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Context: Metabolic flexibility reflects the ability to switch from lipid to carbohydrate oxidation
during insulin stimulation manifested in increased respiratory quotient (RQ). Little is known about
adipose tissue metabolism and metabolic flexibility in adolescent girls with polycystic ovary syn-
drome (PCOS).

Objective: We investigated whole-body lipolysis, substrate oxidation, and metabolic flexibility in
obese girls with PCOS vs obese girls without PCOS.

Patients/Design: Twenty-one obese girls with PCOS and 21 obese girls without PCOS were pair-
matched for age and race. Body composition, abdominal visceral adipose tissue (VAT), sex
hormones, lipid profile, and adiponectin were measured. Whole-body lipolysis ([*Hs]glycerol
turnover), RQ, and substrate oxidation (indirect calorimetry) were evaluated during fasting and
a hyperinsulinemic-euglycemic clamp together with assessment of insulin sensitivity (IS).

Results: Despite similar body mass index and percent body fat, girls with PCOS vs girls without PCOS
had lower fasting lipolysis and fat oxidation, less increase in RQ during hyperinsulinemia with
impaired suppression in lipolysis and lipid oxidation, and lower IS. In multiple regression, the best
predictors of metabolic flexibility were [using clinical parameters: adiponectin, fasting triglycerides,
and insulin (R?=0.618, P < 0.0001); using research parameters: IS, VAT, and baseline RQ (R* = 0.756,
P < 0.0001)].

Conclusions: Obese girls with PCOS vs obese girls without PCOS have decreased lipid mobilization,
diminished fat oxidation, and metabolic inflexibility. Whether this metabolic phenotype of adipose
tissue dysfunction, which is conducive to fat accretion, plays a role in the induction and maintenance
of obesity in adolescent girls with PCOS remains to be determined. (J Clin Endocrinol Metab 103:
546-554, 2018)

olycystic ovary syndrome (PCOS) is the most common
Pendocrine disorder affecting women of reproductive
age and is characterized by menstrual dysfunction, clinical
and/or biochemical hyperandrogenism with or without

ISSN Print 0021-972X  ISSN Online 1945-7197

Printed in USA

Copyright © 2018 Endocrine Society

Received 2 September 2017. Accepted 1 December 2017.
First Published Online 6 December 2017

polycystic ovaries, and insulin resistance (1). In the United
States, more than half of adult patients with PCOS
are overweight or obese (2), and the severity of PCOS
(i.e., worse metabolic and reproductive outcomes) is

Abbreviations: BMI, body mass index; CT, computed tomography; DHEAS, dehydro-
epiandrosterone sulfate; FFA, free fatty acid; IS, insulin sensitivity; PCOS, polycystic
ovary syndrome; RQ, respiratory quotient; SHBG, sex-hormone binding globulin; TG,
triglyceride; VAT, visceral adipose tissue.
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exacerbated by the degree of obesity (3). Likewise, in
adolescent girls, the severity of obesity is associated with
greater increased odds of PCOS compared with normal-
weight girls (4). As such, obesity is tightly linked to PCOS,
and therefore prevention of excess weight gain is impor-
tant to manage or prevent PCOS in youth and adults (1, 3).

Metabolic flexibility reflects the ability to adjust fuel
oxidation to fuel availability and to switch from lipid
oxidation to carbohydrate oxidation during insulin
stimulation (5, 6). Obese individuals have metabolic
inflexibility evidenced by diminished fat oxidation at
fasting, impaired suppression of lipid oxidation, and
blunted stimulation of glucose oxidation during an
insulin-stimulated state, thereby reducing the magnitude
of increase in respiratory quotient (ARQ) from fasting to
the insulin-stimulated state (5, 7). Moreover, reduced
postabsorptive fat oxidation appears to be a contributing
factor leading to positive energy balance and, therefore,
future weight gain. In a longitudinal study of adult Pima
Indians, individuals with low fat oxidation were at 2.5
times greater risk for future weight gain compared with
those with high fat oxidation independent of 24-hour
metabolic rate (8). Additionally, adipose tissue functions
as a buffer for daily lipid flux by suppressing the release of
nonesterified fatty acids into the circulation and by in-
creasing the clearance of triacylglycerol (9). Although
obesity, insulin resistance, and hyperinsulinemia are
common features documented in adult women and ad-
olescents with PCOS (10, 11), data on lipid metabolism,
adipose tissue function, and metabolic flexibility are
limited and only available in adult women with PCOS
(12, 13).

