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SUMMARY

BACKGROUND: PCOS is a highly prevalent endocrine-metabolic disorder associated with
insulin resistance (IR). In IR states noninsulin-mediated glucose uptake (NIMGU) may increase to
compensate for declining insulin-mediated glucose uptake (IMGU), although this does not appear
to be the case in PCOS. The underlying molecular mechanisms for this deficiency remains unclear.

OBJECTIVES: To compare adipocyte glucose transporter 1 and 4 (GLUT-1 and GLUT-4) gene
expression in PCOS women and matched controls, and to determine whether changes in GLUT-1
and GLUT-4 are associated with concomitant alterations in whole-body glucose uptake.

RESEARCH DESIGN AND METHODS: In this prospective cross-sectional study, 23 women
with PCOS (by NIH 1990 criteria) and 23 matched controls were studied for subcutaneous
abdominal adipocyte GLUT-1 and GLUT-4 mRNA expression (by real-time PCR), and basal
whole body IR (by HOMA-IR) and insulin secretion (by HOMA-B%). A subset of 6 PCOS
women and 6 matched controls also underwent an mFSIVGTT to determine dynamic state glucose
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uptake (by insulin sensitivity index [Si] and glucose effectiveness [Sg]) and insulin secretion (by
the acute insulin response to glucose [AIRg] and the disposition index [Di]).

RESULTS: For similar adiposity (BMI and waist-hip ratio), PCOS women tended to have higher
HOMA-IR and lower Di and Si, and higher HOMA-B% and lower GLUT-4 than controls while
GLUT-1 was similar. GLUT-1 was positively associated with Sg (reflecting NIMGU) and GLUT-4
positively with Si (reflecting IMGU). GLUT-4 was associated negatively with HOMA-IR and
HOMA-B% and positively with Di for the entire cohort but not with AIRg. Both GLUT-1 and
GLU-4 were negatively associated with BMI, but not with each other.

CONCLUSION: Our results suggest that IR secondary to a lower IMGU and enhanced insulin
secretion in PCOS is in part attributable to a reduction in adipocyte GLUT-4 expression that is not
accompanied by a compensatory increase in GLUT-1 expression.

Keywords
PCOS; adipocyte GLUT-1; GLUT-4; insulin resistance

INTRODUCTION

The Polycystic Ovary Syndrome (PCOS) is a highly prevalent endocrine-metabolic disorder,
affecting 5-15% of women?, and is characterized by ovulatory dysfunction, polycystic
ovary morphology, and hyperandrogenism. In addition, ~70% of PCOS patients demonstrate
insulin resistance (IR).2 As such, PCOS is an important risk factor for type 2 diabetes
mellitus (T2DM) and possibly cardiovascular disease.!

A prominent feature of IR is the impairment of systemic glucose uptake.2 Glucose uptake
into tissues is mediated by facilitated diffusion primarily via carrier proteins, i.e. glucose
transporters (GLUT).? To date, 14 glucose transporters with different functions and tissue
descriptions have been identified and cloned (GLUT-1 through GLUT-14).5 GLUT-4 is only
expressed in insulin-sensitive tissues, such as striated muscles and adipose tissue (AT),
where it mediates insulin-mediated glucose uptake (IMGU).8 Alternatively, while GLUT-1
is ubiquitously distributed throughout many tissues, it is principally responsible for basal
non-insulin-mediated glucose uptake (NIMGU), or the tendency of glucose to increase its
own cellular disposal, a mechanism that operates independently of IMGU.5 8 NIMGU
accounts for ~ 75-85% of whole-body glucose disposal in the fasting state.*

In some insulin-resistant states, such as T2DM’ and adrenocortical hyperactivity,? NIMGU
increases as insulin sensitivity declines, suggesting that this relationship may be a vital
compensatory mechanism to ensure that sufficient glucose uptake in the presence of
impaired IMGU. The underlying molecular mechanisms for the bivalent relationship
between IGMU and NIGMU are further supported by studies in cultured skeletal muscles
of transgenic diabetic mice.® In this murine model, GLUT-1 and GLUT-4 appear to
reciprocally regulate each other, presumably to maintain normoglycemia during declining
GLUT4-associated IMGU.?

In PCOS, IMGU is significantly impaired, resulting in IR and compensatory hypersecretion
of insulin by the pancreatic p-cells. Notwithstanding, we recently demonstrated that the
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decreased systemic IMGU observed in PCOS does not appear to be accompanied by a
compensatory increase in NIMGU.3 These data suggested that the IR of PCOS may, at least
in part, be exacerbated by the absence of a compensatory rise in NIMGU.3 The underlying
molecular mechanisms for this disconnect remain unknown.

