to
markedly improve insulin sensitivity and reduce circulating
insulin in women with PCOS'® and is well tolerated. The
women were allowed to eat ad libitum while an outpatient,
but were instructed to not alter their eating habits, activity
level, or lifestyle during the study. The women also main-
tained a daily diary of menstrual bleeding.

The women returned to research clinic every 4 weeks for
monitoring. After having taken pioglitazone for 6 months,
they returned on day 164 to confirm that they were in the
equivalent of the follicular phase of the menstrual cycle by a
serum progesterone level. On day 166, all tests obtained on
day 1 were repeated. Since pioglitazone may improve
ovulation frequency in some women, if a woman was found
to be in the luteal phase of the menstrual cycle on day 164,
she was continued on pioglitazone for an additional 2-3
weeks and then studied when she was documented to be in
the equivalent of the follicular phase.

Only women with normal hepatic and cardiac function
were studied. Liver function tests were monitored at 4, 12,
and 20 weeks of the study. To assess compliance with study
medication (pioglitazone or placebo), the women returned to
the Hospital de Clinicas Caracas on a monthly basis and a
capsule count was performed. Participants were considered
compliant if they had taken more than 80% or more of all
drugs (pioglitazone or placebo) at each visit based on audit
of returned/dispensed capsules.

Pioglitazone and matched placebo were provided by Ta-
keda Pharmaceuticals; Takeda did not provide any other
support for the study. All glucose and insulin samples were
centrifuged immediately, and sera were stored at —20°C
until assayed. Glucose, insulin, and free testosterone were
analyzed in the clinical laboratory of the Hospital de Clin-
icas Caracas. DCI-IPG bioactivity was measured using an
in-house bioactivity assay developed by the laboratory of
JEN., as previously described.®

Data analysis

All data for participants were analyzed as assigned to
their respective groups at randomization. We examined the
response of serum insulin concentrations and the relative
bioactivity of DCI-IPG to the oral administration of glucose
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by calculating the areas under the respective response curves
(AUCsS) by the trapezoidal rule. Since insulin is thought to
mediate the release of DCI-IPG after a glucose load'” and
there are interparticipant variations in AUC;,suin, the ratio
of AUCpcr.1p6/AUC suiin more accurately reflects insulin-
mediated release of DCI-IPG than AUCpcrpg alone.
Hence, we used this ratio in our analyses. Serum AUCpcypa/
AUC;suiin ratios were not normally distributed and were
therefore log transformed for statistical analyses and then
reported back transformed in their original units.

Whole Bod?/ Insulin Sensitivity Index as described by
Matsuda et al.'® was determined and compared within each
group as well as across both groups at baseline and after
treatment.

Comparisons between groups at baseline were made with
a Student’s two-tailed 7 test. To assess within group effects
from baseline to after treatment, a matched pairs two tailed
t-test was performed. To assess the treatment effects be-
tween groups, the changes in each variable (after treatment
minus baseline) were compared using a two-tailed 7 test. A
Pearson’s correlation was used to assess the association
between change in Matsuda index and change in bioactive
DCI-IPG released per unit of insulin during OGTT. All re-
sults are reported as meantSE, except for graphics, in
which means and 95% confidence intervals (CIs) are pre-
sented. P<0.05 was considered significant.

Results
Baseline characteristics

Women in the pioglitazone and placebo groups did not
differ significantly with respect to age, BMI, waist to hip
ratio, or serum-free testosterone concentrations (Table 1).
They also did not differ in the relative bioactivity of DCI-IPG
(AUCpcripg) curves during the OGTT or AUCpcripc/
AUC;su1in ratios. While fasting insulin was not significantly
different between the two groups at baseline, the AUC;,suiin
during the OGTT was lower in the pioglitazone group than in
the placebo group (6649.39£236.67 vs. 7595.57+£269.11 pIU-
min/mL, P=0.01). None of the women exhibited impaired
glucose tolerance.
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Anthropometric measurements at end of study

As expected, weight and BMI increased significantly after
treatment in the pioglitazone group only. In addition, the in-
crease in weight and BMI was significantly higher than
the placebo group (P <0.0001). Despite increase in weight and
BMI, waist/hip ratio decreased slightly but significantly after
treatment only within the pioglitazone group (0.82+0.01 to
0.80+£0.01, P=0.001), and the decrease was statistically
greater than that in the placebo group (P=0.0094).

Serum insulin and the bioactivity profiles
of DCI-IPG after treatment

After treatment, the serum fasting insulin decreased signifi-
cantly from baseline to end of treatment only within the piogli-
tazone group (15.04%1.23 to 6.35+0.41 ulU/mL; P <0.0001)
and differed significantly from the change in placebo group
(P<0.0002; Table 2). Mean AUC;q;i, decreased significantly
from baseline within both the pioglitazone (6649.39+236.67
t0 3634.58 £ 152.74 pIU -min/mL, P <0.0001) and placebo
groups (7595.57+269.11 to 6560.63 £189.22 uIU-min/mL,
P=0.0013), but the decrease in the pioglitazone group was
threefold greater than that in the placebo group, respectively
(-3014.8£273.78 vs. —1034.9£263.30 uIU - min/mL, P<0.001).