Therefore, the purposes of this study were (1) to in-
vestigate metabolic flexibility and substrate oxidation in
obese adolescent girls with PCOS compared with their
obese peers without PCOS, (2) to assess whole-body
lipolysis measured with [*Hs]glycerol tracer, and (3) to
examine the relationship between metabolic flexibility;
adipose tissue function; and physical, hormonal, and
metabolic characteristics.

Materials and Methods

Patients

Data from 21 girls with a diagnosis of PCOS [four over-
weight and 17 obese; age, 10 to 17 years; body mass index
(BMI), 32.7 = 1.0 kg/m? (mean = standard error)], recruited
from the PCOS Center at Children’s Hospital of Pittsburgh,
were used in the present analysis. Subjects were pair-matched
for age and race and were compared with 21 girls without PCOS
(three overweight and 18 obese; age, 10 to 17 years; BMI,
33.3 *+ 1.2 kg/m?) who participated in our National Institutes of
Health—funded K24 grant investigating insulin resistance in
childhood. All participants, recruited from March 1997
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through September 2008, underwent uniform metabolic tests
with identical laboratory assays throughout the studies. Data
from some subjects, unrelated to metabolic flexibility and li-
polysis, have been published (14-18). Eligible patients with
PCOS and their families were informed about the study while
being evaluated in the PCOS center and were given the op-
portunity to participate after the diagnosis was established and
before pharmacologic therapy was initiated. Additionally, flyers
were posted on the medical campus, in pediatricians’ offices,
and on city bus routes inviting interested individuals to contact
us to learn about the study and assess eligibility. Consistent with
the Endocrine Society Clinical Practice Guidelines (1) and the
Pediatric Endocrine Society Guidelines (19), caution was
practiced in making a diagnosis of PCOS based on the presence
of clinical signs and symptoms of hyperandrogenism (i.e.,
menstrual irregularities with or without acne and/or hirsutism)
and with biochemical hyperandrogenemia (i.e., elevated total
and/or free testosterone concentrations) after excluding other
causes of hyperandrogenemia. Inclusion criteria were (1) PCOS
diagnosis as described previously, (2) age 10 to 20 years and
postmenarche, and (3) BMI =85th percentile for age and sex.
Girls who were previously diagnosed with systemic or psy-
chiatric disease and who were taking medications that affect
carbohydrate or lipid metabolism (oral contraceptive pills,
metformin, antiepileptics, antipsychotics, statins, and fish oil)
were excluded. The study was approved by the Institutional
Review Board of the University of Pittsburgh, and written in-
formed parental consent and child assent were obtained from all
participants before participation in the study in accordance with
the ethical guidelines of Children’s Hospital of Pittsburgh.

Procedures

All procedures were performed at the Pediatric Clinical and
Translational Research Center of Children’s Hospital of
Pittsburgh. All participants underwent medical history, physical
examination, and hematologic and biochemical tests. Height
and weight were assessed to the nearest 0.1 cm and 0.1 kg,
respectively, and these data used to calculate BMI. Pubertal
development was assessed using Tanner criteria (20). Fasting
blood samples were collected for determination of sex steroid
hormonal profile [total and free testosterone, sex-hormone
binding globulin (SHBG), estradiol, and dehydroepiandro-
sterone sulfate (DHEAS)], lipid profile, glucose, insulin, free
fatty acid (FFA), and adiponectin.

Body composition was evaluated with dual-energy X-ray
absorptiometry with measurement of total body fat mass, fat-
free mass, and percent body fat. Abdominal visceral adipose
tissue (VAT) was assessed by computed tomography at the Ly_s
intervertebral space (21).

Metabolic studies

All participants were admitted to the Pediatric Clinical and
Translational Research Center and underwent a hyperinsulinemic-
euglycemic clamp combined with stable isotope tracers and
continuous indirect calorimetry after a 10- to 12-hour overnight
fast (15, 17, 18). Seven girls with PCOS and eight girls without
PCOS were considered to have prediabetes based on hemoglobin
Alc (5.7% to 6.4%) and/or fasting glucose concentration (100 to
125 mg/dL) measured before the clamp experiment.