Although diminished GLUT-4 expression in subcutaneous (sc) adipocytes from PCOS
patients has previously been demonstrated,10: 11 [ittle is known concerning the expression
pattern of GLUT-1 in the AT of these women. In the present study, we have hypothesized
that absence of a compensatory increase in NIMGU in PCOS, in the face of a decreased
IMGU, is due to a similar defect in adipocyte GLUT-1. Our immediate objectives were to:
(a) compare the expression of GLUT-1 and GLUT-4 mRNA in sc abdominal adipocytes
obtained from women with PCOS and BMI-matched controls; and (b) to determine whether
the levels of GLUT-1 and GLUT-4 gene expression are associated with alterations in whole-
body glucose uptake and insulin secretion.

SUBJECTS AND METHODS

Study population and protocol

Forty-six subjects (23 control and 23 PCOS) aged 22-44 years were recruited. Because
we were interested in studying metabolic dysfunction, the diagnosis of PCOS was made
according to the 1990 National Institutes of Health consensus criteria (i.e., equivalent to
Phenotypes A and B of the Rotterdam criteria),2 namely the presence of oligo-ovulation
and biochemical or clinical hyperandrogenism, excluding other known endocrinopathies,
as previously described.12 Controls recruited comprised healthy premenopausal women
with long-term eumenorrhea and no evidence of hyperandrogenism or endocrine disorders.
None of the women were pregnant or taking any hormonal medication (including oral
contraceptives, metformin) for at least 3 months preceding the evaluation. All subjects had
normal thyroid-stimulating hormone, 17-hydroxyprogesterone, and prolactin levels.

Research subjects were recruited through advertisements or, for PCOS, the clinical and
research practice of the Center for Androgen-related Disorder at Cedars-Sinai Medical
Center (CSMC), Los Angeles, or the reproductive endocrine clinic at Augusta University,
Augusta, Georgia. To ensure comparable groups, we began to prospectively recruit PCOS
subjects first and matching controls were sought, either from a previously recruited pool
of controls or through new recruitment. An attempt was made to closely match PCOS and
controls within narrow ranges (i.e. #3 kg/M2 in BMI, %5 years in age, and similar race).10:
Both the PCOS patients and controls were recruited over a similar period of time.

13

All subjects underwent a physical examination with blood sampling for hormone
measurements, as previously described* and were normoglycemic. In addition to height,
weight, and modified Ferriman-Gallwey (mF-G) score, waist circumference (WC) was
measured at the narrowest portion of the torso approximately midway between the lower
costal margin and the iliac crest, and the hip circumference was measured over the widest
portion of the gluteal and greater trochanteric region. The BMI and waist to hip ratio (WHR)
were then calculated.
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Fasting blood samples for circulating total testosterone (total T), free testosterone (free
T), dehydroepiandrosterone sulfate (DHEAS), insulin, and glucose concentrations were
obtained on days 3 through 8 of the menstrual cycle (i.e. the follicular phase). All subjects
also underwent a sc AT biopsy (see below).

A subgroup of 12 study subjects (6 PCOS and 6 controls) who had an AT biopsy

also agreed to undergo a modified frequently sampled intravenous glucose tolerance test
(mFSIVGTT) and assessment of abdominal fat distribution by a single-cut abdominal
computed tomography (CT) scan (see below). The study was approved by the Institutional
Review Boards/Research Ethics Committee of CSMC and Augusta University. All subjects
provided written informed consent before study entry.

Metabolic assessment

Metabolic function in the basal state: IR and insulin secretion in the basal (static)
state were estimated using the homeostasis model assessment for IR (HOMA-IR) and p-cell
secretion (HOMA-%p-cell), respectively, as previously described.1®

Metabolic function in the dynamic state: A subset of 12 subjects underwent

a modified FSIVGTT (mFSIVGTT) to determine systemic glucose uptake and p-cell
function, including IMGU and NIMGU, in the dynamic (stimulated) state, as previously
described.18: 17 Briefly, on days 3 through 8 of a spontaneous or induced withdrawal bleed,
intravenous (iv) catheters were placed in both forearms between 8:00 and 9:00 awm, after

an overnight fast. Thereafter, iv administration of glucose (0.3 g/kg) was followed in 20
minutes by the administration of regular insulin (0.03 U/kg). Blood samples (2.0 mL) were
collected 34 times from —20 minutes (relative to glucose administration) to +180 minutes.
Samples drawn into prechilled tubes containing EDTA (for insulin) or sodium fluoride
potassium oxalate (for glucose) and plasma were frozen at —80°C until assayed. Plasma
glucose and insulin values were entered into the MINMOD computer program, and data
were analyzed using MINMOD of glucose kinetics to establish glucose-insulin interactions
in a single assay.16: 17

The calculated components of the modified FSIVGTT were as follows: acute insulin
response to glucose (AIRg), which reflects the first phase endogenous insulin secretion

in response to a bolus glucose injection; insulin sensitivity index (Si), which reflects the
IMGU per unit of insulin evaluated by a bolus injection of known quantity of insulin; the
disposition index (Di = Si x AIRg), representing the interaction of insulin sensitivity and the
compensatory ability of the B-cell to secrete insulin, and glucose effectiveness index (Sg),
reflecting the ability of glucose per se, independent of changes in insulin, to increase glucose
uptake and suppress the endogenous glucose production (i.e. a form of NIMGU).