Whole body insulin sensitivity, as determined by the
Matsuda index, increased significantly after treatment in the
pioglitazone group (3.36+0.18 to 7.65%+0.34, P<0.0001),
whereas no significant change was observed in the placebo
group (3.05+0.15 to 3.35+0.18, P=0.10). The change in
Matsuda index after treatment with pioglitazone differed
significantly from that in the placebo group (4.29+0.36 vs.
0.29£0.16, respectively, P<0.0001).

After treatment, mean AUCpcrpg decreased from base-
line within each group, but did not differ significantly
between the two groups (Table 2). Nevertheless, the ratio
of AUCpcr.1pG/AUC;sunin increased from baseline to end-of-
treatment in the pioglitazone group from 2.01% +0.17%
to 3.60%=%0.47%/WU-min/mL (P<0.0001), whereas it did
not change in the placebo group (1.85%£0.17% to 2.07% <t
0.28%/pIU-min/mL, P=NS). The fold increase in the ratio
of AUCpcrip/AUC i suin from baseline to end-of-treatment

TABLE 1. BASELINE CLINICAL CHARACTERISTICS AND SERUM HORMONE CONCENTRATION OF WOMEN WITH PCOS
Characteristic Placebo (n=16) Pioglitazone (n=16) P (t-test)
Age (years) 30.56 (1.08) 29.68 (1.10) 0.57
Weight (kg% 68.90 (1.10) 68.31 (0.65) 0.66
BMI (kg/m~) 26.33 (0.31) 26.08 (0.24) 0.53
Waist/hip ratio 0.80 (0.01) 0.82 (0.01) 0.13
Acne 56.25% (9/16) 56.25% (9/16) 1.0
Serum-free testosterone (ng/dL) 3.01 (0.20) 3.54 (0.23) 0.10
Fasting serum insulin (u[U/mL) 15.91 (1.32) 15.04 (1.23) 0.63
AUC;,6u1in (WU -min/mL) 7595.57 (269.11) 6649.39 (236.67) 0.01
HOMA-IR 3.45 (0.31) 3.34 (0.27) 0.81
Matsuda index 3.05 (0.15) 3.36 (0.18) 0.19
AUCpcripg (% min) 14054.17 (1373.1) 13162.06 (1240.6) 0.63
Ratio of AUCpcr1p6/AUCnsutin (%/uIU/mL) 1.85 (0.17) 2.01 (0.24) 0.48

Data are mean+ SE. To convert values for total testosterone to nanomoles per liter, multiply by 0.0347; to convert values for free
testosterone to picomoles per liter, multiply by 34.7; to convert insulin to picomoles per liter multiply by 7.2. The normal ranges for
ovulatory women are as follows: free testosterone 0.06-0.19 ng/dL, insulin 5-20 pIU/mL.

P <0.05 is level of significance. Significant figure highlighted in bold.

BMI, body mass index; IR, insulin resistance; PCOS, polycystic ovary syndrome.
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TABLE 2. CHANGES IN CLINICAL CHARACTERISTICS AND HORMONE CONCENTRATIONS AFTER

THE ADMINISTRATION OF PLACEBO OR PIOGLITAZONE FOR 6 MONTHS IN WOMEN WITH PCOS
Characteristic Placebo Pioglitazone P (t-test)
Weight (kg% +0.11 (-0.42, 0.65) 1.71 (1.35, 2.09) <0.0001
BMI (kg/m~) 0.04 (-0.17, 0.25) 0.66 (0.51, 0.80) <0.0001
Waist/hip ratio 0.00 (-0.1, 0.02) —-0.02 (-0.03, 0.0) 0.0094
Fasting serum insulin (uW[U/mL) —0.24 (-3.44, 2.96) -8.69 (-11.31, —6.08) <0.0002
AUC;su1in (WU -min/mL) —1034.94 (-1596, —474) -3014.81 (-3598, —2431) <0.00018
HOMA-IR —0.04 (-0.78, 0.70) -2.05 (-2.62, —1.5) <0.00018
Matsuda index 0.29 (-0.06, 0.65) 4.29 (3.53, 5.05) <0.0001
AUCpcr1pg (% min) —699.45 (—4729, 3330.5) —412.22 (-3174, 2349.4) 0.90
Ratio of AUCpcr1pg/AUCpsutin (%/1IU/mL) 1.21 (0.88, 1.54) 1.85 (1.50, 2.20) 0.0083

Data are expressed as mean (95% confidence interval). To convert insulin to picomoles per liter, multiply by 7.2. The normal ranges for

ovulatory women are insulin 5-20 pIU/mL.

P<0.05, level of significance. Significant figures highlighted in bold.

differed significantly between the two groups (pioglitazone
group: 1.85+0.17 vs. placebo group: 1.21+0.15, P=0.0083,
Fig. 1). There was no significant change in DCI-IPG during
glucose tolerance test from O to 60 or 120 min in either group at
baseline or after treatment.