Fasting hepatic glucose production was measured before the
start of the hyperinsulinemic-euglycemic clamp with a primed
(2.2 pmol/kg) constant-rate infusion of [6,6-2H,]glucose
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(Isotech, Miamisburg, OH) for 2 hours as described (15, 18).
Whole-body lipolysis was measured at baseline and during the
hyperinsulinemic-euglycemic clamp with a primed (1.2 pmol/
kg) constant-rate infusion of [*Hs|glycerol (MSD Isotopes, St.
Louis, MO), which was started 2 hours before the clamp (22,
23). The pyrogen-free isotopes were dissolved in 0.9% sodium
chloride and sterilized by passing through a 0.22-pm filter
(Millipore, Bedford, MA). After the 2-hour baseline isotope
infusion period, in vivo insulin sensitivity (IS) was evaluated
during a 3-hour hyperinsulinemic (80 mU/m?/min)-euglycemic
clamp (15, 17, 18). Plasma glucose was clamped at approxi-
mately 100 mg/dL with a variable-rate infusion of 20% dextrose
in water. The glucose infusion was adjusted based on arte-
rialized plasma glucose measurements every 5 minutes, and
blood was sampled every 10 to 15 minutes to determine insulin
and FFA concentrations and plasma isotopic enrichment.
Continuous indirect calorimetry (Deltatrac Metabolic Monitor;
Sensormedics, Anaheim, CA) was used to measure CO, pro-
duction, O, consumption, and RQ for 30 minutes at baseline and
at the end of the 3-hour hyperinsulinemic-euglycemic clamp.

Biochemical measurements

Total testosterone was measured by high-pressure liquid
chromatography-tandem mass spectroscopy, and DHEAS was
measured by radioimmunoassay in dilute serum after hydrolysis
(Esoterix Inc., Calabasas Hills, CA). Free testosterone was
measured by equilibrium dialysis, and SHBG was measured by
immunoradiometric assay. Plasma glucose was determined by
the glucose oxidase method using a glucose analyzer (Yellow
Springs Instrument Co., Yellow Springs, OH), and insulin was
determined by a commercially available human-specific insulin
radioimmunoassay kit (HI-14K; Linco/Millipore, St. Charles,
MO). FFA concentration was determined using enzymatic
colorimetric methods with a nonesterified fatty acid test kit (HR
series; Wako, Osaka, Japan). Plasma lipid concentrations were
determined using the standards of the Centers for Disease
Control and Prevention (24). Adiponectin was measured using a
commercially available radioimmunoassay kit (LINCO Re-
search Inc., St. Charles, MO). HbAlc was measured by high-
performance liquid chromatography (Tosoh Medics, Inc., San
Francisco, CA).

Deuterium enrichment of glycerol in the plasma was de-
termined according to previously described methods (22, 25).
Plasma samples were deproteinized with barium hydroxide and
zinc sulfate. The supernatant was purified through a column of
mixed-bed anion and cation ion-exchange chromatography.
Acetate derivatives of glycerol were prepared by adding pyridine
and acetic anhydride to the dried eluted samples. Derivatized
samples were analyzed for *H enrichment on a gas chromatograph-
mass spectrometer system (5985A; Hewlett Packard, Palo Alto,
CA) as reported (22, 25). Selected ion monitoring software was
used to monitor charge-to-mass ratio (72/z) (145) m and m/z 148
(m + 3), representing unlabeled and *H-labeled glycerol, re-
spectively. Standard curves of known enrichments of glycerol
were performed with each assay.

Deuterium enrichment of glucose in the plasma was de-
termined on a gas chromatograph-mass spectrometry system
(5985A; Hewlett-Packard) as described previously (26).
Plasma samples were deproteinized with 2-propanol, and the
pentaacetate derivative of glucose was analyzed for H en-
richment on the gas chromatograph-mass spectrometer in the
electron impact mode. Selected ion monitoring of the 72-190
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ion (mass-to-charge ratio, 200) and the corresponding m + 2
ion (mass-to-charge ratio, 202), reflecting unlabeled and
labeled glucose, was performed. Standard curves of known
enrichments of glucose were performed with each assay.