Of note, in insulin-dependent tissues the glucose dynamics are influenced by basal insulin
levels, termed the basal insulin effect (BIE), which is quantified as the product of the insulin
sensitivity and basal insulin concentration (Si x basal insulin).18 In order to overcome the
basal insulin effect on Sg and obtain an estimate of NIMGU, we also calculated the glucose
effectiveness at zero insulin concentration (GEZI), quantified as the difference between total
Sg and the basal insulin effect (i.e. GEZI = Sg - BIE).18
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Isolation of adipocytes, real-time PCR

Approximately 5 gm. tissue was excised from sc AT through a 1.5 cm incision in the lower
abdomen as previously described.19 After adipocytes were isolated from AT, RNA was
extracted and the proportions of GLUT-1 and GLUT-4 mRNA were assessed by real-times
quantitative reverse transcriptase (real-time qRT—PCR) as previously described.1020-22 Data
was normalized to the house-keeping gene human ACT7B (i.e. the internal control). Primers
for human ACTB, GLUT1, and GLUT4 were purchased from SA Bioscience (Frederick,
MD). Relative fold change of mMRNA expression of targeted genes (relative to human ACTB
expression) was calculated by using delta Ct method, as previously described.10: 21. 22

Biochemical analysis

Total T was measured using high-turbulence liquid chromatography tandem mass
spectrometry and free T determined by equilibrium dialysis (Quest Diagnostics, San Juan
Capistrano, CA), as previously described.22 The serum levels of DHEAS were measured

by a competitive immunoassay (Modular E170; Roche Diagnostics, Indianapolis, IN).
Plasma insulin was assayed by chemiluminescence (ADVIA Centaur chemiluminescent
immunoassay system; Siemens Healthcare, Deerfield, IN) and glucose levels were measured
using the hexokinase/glucose-6-phosphate dehydrogenase method (Roche Applied Sciences,
Indianapolis, IN). Samples, except for glucose, were batched at regular intervals for analysis
to minimize the impact of inter-assay variability. The intra- and inter-assay variations for
total T, SHBG, DHEAS, A4, PRL, TSH, 17-OHP, and P4 have been previously reported and
did not exceed 10%.% 22. 23

Single-slice abdominal CT scan

A single slice CT (Toshiba Aquilion 16, model TSX-101A; Toshiba America Medical
Systems, Tustin, California) scan of abdominal visceral and subcutaneous (sc) fat was
obtained at the level of the L4-L5 lumbar vertebrae disc space, as previously described.3
Regional abdominal fat stores were identified by creating a closed region of interest
surrounding the peritoneal cavity to separate sc and visceral fat stores. Connected voxels
within the CT attenuation range of =190 to —30 HU were identified as fat. Fat voxels

inside the drawn region of interest were classified as visceral adipose tissue (VAT) and those
outside as sc adipose tissue (SAT). The cross-sectional areas of VAT and SAT in square
centimeters were quantified using software-derived algorithms. Total abdominal fat (TAT)
was calculated as the sum of VAT and SAT.

Statistical analysis

Shapiro-Wilks W test was used to determine whether continuous variables were normally
distributed. All continuous variables, but the mF-G score, reasonably followed a parametric
distribution on the original or log scale, with nine variables needing log transformation
(total T, free T, DHEAS, fasting glucose, fasting insulin, HOMA-IR, and HOMA-%p-cell).
Intergroup differences were evaluated using the unpaired ¢test for normally distributed
continuous variables or the Wilcoxon rank-sum test for mF-G score. A x 2 test was used

to compare nominal variables. Bivariate correlations between continuous variables and
parameters of glucose disposal in PCOS and controls were analyzed using the Pearson
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correlation coefficient for all variables, except the mF-G score which were analyzed using
the Spearman correlation coefficient. The statistical level of significance was set at £=0.05
and all hypothesis tests were 2-sided.

The previous estimates of mean and variability for each of the groups were available for
GLUT-4 but not GLUT-1 mRNA expression in PCOS.10 Therefore, we could not power

the study sufficiently for sample size calculation based on a previous estimates of GLUT-1.
Using GLUT-4 mRNA expression as the primary outcome for the purpose of determining
power, the a priori power calculation indicated that a sample size of at least 17 PCOS
patients and 17 control subjects would be sufficient to detect a difference of 198.0 x 1072, in
GLUT-4 mRNA expression, assuming a =0.20, an a=0.05, and a standard deviation (SD)
of 194.1 x 1075, according to data from our previous study.1°

To assess if the study were underpowered to detect differences in GLUT-1 receptors, we
powered to detect a difference in mean GLUT-1 mRNA levels (3.7 x107°) between PCOS
women and controls using Welch-Satterthwaite’s t-statistics. However, the difference in
mean GLUT-1 we observed (the median effect size of 0.5 (i.e. [6.1 — 4.1 x1075)/ pooled SD
of 4.4 x107° = 2/4.4) between PCOS women and controls is clinically small at ~2.0 x107°,
and may not be meaningful, even if we had used a large sample size, given the large pooled
SD estimate. Therefore, we chose not to raise the possibility of a false negative result.