When women from both groups were combined, there
was a significant positive correlation (r=0.47, P<0.01)
between change in Matsuda index and change in DCI-IPG
released per unit of insulin during OGTT (Fig. 2). However,
this relationship was not significant when the groups were
analyzed separately due to lack of statistical power.
Nevertheless, there was a trend toward better correlation
within pioglitazone group compared to the placebo group.

Discussion

In this randomized placebo-controlled study, we demon-
strated that release of DCI-IPG per unit of insulin released
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FIG. 1. Changes in the ratio of the AUC;,5u1in/ AUCpcr.1pG
curve during OGTT after the administration of pioglitazone
or placebo for 6 months in women with PCOS. Values are
expressed as mean change +95% confidence interval. The
ratios were log transformed for statistical analysis and re-
ported back transformed in original units so change represents
the ratio of the result after treatment compared with baseline
(no change is represented by a ratio of 1). OGTT, oral glucose
tolerance test; PCOS, polycystic ovary syndrome.

during an OGTT increased significantly by 85% after
treatment with pioglitazone, but did not change after treat-
ment with matched placebo. The increased release of DCI-
IPG per unit of insulin released in women treated with
pioglitazone was accompanied by improved whole-body
insulin sensitivity, as determined by the Matsuda Index, and
reduced circulating insulin during an OGTT. We note that
the increase in the ratio of AUCpcripg t0 AUC guin during
the OGTT in the pioglitazone group was due to a decrease in
the AUC;,suiin With no significant change in the AUCpcr 1pg-
DCI-IPG is a second messenger of insulin action. To our
knowledge, insulin is the only hormone or substance that has
been reported to affect release of the DCI-IPG second
messenger, as has been demonstrated both in vitro and
in vivo in human beings.” Consequently, we would expect a
parallel drop in DCI-IPG with decreased insulin secretion.
To the contrary, no decrease in DCI-IPG levels was ob-
served in the study after treatment with pioglitazone, despite
reduced insulinemia. Therefore, by enhancing insulin-
mediated release of DCI-IPG (i.e., a greater amount of DCI-
IPG released by target tissues per unit of insulin binding to

[ ]
r=0.47 ® e
5 | p<0.01 *

Change in Matsuda Index

-1 — . . .
-0.4 -0.2 0 0.2 0.4 0.6
Change log AUCDCI-IPG/AUCinsulin
FIG. 2. Relationship between change in Matsuda index
and change in release of the bioactive DCI-IPG messenger
per unit of insulin released during OGTT in placebo (<) and
pioglitazone (®) groups combined from baseline to end of study
at 6 months. DCI-IPG, p-chiro-inositol-inositolphosphoglycan
mediator.
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its receptor), pioglitazone reduced the amount of insulin that
was required to handle the glucose load. Hence, the increase
in the ratio of AUCpcripg t0 AUCpguiin during the OGTT
after treatment with pioglitazone reflects an enhanced ability
of insulin to affect release of DCI-IPG from the cell mem-
brane of insulin target tissues. Specifically, since glucose
tolerances were normal at baseline, there was no physiologic
need for increased release of the DCI-IPG mediator. These
results are qualitatively similar to those previously reported
by Baillargeon et al. for metformin.® Finally, we noted a
significant positive association between change in Matsuda
index and change in DCI-IPG released per unit of insulin, as
has been demonstrated in our previous study with oral DCL.®

A major strength of the study is its randomized, double-
blind placebo-controlled design, which provides internal va-
lidity to the findings of improved DCI-IPG release per unit of
insulin after administering pioglitazone. In addition, these
observations are novel since there is no such study in thia-
zolidinediones, although results are similar to those previ-
ously reported for metformin.® This provides support to and
further reinforces the relevance of our findings of improved
DCI-IPG per unit insulin after administering pioglitazone.

A weakness of the study is that specific mechanism to
explain how pioglitazone improves DCI-IPG/insulin ratio
remains to be elucidated; however, that was not the focus of
the study. While speculative, in the absence of any other
known mechanism for release of DCI-IPG, it is reasonable
to suggest that improved insulin sensitivity through in-
creased release of DCI-IPG per unit insulin may represent a
common therapeutic pathway of action for several classes of
insulin-sensitizing drugs. The mechanism by which piogli-
tazone improved the insulin-stimulated release of DCI-IPG
remains unknown. Possibilities include enhanced intracel-
lular signaling (i.e., coupling) between insulin binding and
DCI-IPG release, increased intracellular production of the
DCI-IPG messenger, amelioration of possible cell surface
impediments to the release of DCI-IPG mediator, or a
combination of such actions.

In conclusion, this study demonstrated that pioglitazone
improves the insulin-stimulated release of the DCI-IPG sec-
ond messenger of insulin action in women with PCOS.
Combined with previous studies of metformin and DCI by our
group and others, this study reinforces the contribution of DCI
and its messenger in improving IR in women with PCOS.
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