Calculations

The endogenous glycerol appearance rate in plasma, in-
dicative of whole-body lipolysis, was calculated during the last
30 minutes of the postabsorptive (basal) period and during
steady-state hyperinsulinemia according to steady-state tracer
dilution equations (22). A steady-state plateau of glycerol iso-
topic enrichment was achieved in the subjects before the start of
the clamp experiment and during the last 30 minutes of the
hyperinsulinemic state. Fasting endogenous glucose production
was calculated during the last 30 minutes of the 2-hour isotope
infusion (—30 to 0 minutes) according to steady-state tracer
dilution equations (17). Insulin-stimulated glucose disposal was
calculated to be equal to the rate of exogenous glucose infusion
during the final 30 minutes of the hyperinsulinemic-euglycemic
clamp. Peripheral IS was calculated by dividing the insulin-
stimulated glucose disposal by the steady-state clamp insulin
concentration multiplied by 100 (17). Insulin-stimulated car-
bohydrate and lipid oxidation rates were calculated according
to the formulas of Frayn (27) from the indirect calorimetric data
by averaging the data for 30 minutes before the beginning of the
insulin infusion and for the last 30 minutes of the clamp.
Metabolic flexibility was calculated as the change in RQ from
fasting to the hyperinsulinemic clamp steady-state (i.e., ARQ).

Statistical analyses

Paired ¢ test and y” test were used to compare characteristics
between age- and race-matched obese girls with PCOS vs obese
girls without PCOS. Spearman’s correlation analysis was used
to examine bivariate relationships between metabolic flexi-
bility (ARQ) and physical, hormonal, and metabolic charac-
teristics. Multiple regression analyses were performed to
estimate predictors of metabolic flexibility. Two different
models were developed (clinic-based and research-based),
and independent variables were selected based on the results
of correlation analyses and biological plausibility. The clinic-
based model included easily accessible fasting blood parameters
[adiponectin, triglyceride (TG), and fasting insulin], and the
research-based model consisted of parameters derived from
computed tomography (VAT) and hyperinsulinemic-euglycemic
clamp combined with indirect calorimetry (peripheral IS and
baseline RQ). Data that did not meet the assumptions for
normality were log;o transformed; untransformed data are
presented for ease of interpretation. Data were analyzed using
the PASW 24.0 statistical software package with significance set
at P = 0.05.

Results

Physical, hormonal, and metabolic characteristics of
age- and race-matched obese girls with PCOS vs
obese girls without PCOS

Obese girls with PCOS had similar Tanner stage, BMI,
total fat mass, and percent body fat but higher VAT
compared with obese girls without PCOS (Table 1). They
also had higher total and free testosterone levels, higher
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Table 1. Physical, Hormonal, and Metabolic Characteristics of Pair-Matched (for Age and Race) Obese
Adolescent Girls With PCOS vs Without PCOS
Variables PCOS (n = 21) Non-PCOS (n = 21) P Value
Physical characteristics
Age, y 13.6 = 2.2 (0.5) 13.3 £ 2.2 (0.5) —
Race (AA/AW), n (%) 9 (43)/12 (57) 9 (43)/12 (57) —
Tanner stage (I/VN), n (%) 5 (24)/5 (24)/11 (52) 2 (10)/3 (14)/16 (76) 0.258
BMI, kg/m 32.7 =45(1.0) 333 *+54(1.2) 0.593
Total fat mass, kg 36.5 +9.3(2.1) 37.1 £ 10.3(2.3) 0.770
Percent body fat, % 432 = 48(1.1) 45.0 £ 5.3(1.2) 0.225
Visceral adipose tissue, cm? 69.2 = 29.2 (6.7) 492 +22.1(5.1) 0.011
Sex steroid profile
Total testosterone, ng/dL 359 +17.0 4.2) 247 = 11.4(2.9) 0.042
SHBG, nmol/L 17.5 = 9.7 (2.5) 31.3 £19.1 (4.9 0.026
Free testosterone, pg/mL 9.8 +7.1(1.9 44 +28(0.7) 0.003
Estradiol, pg/mL 63.8 = 56.9 (13.4) 76.2 = 57.5(13.5) 0.530
DHEAS, pg/dL 186.8 + 126.8 (27.7) 118.1 = 81.4(17.8) 0.007
Lipid profile
Total cholesterol, mg/dL 161.5 = 38.5 (8.4) 154.0 + 24.6 (5.4) 0.439
TG, mg/dL 132.5 £ 67.2 (14.7) 89.5 £ 32.7 (7.1) 0.008
HDL, mg/dL 422 = 10.8 (2.4) 42.8 £ 6.5(2.4) 0.840
TG/HDL ratio 3.6 = 2.6(0.6) 22 *+1.0(0.2) 0.023
LDL, mg/dL 92.8 =+ 35.4(7.7) 93.6 = 24.2 (5.3) 0.924
VLDL, mg/dL 255 £ 13.4(3.1) 169 =54(1.2) 0.013
Metabolic characteristics
Hemoglobin A1c 54 + 0.4 (0.1) 5.2 =04 (0.1) 0.183
Fasting glucose, mg/dL 95.1 = 7.3(1.6) 96.9 = 6.0 (1.3) 0.478
Fasting insulin, wU/mL 53.8 £ 35.6 (7.8) 363 = 17.1(3.7) 0.065
Fasting FFA, mmol/L 0.35 £ 0.12 (0.03) 0.33 £ 0.13 (0.03) 0.730
Fasting HGP, mg/kg/min 2. 0.8 (0.2) 2.3 *+0.5(0.1) 0.716
Peripheral IS, (mg/kg/min per pU/mL) X 100 1. 1.0(0.2) 25+ 1.2(0.3) 0.032
Adiponectin, wg/mL 6. 3.1 (0.8) 99 +44(1.1) 0.015

Values are mean = standard deviation (standard error of the mean) or n (%), unless otherwise indicated.

Abbreviations: AA, African American; AW, American white; HDL, high-density lipoprotein; HGP, hepatic glucose production; LDL, low-density lipoprotein;

VLDL, very low-density lipoprotein.

DHEAS, lower SHBG, higher TG, higher TG/high-density
lipoprotein ratio and very low-density lipoprotein, lower
peripheral IS, and lower adiponectin (Table 1). HbAlc,
fasting hepatic glucose production, fasting glucose, and
FFA concentrations were not different, but there was a
tendency for 48% higher fasting insulin concentration in
girls with PCOS (Table 1).

Metabolic flexibility, whole-body lipolysis, and
substrate metabolism

Baseline RQ was significantly higher in girls with
PCOS vs girls without PCOS, and clamp RQ was not
different (Fig. 1). This resulted in ~47% lower ARQ
during hyperinsulinemia in girls with PCOS vs girls
without PCOS (0.050 = 0.010 vs 0.095 = 0.009, P =
0.004), which is indicative of metabolic inflexibility in
girls with PCOS (Fig. 1). Fasting lipolysis and lipid ox-
idation were lower and glucose oxidation was higher in
girls with PCOS vs girls without PCOS (Fig. 2A1-2C1).
Despite higher clamp steady-state insulin concentration
(PCOS: 341.1 = 21.9 vs non-PCOS: 281.3 = 15.5 pU/
mL, P =0.008), girls with PCOS had lower suppression in

lipolysis and lipid oxidation, impaired stimulation of
glucose oxidation (Fig. 2A2-2C2), and higher FFA con-
centrations compared with girls without PCOS (0.13 =
0.02 vs 0.06 = 0.01 mmol/L, P = 0.001).

Correlation of metabolic flexibility with physical,
hormonal, and metabolic characteristics

Metabolic flexibility (i.e., ARQ) was positively asso-
ciated with peripheral IS, biomarkers of IS such as SHBG
and adiponectin, and suppression in whole-body lipolysis.
On the other hand, fasting insulin concentration, baseline
RQ, VAT, total cholesterol, and TG were inversely as-
sociated with ARQ (Table 2), which indicates an adverse
relationship of these parameters with metabolic flexibility
(i.e., associated with metabolic inflexibility). There was no
correlation of metabolic flexibility with age, adiposity
(BMI or fat mass or % body fat), total and free testos-
terone, and fasting glucose concentration.

In multiple regression analyses, we constructed a
“clinical” model and a “research” model. The rationale
for the two different models was to assess if using data
that can be easily obtained in the clinical setting, such as
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Figure 1. RQ at fasting and during the hyperinsulinemic-euglycemic clamp. Insert depicts
metabolic flexibility as ARQ from fasting to clamp steady-state hyperinsulinemia. Data are

presented as mean * standard error of the mean.

routine blood tests, vs more sophisticated research
measures, such as clamp or indirect calorimetry, can be
used to predict metabolic flexibility. In the clinical model,
fasting insulin, TG, and adiponectin explained 62% of
the variance in metabolic flexibility, with each contrib-
uting independently and significantly (Table 3). The
addition of SHBG, any of the sex hormones, or total or
free testosterone to the model did not improve the R*
value. In the research model, in vivo peripheral IS, VAT,
and baseline RQ explained 76% of the variance in
metabolic flexibility, with each contributing indepen-
dently and significantly (Table 3). The addition of change
in FFA or glycerol turnover during the clamp to the model
did not improve the R? value.

Discussion

The present investigation reveals that obese adolescent
girls with PCOS compared with their equally obese
peers without PCOS, pair-matched for age and race, have
(1) lower fat mobilization and lower fat oxidation in the
fasting state; (2) impaired suppression in whole-body
lipolysis and lipid oxidation during hyperinsulinemia;
(3) metabolic inflexibility manifested by a blunted in-
crease in RQ in the insulin-stimulated state; (4) lower
peripheral IS, as shown previously, together with di-
minished stimulation of glucose oxidation; (5) larger
abdominal VAT despite similar BMI, total body fat,
and percent body fat; and (6) lower adiponectin
concentration.

Clamp
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PCOS is characterized not only by
hormonal and reproductive disorders
but also by a cluster of metabolic ab-
normalities driven by insulin resistance
and hyperinsulinemia (28). Because a
significant proportion of women and

P=NS§ adolescent girls with PCOS are obese

(2,4), there is growing interest to assess
adipose tissue metabolism and the ca-
pacity to switch fuel oxidation to ad-
just for fuel availability (i.e., metabolic
flexibility) to probe the mechanisms
responsible for fat accretion in PCOS.
To date, however, the data are in-
consistent and limited and are available
only from adult women with PCOS.
One study observed significantly al-
tered metabolic flexibility with lower
ARQ in hyperandrogenemic women
with PCOS with varying BMI ranging
from normal-weight to obese com-
pared with normoandrogenemic PCOS
but with significantly lower BMI and
healthy normal-weight women (12). Another study
compared lean and obese women with PCOS with lean
and obese control subjects and reported that metabolic
flexibility did not differ between women with PCOS and
women in the control group, but impairment of metabolic
flexibility was observed in obese vs lean control subjects
(29). The contrast between these two studies could stem
from differences in study design, such as the inclusion of
subjects with a wide range of BMI [32.9 + 8.0 kg/m?
(hyperandrogenemic) vs 24.7 + 4.4 kg/m”> (normoan-
drogenemic)] in the former study and lean PCOS with
mean BMI of 21.4 + 2.0 kg/m? vs obese PCOS 31.2 *
4.1 kg/m?, controls of similar adiposity, different com-
parison groups, hyperandrogenemic vs normoandro-
genemic PCOS, and varying sample sizes in the latter
study. In the midst of these very limited and contradictory
studies in adults, we investigated adipose tissue meta-
bolism in vivo and metabolic flexibility in obese ado-
lescent girls with PCOS and its relationship with physical,
hormonal, and metabolic characteristics.

Our study demonstrates that obese girls with PCOS
have 25% lower whole-body lipolysis or fat mobilization
with 32% lower fat oxidation in the fasting state and
~47% blunted ARQ, signifying metabolic inflexibil-
ity during hyperinsulinemia compared with their peers
without PCOS. Given that adipose tissue is a metaboli-
cally active tissue in buffering daily flux of fatty acids in
the postprandial period (9, 30) and given that lipids are
the primary substrate oxidized by skeletal muscle in the
fasting state (31), it could be postulated that decreased
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Figure 2. (A1) Fasting whole-body lipolysis, (B1) lipid oxidation, and (C1) glucose oxidation in girls with PCOS vs girls without PCOS. Suppression
in (A2) lipolysis and in (B2) lipid oxidation and (C2) stimulation of glucose oxidation during clamp steady-state hyperinsulinemia. Data are

presented as mean =+ standard error of the mean.

lipid mobilization and diminished fat oxidation in obese
girls with PCOS shift lipid metabolism to lipogenesis and
could contribute to metabolic inflexibility and energy
imbalance conducive to fat accretion and weight gain (8).
The observed lower rates of whole-body lipolysis in the
fasting state in girls with PCOS vs girls without PCOS
could be driven by their higher fasting insulinemia (48 %),
by previously reported adipose tissue catecholamine li-
polytic resistance in women with PCOS (13), or both.
Moreover, an adipose tissue—driven mechanistic link
between androgen excess and lipid metabolism in PCOS
was proposed by a recent publication (32). The authors
demonstrated a functional impact of chronic and acute
androgen exposure on the regulation of adipose tissue
lipid metabolism, evident in suppressed lipolysis in vivo
and increased lipogenesis in vitro, with the net effect of
promotion of adipocyte hypertrophy.

Such observations that excess androgens, a key fea-
ture of PCOS, could influence adipocyte function and
distribution either by the inhibition of adipocyte differ-
entiation or by direct modulation of lipolysis and lipo-
genesis (32, 33), combined with the inherent insulin
resistance in glucose metabolism in girls with PCOS (18),

led us to postulate that obese adolescent girls with PCOS
would have impaired suppression of whole-body lipolysis
and that this would be related to metabolic inflexibility.
Our data show that obese girls with PCOS have ~36%
lower suppression in lipolysis, despite ~22% higher in-
sulin concentrations during the clamp, compared with
girls without PCOS. This impaired suppression in li-
polysis is in line with the twofold higher FFA concen-
tration during hyperinsulinemia in girls with PCOS vs
girls without PCOS. Our observation of a significant and
positive relationship between ARQ and suppression in
whole-body lipolysis suggests that adipose tissue dys-
function is closely linked to metabolic inflexibility.

In addition to the adipose tissue dysfunction in girls
with PCOS, our data suggest that altered secretion of
adipokine and abdominal VAT could be linked to
metabolic inflexibility. In the current study, metabolic in-
flexibility correlated significantly with adiponectin con-
centration, which was ~40% lower in girls with PCOS.
Because adiponectin is shown to stimulate lipid oxidation
via activation of adenosine 5’-monophosphate—activated
protein kinase (34), it is possible that the observed lower
lipid oxidation (~32%) at baseline in girls with PCOS is
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Table 2. Associations Between Metabolic
Flexibility (ARQ) and Physical, Hormonal, and
Metabolic Characteristics

ARQ vs Variables r P Value

Significant associations
Adiponectin 0.652 <0.001
Peripheral IS 0.435 0.002
Suppression in lipolysis 0.368 0.016
SHBG 0.336 0.045
Baseline RQ —0.697 <0.0001
VAT —0.521 0.001
Total cholesterol —0.401 0.009
TG —0.334 0.031
TG/HDL ratio —0.306 0.049
Fasting insulin —0.468 0.002

Nonsignificant associations
Age 0.039 0.806
BMI —0.065 0.684
Total fat mass —0.052 0.747
Percent body fat 0.094 0.559
Total testosterone 0.112 0.508
Free testosterone —0.086 0.623
Fasting glucose 0.112 0.482

Abbreviation: HDL, high-density lipoprotein.

related to their lower adiponectin levels. Further, our data
show that metabolic inflexibility correlates directly with
enlarged VAT. Obese girls with PCOS had significantly
larger abdominal VAT than girls without PCOS despite
similar BMI, total body fat, and percent body fat. It is
possible that the larger visceral adipose compartment
might contribute to their metabolic inflexibility or that
their metabolic inflexibility contributes to their visceral
fat accretion.

Based on the bivariate relationship of metabolic flexi-
bility with physical, hormonal, and metabolic character-
istics, we explored two different regression models to
assess the predictors of metabolic flexibility. One model
used data that can be easily obtained in the clinical setting,
and the other used sophisticated data obtained in a re-
search setting. In the clinical model, fasting insulin, TG,
and adiponectin explained 62% of the variance in meta-
bolic flexibility. In the research model, i vivo peripheral
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IS, VAT, and baseline RQ explained 76 % of the variance
in metabolic flexibility. It is not surprising that the more
precise research measurements obtained under carefully
controlled experimental conditions would explain a larger
proportion of metabolic flexibility. In our study, in con-
trast to the previous study in adult PCOS (12), ARQ was
not correlated with free testosterone, and although SHBG
showed a bivariate relationship to ARQ, it was not an
independent and significant contributor in the multiple
regression models. This is most likely because SHBG is a
biomarker of IS/hyperinsulinemia; once either IS or fasting
insulin is entered into the model, SHBG loses its signifi-
cance due to multicollinearity (35).

The strengths of the present investigation include (1)
an evaluation of adipose tissue metabolism and metabolic
flexibility in obese girls with PCOS vs obese girls without
PCOS; (2) the comprehensive assessment from physical,
to hormonal, to state-of-the-art metabolic tests including
hyperinsulinemic-euglycemic clamp combined with sta-
ble isotope tracers and indirect calorimetry; and (3) a
pair-matched analysis with respect to age and race and no
differences in Tanner stage. Potential limitations would
be the continued uncertainty about the diagnosis of PCOS
in adolescent girls and the absence of data on gyneco-
logical age. However, our diagnostic criteria were based
on the Endocrine Society and the Pediatric Endocrine
Society Guidelines (1, 19) to avoid under- or over-
diagnosis of PCOS. In addition, we did not study lean
youth with PCOS. It would be of scientific interest to
determine if adipose tissue dysfunction and metabolic
inflexibility is also a feature of lean girls with PCOS or if
itis modulated by obesity. Unfortunately, few nonobese
girls have been diagnosed with PCOS. Another possible
weakness could be that, to minimize participant bur-
den, we did not use a multistep hyperinsulinemic clamp
to measure suppression of whole-body lipolysis in re-
sponse to a lower insulin infusion rate to achieve
submaximal suppression of lipolysis (36). However, a
recent study showed a strong correlation between one-
step hyperinsulinemic-euglycemic clamp vs a multistep

Table 3. Predictors of Metabolic Flexibility by Multiple Regression
Significance of Significance of
Models Model R? R? Change Change Partial R? Partial R*
Model based on clinical parameters
Adiponectin 0.412 0.412 <0.0001 0.135 0.027
Triglyceride 0.476 0.064 0.046 0.175 0.011
Fasting insulin 0.618 0.142 0.001 0.271 0.001
Model based on research parameters
Insulin sensitivity 0.278 0.278 <0.0001 0.204 0.004
Visceral adipose tissue 0.367 0.089 0.029 0.083 0.080
Baseline RQ 0.756 0.390 <0.0001 0.615 <0.0001

Clinic-based model: R? = 0.618, P < 0.0001; research-based model: R? = 0.756, P < 0.0001.
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clamp (37). Given the current experimental design and the
data at hand, one cannot empirically assess for possible
ceiling or floor effects with respect to the observed changes
in RQ, lipolysis, and lipid and glucose oxidation from
fasting to insulin-stimulated state. The cross-sectional na-
ture of our evaluation does not allow us to examine causal
relationships. It remains to be determined if adipose tissue
dysfunction and metabolic inflexibility are inherent in girls
with PCOS, predisposing them to obesity—particularly
abdominal visceral obesity—or if abdominal visceral adi-
posity together with hypoadiponectinemia and insulin
resistance/hyperinsulinemia result in metabolic inflexibility
and adipose dysfunction.

In summary, the present investigation reveals that
obese girls with PCOS are characterized by decreased
mobilization of fat from adipose stores and diminished
capacity to burn fat in the fasting state. During hyper-
insulinemia they manifest metabolic inflexibility with an
impaired ability to switch from lipid to carbohydrate
oxidation to meet fuel availability. It remains to be de-
termined if this metabolic phenotype plays a role in fat
accretion and weight regulation in girls with PCOSs.
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