Baseline features of the study groups

The basic demographic, endocrine, and metabolic characteristics of the subjects are depicted
in Table 1. Subjects’ age and BMI ranged from 22 to 43 years and 21.0 to 35.8 kg/M? in
PCOS, and 21 to 44 years and 19.3 to 40.2 kg/M?2 in controls. There were no differences in
mean BMI, WHR, or racial/ethnic composition between the two groups, although controls
were older than women with PCOS (Table 1). However, age was not associated with either
GLUT-1 or GLUT-4 mRNA expression. As expected, mF-G scores and baseline mean serum
total T, free T, and DHEAS levels were higher in PCOS than in controls, both before and
after adjustment for age.

Whole-body glucose uptake and pancreatic p-cell function between PCOS and controls

Although not reaching statistical significance, the mean fasting plasma insulin levels (12.7
vs. 8.1 plU/mL in PCOS vs. controls, resp.) and HOMA-IR values (2.8 vs. 1.7 in PCOS
vs. controls, resp.) tended to be higher in PCOS than control women. The mean fasting
plasma glucose levels were similar in the two groups while HOMA-%g-cell function was
significantly higher in PCOS women than controls (Table 1).

To explore alterations in dynamic measures of whole-body glucose uptake and p-cell
function, we examined the parameters of glucose kinetics measured by mFSIVGTT in

a subpopulation of 6 PCOS women and 6 matched controls. There were no significant
differences between the two groups in terms of mean+SE age (28.25+1.21 vs. 35.30+3.26),
BMI (32.38+0.76 vs. 34.1+1.74 Kg/m?), WHR 0.9420.02 vs. 0.91+0.04), VAT (148.4+22.7
vs. 134.5+14.0 cm?), SAT (428.5+48.5 vs. 481.1+34.2 cm?) and TAT (576.9+53.5 vs.
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615.6+43.4 cm?), respectively (Supplemental Table 1). The mean Si and Di tended to be
lower in PCOS than in control women, although the difference did not reach significance,
while AIRg, Sg, BIE and GEZI were not significantly different between the two groups
(Table 1, Supplemental Table 1).

Adipocyte GLUT-1 and GLUT-4 mRNA expression between PCOS and controls

The differences in mean GLUT-1 and GLUT-4 mRNA expression in PCOS and control
adipocytes are depicted in Table 1 and Fig. 1. The mean levels in GLUT-4 mRNA expression
in adipocytes were lower and decreased by 40.4% in PCOS relative to controls (Table

1; Fig. 1A). However, there was no significant difference in mean GLUT-1 expression
between women with PCOS and controls (Table 1; Fig. 1B). Compared to GLUT-4 receptor
which decreased by 1.7 fold in PCOS, GLUT-1 was increased 1.5-fold relative to controls.
Furthermore, there was no association between GLUT1 and GLUT4 mRNA levels either in
women with PCOS or in controls (Table 1; Fig. 1C). The results remain unchanged after
adjustment for age.

The relation of adipocyte GLUT-1 and GLUT-4 mRNA expression with hyperandrogenism
and adiposity

In bivalent analysis, BMI was or tended to be negatively associated with GLUT-4, but not
GLUT-1, expression in both PCOS and controls (Table 2). DHEAS tended to be negatively
associated with GLUT-4, but not GLUT-1, expression. Alternatively, age, WHR, mF-G
score, and circulating levels of free and total T demonstrated no association with either
GLUT-1 or GLUT-4 adipocyte expression in either PCOS or controls.

The relation of adipocyte GLUT-1 and GLUT-4 mRNA expression with measures of
metabolic function

Considering the entire cohort together, GLUT-4 mRNA expression was or tended to be
negatively associated with fasting insulin and glucose, HOMA-IR and HOMA-p% (Table
3 and Fig. 2). Among PCOS, GLUT-4 mRNA expression was negatively associated

with fasting glucose and HOMA-IR, and among controls, GLUT-4 mRNA expression
was negatively associated with fasting insulin, HOMA-IR and HOMA-B% (Table 3).
Alternatively, GLUT-1 mRNA expression was not associated with any of these parameters
(Table 3).

In the subgroup of 12 subjects undergoing an mFSIVGTT, when considering the entire
cohort together GLUT-4 mRNA expression was positively associated with Si and Di,

and GLUT-1 was positively associated with Sg (Table 3 and Fig. 3). Associations when
considering the PCOS or control groups separately were less clear, likely due to the small
number of subjects in this part of the analysis. In PCOS subjects GLUT-1 mRNA expression
was negatively associated with BEI; there were no obvious associations of GLUT-4 or
GLUT-1 mRNA expression with mFSIVGTT results among controls in this subgroup (Table
3 and Fig. 3).
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DISCUSSION

While in some insulin-resistant states, NIMGU increases as IMGU declines,”: 8 we
previously demonstrated that in women with PCOS decreased IMGU was not accompanied
by a compensatory increase in NIMGU.3 These data suggest that the absence of a
compensatory increase in NIMGU may exacerbate the IR of PCOS. In the current study
we explored the hypothesis that the lack of a compensatory increase in NIMGU in PCOS
could be related to a similar absence in GLUT-1 upregulation.

Our data first confirmed that GLUT-4 expression is reduced in PCOS adipocytes compared
to controls, and that this reduction is associated with markers of decreased whole-body
insulin sensitivity and/or enhanced compensatory insulin secretion, as has been previously
described by ourselves?: 3: 10. 13, 24 anq others.11: 25 26. 27 \We also found that GLUT-1
adipocyte expression was positively associated with Sg, but not Si, confirming the
importance of this glucose transporter in determining NIMGU, but not IMGU.

However, our data also indicated that in contrast to the deficit in GLUT-4 mRNA expression
observed, we did not observe any significant difference in GLUT-1 expression in the
adipocytes of our PCOS subjects compared to controls. These data support the concept that
the absence of a compensatory increase in NIGMU in PCOS results, at least in part, from the
absence of compensatory increase in GLUT-1, in contrast to what has been observed in some
IR animal models.13 We can further suggest that the absence of a compensatory increase

in GLUT-1 and its resulting NIMGU, in part or in whole, accounts for the exaggerated IR
observed in PCOS.

Furthermore, as GLUT-1 expression does not track with the deficiency in GLUT-4, these
data suggest that the defect in GLUT-4 gene expression observed in PCOS adipocytes by
others! and ourselves? is a specific defect, and does not reflect a generalized defect in
glucose transporters. These molecular data are also consistent with studies of skeletal muscle
in patients with T2DM, which found that GLUT-4 mRNA expression was reduced while
GLUT-1 expression was unaltered.25: 28

Finally, we began to explore the relationship between GLUT-4 gene expression and p-

cell function, given the hyperbolic relationship insulin sensitivity and acute pancreatic
response.18 The higher mean HOMA-B%, along with the trend towards a mean higher
HOMA-IR and a mean lower S;, observed in PCOS women compared to controls in this
study are consistent with previous reports of compensatory pancreatic p-cell function in
response to IR reported in PCOS.26: 29 |n our control women, GLUT-4 mRNA expression
tended to be negatively associated with HOMA-B%, suggesting that when insulin secretion
is reduced the increased expression of GLUT-4 may be enhanced in compensation. In
contrast, the lack of association between GLUT-4 mRNA and HOMA-B% in our PCOS
women suggests that this compensatory relationship may be compromised in women with
the disorder, placing them at relatively higher risk for -cell dysfunction2?: 30 and eventual
failure, consistent with their higher risk for T2DM.1: 26 |t should be noted that our results do
not prove the cause-effect relationship between GLUT-4 gene expression and these surrogate
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basal markers of p-cell function because of the cross-sectional nature of our study. Further
studies are therefore needed to confirm this finding.

In line with previous findings showing deleterious effects of obesity on glucose toleranceZ®:
and Si,3 13. 26 the finding that increasing adiposity was associated with decreasing GLUT-4
expression is not unexpected. In contrast, we found no association between markers of
hyperandrogenism and GLUT-1 or GLUT-4 expression in either PCOS or control subjects.
These data support the concept that the adipocyte deficits that we and others1® 11 27 have
been observing in PCOS are independent of the hyperandrogenism of PCOS subjects.

Glucose uptake is the rate-limiting step in glucose metabolism, and the number of glucose
transporter directly influence glucose disposal in target tissues.> 8 In our study, PCOS
adipocytes demonstrated a 1.7-fold decline in GLUT-4 but a parallel 1.5-fold increase in
GLUT-1 gene expressions than controls, suggesting that the compensatory response to IR
by GLUT-1 gene may apparently be insufficient. Nonetheless, it should be noted that,
compared to GLUT-4, which is the predominant GLUT isoform in insulin sensitivity tissues,
GLUT-1 normally comprise a very small percent of total glucose carriers in these tissues

- adipocytes (5%), skeletal muscles (10%) and cardiomyocytes (30%).5 6 31 |n contrast,
GLUT-1 expression is relatively far more higher in some non-insulin sensitive tissues such
as primate blood-brain barrier, cancers and erythrocytes than other GLUT isoforms.>:
Higher adipocyte GLUT-4 relative to GLUT-1 mRNA expression observed in our study is
therefore not unexpected. Apart from GLUT numbers, other factors such as tissue-specific
expression and kinetic characteristics of these GLUT isoforms affect glucose uptake.>: 6

This detailed and carefully conducted translational PCOS study is unique in relating an

in vitro analysis of GLUT-1 and GLUT-4 receptor gene expression in adipocytes to whole-
body glucose homeostasis and insulin secretion in both basal and dynamic states. Our study,
however, has also a number of potential limitations. Firstly, is the small number of subjects
included, due to the invasiveness of the procedures used, although our a priori power
analysis indicated that we would likely have sufficient power to detect important differences.

Secondly, we are studying adipocytes rather than skeletal muscle. However, although
skeletal muscle is the principle site of glucose metabolism, accounting for ~70-85% of
total IMGU in the postprandial state,32 AT is a critically important endocrine organ, critical
in the regulation of whole body homeostasis via the secretion of adipokines and other
factors. For example, ablation of adipocyte-specific GLUT-4 in a transgenic mouse model
resulted in not only decreased glucose uptake in AT, but also impaired insulin action in
skeletal muscle and liver, and profound whole-body glucose intolerance.33 Furthermore,
overexpression of AT-specific GLUT-4 in the AT of muscle-specific GLUT-4 deficient mice
reversed whole-body glucose intolerance and diabetes, without restoring glucose transport
in the muscle.3* Similar effects have been observed in clinical trials of bariatric surgery

in human.3% 36 Consequently, glucose handling in AT plays a critical role in whole-body
glucose homeostasis, even though AT directly accounts for only 10-20% of IMGU.37
Finally, protein expressions of GLUT- 1 and GLUT-4 were not assessed in this study.
However, our previous studies indicate that GLUT-4 mRNA expression reflects protein
expressions in primary adipocyte cultures and AT, in both PCOS and controls.1% 21 Our
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ongoing more comprehensive study of adipocyte dysfunction in PCOS will measure protein
expressions of these GLUT isoforms and other adipokines in order to enable study of direct
relationship between these proteins and whole-body insulin sensitivity and p-cell function.

In summary, our results indicate that GLUT-4 is a recognized determinant of IMGU while
GLUT-1 seems to be a strong determinant of NIMGU, and suggests that IR in PCOS can in
part be attributed to decreased adipocyte GLUT-4 gene expression, which does not appear to
be accompanied by a compensatory increase in GLUT-1 gene expression. Further studies are
needed to study protein expression of GLUT-1 and GLUT-4 to confirm these findings, and to
compare transcriptional and posttranscriptional expression and regulation of GLUT isoforms
in PCOS adipocytes and other insulin sensitive tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Box and whisker plot of adipocyte GLUT-4 mRNA expression in PCOS vs Control
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B) Box and whisker plot of adipocyte GLUT-1 mRNA expression in PCOS vs Control
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C) Scatter plot of adipocyte GLUT-1 and GLUT-4 mRNA expression
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Fig. 1. Adipocyte GLUT-1 and GLUT-4 mRNA expression (by RT-PCR) in PCOS (n=23) versus
controls (n=23).
GLUT4 mRNA expression was decreased in PCOS relative to control adipocytes (Fig. 1A).

In contrast, no significant difference in mean GLUT-1 mRNA expression was observed
between women with PCOS and controls (Fig. 1B). No association was found between
GLUT-1 and GLUT-4 mRNA levels either in women with PCOS or in controls (Fig. 1C).
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Fig. 2. Association between adipocyte GLUT-4 gene expression and basal state insulin sensitivity
(HOMA-IR) or pancreatic p-cell function (HOMA-B%) in basal state.

Depicted are the scatter plots of GLUT-4 mRNA expression vs. HOMA-IR (Panel A) or
HOMA-B% (Panel B) values for the entire cohort.
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A: GLUT-4 vs. Si (r= 0.48; p=0.049) - ALL SUBJECTS
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B: GLUT-4 vs. Di (r= 0.54; p=0.026) - ALL SUBJECTS
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C: GLUT-4 vs. Sg (r= - 0.02; p=0.951) - ALL SUBJECTS
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D: GLUT-1 vs. Si (r= 0.27; p=0.289) - ALL SUBJECTS
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E: GLUT-1 vs. Di (r=0.09; p=0.771) - ALL SUBJECTS
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F: GLUT-1 vs. Sg (r= 0.50; p=0.043) - ALL SUBJECTS
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Fig. 3. Association of adipocyte GLUT gene expression with dynamic whole-body noninsulin-
mediated glucose uptake (NIM GU), insulin-mediated glucose uptake (IMGU), or insulin
secretion in PCOS and control women combined (n=12).

NIMGU was assessed by the Sg value, IMGU by the Si value, and insulin secretion by

the DI values, estimated from the mFSIVGTT. Scatter plots of GLUT-4 and GLUT-1
expression vs. Si, DI, and Sg are depicted in Panels A through C, and Panels D through F,
respectively.

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2023 June 27.



Page 24

Ezehetal.

Author Manuscript

V/IN 6960 0S'€2TFEE20L TS €TFSE'60L (r-ttty_7 Nu)lsiry

VIN 6100 T8'0FEY'E 6E0FLOT (r-wruw 7)'s
(9=u) j013U0D (9=u)s0od g (LLDAISHW Ag) so1weuly 8s0on|9

9100 L€00 ¢-0T*0'GEF¢-0Tx¥'TLC 6-0TXT'LE Fg-0TxL'TIT #1179

19€0 6TT0 5-0Tx¥ 0Fg_0TXT'¥ ¢-0TxZ'T ¥ g-0TxT'9 14N79
S| YNHW S B1iodsue i] 8soon|9

Y00 Zv0'0 (6e9-T1) 642 (€87-4T) 695 v %9-YWOH

G800 veT0 (§e-€0) LT (sv'6z-z0) 82 v &l YWOH

1120 970 (z62T-v'vT) T'8S (z166-2°1) T'16 o (Vowd) uinsuy bulse4

610 90 (65-82) 67 (6'6-8'€) 0’ e (/10ww)asoon)6 buyjse4
(o115 [eseg) UOIOUNY D1jOqRI N

7000 7000 LOFr'Y 7’02’8 (jown) SY3IHa

9200 1000 (€1-50) 60 (Te-20)5T v (V10ww) auoia1s0isa. eiol

5000 1000 (r'61-1'€) 9L (z'8-9'9) ¥'91 e (/10wa) suoigisojsal sai4

1000 1000 v0¥e'T 0T¥T'8 81095 9~
sanses |\l wsiuabopuy

1090 9050 £0'07/8°0 20°0¥68°0 HHM

0£T0 6ET'0 TFT8C 6'0F€0E ( 7z wybx) xopui ssew Apog
S9.nses |\ 914lPwWodoyiuy

VIN 6660 (roe) L (roe) L ANYM uedsH-UoN

VIN 2220 (T'92) 9 (8LY) 1T I dluedsiH

VIN 1020 &y (0oene UBIIBWY -UEISY

VIN SrT°0 (T'92) 9 (28)e UBILIBUWY-UBIILY
(9% pue u) s0ey

VIN 1000 9 TFEVE 0°TFL'9C (s129/) a6y

(pesnlpyaby)anpead | anpead (€e=u) j01u0d (€2=u)S02d so|qelen

Author Manuscript

s108lgns Apns JO SO1S1IB10RIBYD D1]0CEISW PUB 3ULID0PUS ‘OLlswodolLyue auljaseg

‘T algeL

Author Manuscript

Author Manuscript

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2023 June 27.



Page 25

Ezehetal.

‘onel diy 03 3S1eM 8y} ST JHM PUe ‘Xapul SSaUaAIdaya s0an|B si BS xapul AARISUSS uljnsul st 1S ¢, ajqealjdde 10N, S /N ‘1581 80uel|0}
9s00n|6 Al pajdwes Apuanbaiy payipow st | | OAISAW ‘9400S WSHANSIIY ASM|[eD-UeLILIS- PaYIpoW 8y} SI H-4W ‘UORIUNY [[39-¢ JO JUSLLSS3SSE [SpoW SISeISOaWOY SI %gd-YINOH 9ouelsisal uljnsui Jo
JUBLUSSASSE |apoW SISeIS0aWoy S JI-VINOH ‘Jalodsuel) 8s09n|6 s1 1 N9 Xapul uonisodsip si 1Q ‘8re}ns auoJaisolpueldaoipAysp st SYIHQ ‘8s0an|B o3 urnsui Jo asuodsas a1nde si Y|y suorenaIqay

gs* 3.2%:8%2 ‘11200

pue /€00 ‘7€ 'SLT"L ‘'SSS0°0 AQ SanjeA ayl apIAIp “p/Bn 01 SYIHA pue Tp/Bu 01 8U0IB)SOISa] 210 ‘w/Bd 01 su0IBISOISa 8314 ‘WM 01 ulnsur “p/Bw 01 8500N|B 40 S|aA3| Bwse|d BY) LISAUOD O

Author Manuscript

‘(T 81qeL |ewawWaddns os|e 8as) S|0J1U0I PaydIeW 9 pUB UBWOM SO 9 Ul pawiopiad sem sislawered | | DAISHW JO JUBWISSISSY

q

elep paiojsuesl-Boj Joy paniodai si ‘ueaw afeas Boj ayy Jo Bojnue sy} ‘suesw OLIBWI0RD),

“Juedl1UBIS A|[eonsiels aie pazidije) pue pap|og sanfeA-d “erep paluiojsuesl-Bol pue aoes 1oy 1dadxa 3S F sueswW aJe sanfen

VIN €260 | -0TXBE0F ¢-0Tx ETZ £-0Tx 62°0F¢-0Tx 80°Z 319
VIN 2800 | 2-0TxLr0F ,-0Tx €2°C 2-0Tx L20%2-0Tx ¥0°Z 1z39
VIN 0880 | g-0TXZT¥TS Fo-0TXSG'S0Z | ¢-0Tx Z'6°0 F5-0TxT OYT (-unw)’s
VIN 9,00 ¥6'0TEFEE 8961 8v08ZFEE OYTT a
(pemsnlpyaby)anpend | anfead (€e=u) |p1u0D (€2=U)s02d so|qel fen

Author Manuscript

Author Manuscript

Author Manuscript

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2023 June 27.



Page 26

Ezehetal.

Author Manuscript

elep umE_ot:m:-mo_m

suoneIARIgge 0} A8 0} 1X8) pue T 8|qel 89S

Zsv'0 | vzo- | teeo | te0 | 8800 | 9¢0 | 1650 | zrO- (vrown) SY3IHa
8,10 | se0 | sevo | €20 | 9580 | voo | 08r0 | 900 | &(Wrouw)suomisoser feror
860 | 900 | 8660 | 100 | ee80 | s00- | v8zo | €20 | o(TMowd) sucieisoisas seid
6.'0 | 120- | w60 | 200- | wwvTO 70 60v'0 | 8T0- 81005 9~
1860 | 9z0- | 50 | er0- | 81TO0 | vE0- | 6980 | 00 HHM
¥500 | 250- | ese0 | Lzo- | seoo | wvo- | S8y0 | STO (/b)) Ing
1570 | €zo | ‘seto | ovo- | vieo | zzo | sv80 | vo0- (s1e9) 96y
anfen-d 1 anfen-d ] anfen-d ] anfen-d ]
7-LN1D 7-1N19 7-LN1D T-1N19
so|elen
(€2=u) |p1u0D (€2=u)S0O2d

$]011U0J pue SODJ Ul wsluaboipuesadAy pue Alisodipe YIM uolssaldxa WNHW -1 N9 pue T-LN19 4O Uoe|alio)

‘¢ dlgeL

Author Manuscript

Author Manuscript

Author Manuscript

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2023 June 27.



Page 27

$]0J1U02 PaYDTEL 9 PUB USWOM SODd 9 Ul pawiopiad sem siaiawesed | | OAISHW JO EwEmmmmm,QQ

elep umc:ohm:g-mo_m

suoneIAsiqqe o) A8 10) 1Xa) pue T 8|gel 89S

Ezehetal.

0560 | €00 | 9380 | 600- | ots0 | ve0- | L000 | e€60- | 820 | TTO- | SL20 | 820 319
1.60 | 1€0- | T19TO | S90 | G290 | czo-| zseo | w0 | 96v0 | zzo- | 6600 | TrO 1239
2850 | 620- | 6210 | €90 | €650 | 8z0- | TLHO | L0 | 1560 | 200- | €00 | 0S50 (r-unw)’s
9260 | €e0 | ¢e90 | seo | w00 | L0 | 6980 | 600 | 9200 | ¥S0 | TLL0 | 600 1a
€0 | evo- | 2950 | 1€0 | o280 | 2O | Sw60 | ¥00- | 2290 | TUO- | €890 | sTO- (r-wiy_7 Nu)lsily
z0e0 | 150 | €950 | oco | v8TO | €90 | ¥960 | z00- | 600 | 8y0 | 6820 | Lz0 (rwy v 7)'s
(9=u) |pu0D (9=u)s02d (eT=u) 1V g (LLOAISHW Ag) o7e1s dlureuAq
¥G00 | §50- | €850 | 910 | 20 | oco- | ¢i60 | €00- | 6500 | ze0- | TSL0 | 900 v %9-YWOH
1600 | 850- | evso | sro- | l€00 | vv0- | 6220 | L00- | 8000 | ev0- | €z60 | 200- » &l YWOH
6100 | 190- | 0z60 | €00- | €950 | €r0- | es80 | v00- | 2S00 | €g0- | o160 | 200 p (1owa) uynsuy bunse
vev'o | €20- | 00T0 | 9¥'0- | S#800 | 6€0- | 2e¥0 | 8T0- | 2800 | o€0- | T¥EO | LTO- o (V/10ww) 95026 bupise
oIS feseg
anpen-d 1 anpea-d 1 anpen-d ] anpea-d ] anpen-d 1 anpen-d 1
7-1N719 T-LN719 7-LNT19 T-LN19 7-LNT9 T-1N19
so|elen
(€2=u) o0 (€2=u)s02d (9p=u) 11V

Sa)e]s OIWRUAp puR [eseq Ul uonounysAp o1jogeIawW Jo siglawreled Y1IMm uolssaidxe WYNYW -1 N9 pue T-1NT9O 10 uone|aiio)

Author Manuscript

‘€ 9|geL

Author Manuscript

Author Manuscript

Author Manuscript

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2023 June 27.



	SUMMARY
	INTRODUCTION
	SUBJECTS AND METHODS
	Study population and protocol
	Metabolic assessment
	Metabolic function in the basal state:
	Metabolic function in the dynamic state:

	Isolation of adipocytes, real-time PCR
	Biochemical analysis
	Single-slice abdominal CT scan
	Statistical analysis

	RESULTS
	Baseline features of the study groups
	Whole-body glucose uptake and pancreatic β-cell function between PCOS and controls
	Adipocyte GLUT-1 and GLUT-4 mRNA expression between PCOS and controls
	The relation of adipocyte GLUT-1 and GLUT-4 mRNA expression with hyperandrogenism and adiposity
	The relation of adipocyte GLUT-1 and GLUT-4 mRNA expression with measures of metabolic function

	DISCUSSION
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Table 1:
	Table 2:
	Table 3:

