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Accelerated Subcutaneous Abdominal Stem Cell Adipogenesis 
Predicts Insulin Sensitivity in Normal-Weight Polycystic Ovary 
Syndrome Women

Daniel A. Dumesic, M.D.a, Ayli Tulberg, B.S.a, Karen L. Leung, B.S.a, Samantha C. Fisch, 
B.S.a, Tristan R. Grogan, M.S.b, David H. Abbott, Ph.D.c, Rajanigandha Naik, M.D.a, 
Gregorio D. Chazenbalk, Ph.D.a

aDepartment of Obstetrics and Gynecology, University of California, Los Angeles, 10833 Le 
Conte Ave. Los Angeles, California, United States, 90095

bDepartment of Medicine Statistics Core, University of California, Los Angeles, 911 Broxton Ave. 
Los Angeles, California, United States, 90024

cOB/GYN, Wisconsin National Primate Research Center, 1223 Capitol Court, University of WI, 
Madison, Madison, Wisconsin, United States, 53715

Abstract

Objective: To examine whether subcutaneous (SC) abdominal adipose stem cell (ASC) 

differentiation into adipocytes in vitro predicts insulin sensitivity in vivo in normal-weight women 

with polycystic ovary syndrome (PCOS) and controls.

Design: Prospective cohort study.

Setting: Academic medical center.

Patients: Eight normal-weight PCOS women and 8 age- and body mass index-matched controls.

Intervention(s): Women underwent circulating hormone/metabolic determinations, intravenous 

glucose tolerance testing, total-body dual-energy x-ray absorptiometry and SC abdominal fat 

biopsy.

Main Outcome Measure(s): PPARγ and CEBPa gene expression and lipid content of 

adipocytes matured in vitro were compared between PCOS and control women, and correlated 

with patient characteristics, systemic insulin sensitivity (Si) and adipose insulin resistance 

(adipose-IR).

Results: Serum androgen levels, adipose-IR and percent android fat were greater in PCOS than 

control women (P<0.05, all values). Stem cell PPARγ and CEBPa gene expression increased 
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maximally by day 12 (P<0.001) without a female-type effect. In control cells, gene expression 

positively correlated with fasting serum insulin levels (P<0.05, both genes) and adipose-IR 

(P=0.032, CEBPa) and negatively correlated with Si (P<0.001, CEBPa). Conversely, CEBPa gene 

expression in PCOS cells negatively correlated with adipose-IR (P=0.033) and serum free T 

(P=0.016), while total lipid accumulation in these cells positively corelated with Si (P=0.041).

Conclusion: In normal-weight women with PCOS, accelerated SC abdominal ASC 

differentiation into adipocytes in vitro favors insulin sensitivity in vivo, suggesting a role for 

hyperandrogenism in the evolution of metabolic thrift to enhance fat storage through increased 

cellular glucose uptake.

CAPSULE:

In normal-weight women with polycystic ovary syndrome, accelerated subcutaneous abdominal 

adipose stem cell differentiation into adipocytes in vitro predicts improved insulin sensitivity in 
vivo.

Keywords

Adipose; polycystic ovary syndrome; hyperandrogenism; adipocyte; stem cell

INTRODUCTION

Polycystic ovary syndrome (PCOS) is a complex endocrine-metabolic disorder characterized 

by hyperandrogenism, menstrual irregularity, polycystic ovarian morphology and insulin 

resistance (1). In today’s obesogenic environment, up to 95% of women with PCOS have 

insulin resistance from altered insulin receptor/post receptor signaling and abnormal steroid 

metabolism (1), combined with preferential abdominal fat accumulation that worsens the 

PCOS phenotype with obesity (2). Consequently, almost one-half of PCOS women in the 

United States have metabolic syndrome by various criteria, with a higher prevalence than 

that of age-matched controls in the same country (3–6).

Insulin resistance also exists in young non-obese PCOS women, and resembles that of obese 

hyperandrogenic girls with elevated circulating free fatty acid (FFA) levels from impaired 

insulin-suppression of lipolysis (7,8). Similarly, adipose insulin resistance (adipose-IR), 

defined by the product of fasting circulating FFA and insulin levels (9), is increased in 

healthy normal-weight PCOS women, in whom it positively correlates with serum androgen 

levels (10). Underlying this finding, freshly isolated subcutaneous (SC) abdominal 

adipocytes of women with PCOS show diminished insulin-mediated glucose uptake, reduced 

glucose transporter type 4 (GLUT-4) expression, decreased insulin-stimulated serine 

phosphorylation of glycogen synthase kinase (11,12) and lipolytic catecholamine resistance 

from diminished protein levels of β2-adrenergic receptor and hormone-sensitive lipase 

(13,14).

These findings have implications for SC adipose function, which normally increases fat 

storage by enlargement of mature adipocytes and formation of new adipocytes through 

adipogenesis (15,16), whereby multipotent adipose stem cells (ASCs) initially undergo 

commitment to preadipocytes and then differentiate into newly-formed adipocytes (17–19). 
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In normal-weight PCOS women, for example, increased ASC commitment to preadipocytes 

and enhanced lipid accumulation during adipocyte maturation in vitro negatively and 

positively correlate with circulating fasting glucose and androgen levels, respectively, 

suggesting altered mechanisms to maintain glucose-insulin homeostasis during accelerated 

fat accretion (20).

As critical adipogenesis-enabling transcription factors, PPARγ and CEBPa are essential for 

stem cell differentiation into adipocytes and mature adipocyte function (18–19). Therefore, 

in normal-weight PCOS women, we hypothesize that accelerated lipid accumulation and/or 

altered PPARγ and CEBPa gene expression during SC abdominal ASC differentiation into 

adipocytes in vitro favors improved systemic insulin sensitivity in vivo as a mechanism to 

enhance fat storage through increased cellular glucose uptake. Therefore, the present study 

1) examines lipid accumulation and PPARγ as well as CEBPa gene expression during SC 

abdominal ASC differentiation into adipocytes in vitro and 2) correlates these adipocyte 

outcomes with measures of insulin sensitivity in vivo in normal-weight PCOS women versus 

age- as well as body mass index (BMI)-matched normoandrogenic ovulatory (control) 

women.

MATERIALS AND METHODS

Study participants

Eight normal-weight PCOS and 8 control women (19-35 years; 19-25 kg/m2) who 

previously exhibited increased SC abdominal ASC commitment to preadipocytes and 

enhanced lipid accumulation during adipocyte formation (20) as part of our National 

Institutes of Health (NIH)-funded study (P50 HD071836) examining adipose dysfunction in 

PCOS were studied (10, 21). These eight PCOS and eight control women were originally 

selected from 21 subjects (10 PCOS, 18 controls) so that each NIH-defined PCOS woman 

was matched to an individual control woman to within 1.5 ± 0.6 years (mean ± SEM) and 

1.0 ± 0.3 kg/m2 (mean ± SEM) of her own age and BMI, respectively (10). All subjects in 

the present study were healthy, non-Hispanic Caucasian women with clinical and hormonal 

findings similar to those of their respective female groups, as published previously (10, 20, 

21).

PCOS was diagnosed by 1990 NIH criteria and biochemical hyperandrogenism, as 

previously defined by an elevated mean serum total or free T level from two separate blood 

samples > 2 SD above the normal ranges of the age- and BMI- matched control group (1, 

21). Control women had normal menstrual cycles at 21- to 35-day intervals and a luteal 

phase progesterone (P4) level without signs of androgen excess (1). Exclusion criteria, 

including late-onset congenital adrenal hyperplasia, thyroid dysfunction and 

hyperprolactinemia, have previously been reported (21). All studies were performed 

according to the Declaration of Helsinki after approval by the UCLA Institutional Review 

Board and signed informed consent by each subject.
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Body fat distribution

All women underwent anthropometric measurements as well as total body dual-energy x-ray 

absorptiometry (DXA). Android and gynoid fat regions were from the first lumbar vertebra 

to the top of the pelvis and from the femoral head to the mid-thigh, respectively.

Blood sampling

Blood sampling was performed during the follicular phase in control women and during an 

anovulatory interval in PCOS women, in whom absent luteal function was confirmed by low 

serum P4 levels. Fasting blood samples were collected immediately before frequently 

sampled intravenous glucose tolerance testing (FSIVGTT) for total and free testosterone (T), 

androstenedione (A4), dihydrotestosterone (DHT), dehydroepiandrosterone sulfate 

(DHEAS), gonadotropin, estrone (E1), estradiol (E2), glucose, FFAs, insulin, sex hormone 

binding globulin (SHBG) and lipid (total cholesterol, high-density [HDL], low-density 

lipoprotein [LDL], triglyceride [TG]) measurements. Fasting blood values were used to 

calculate adipose-IR (pmol/L x mmol/L) and HOMA-IR ([insulin (μU/mL) x glucose 

(mmol)]/L/22.5).

The FSIVGTT was performed using the modified minimal model of Bergman (22). Briefly, 

glucose in 50% concentration (0.3 g/kg) and regular human insulin (0.03 units/kg) were 

injected intravenously under fasting conditions at 0 and 20 min, respectively, and blood was 

collected at −20, −15, –5, 0, 2, 4, 8, 19, 22, 30, 40, 50, 70, 90, and 180 min for glucose and 

insulin determinations. Mathematical modeling of circulating glucose and insulin levels 

defined: insulin sensitivity index (Si, i.e. insulin action to accelerate glucose uptake and 

suppress glucose production), glucose effectiveness (Sg, i.e. combined effect of glucose to 

enhance glucose uptake and suppress endogenous glucose production at fasting insulin 

levels), acute response to glucose (AIRg, i.e., pancreatic β-cell response to glucose infusion) 

and disposition index (DI: β-cell compensation index; product of Si and AIRg).

Hormone and metabolite assays

Serum levels of total T, A4, DHEAS, DHT, and E1 were quantified by liquid 

chromatography tandem mass spectrometry (Quest Diagnostics Nichols Institute, San Juan 

Capistrano, CA). Intra- and inter-assay coefficient of variation (CVs) have previously been 

reported (20) and were consistently less than 15% and 15%, respectively. Free T was 

determined by the concentrations of total T, SHBG, and albumin. The intra- and inter-assay 

CVs for free T were 10.3% and 11.7%, respectively.

Serum measurements of insulin, LH, FSH and E2 by electrochemiluminescence; glucose by 

a hexokinase method; and fasting lipids by spectrophotometry were performed at the UCLA 

Center for Pathology Research Services. The laboratory intra- and inter-assay CVs also have 

previously been reported (20) and were consistently less than 7% and 11%, respectively.

Serum FFAs were measured by quantitative spectrophotometry (ARUP Laboratories, Salt 

Lake City, UT). The intra- and inter-assay CVs for FFAs were 1.9% and 1.7%, respectively. 

Serum levels of high molecular weight (HMW) adiponectin by enzyme-linked 

immunosorbent assay and leptin by radioimmunoassay were measured at the Endocrine 
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Technologies Support Core Lab, Oregon National Primate Research Center. The intra-assay 

CVs for HMW adiponectin and leptin were 2.9% and 15%, respectively; the inter-assay CVs 

for HMW adiponectin and leptin were 11.1% and 20%, respectively.

Isolation and culture of SC abdominal ASCs

Approximately 0.5-1.0 gram of freshly isolated adipose from the same SC abdominal fat 

biopsy as described in the original report (20) was washed and digested at 37°C in DMEM 

containing 0.075% collagenase for 45-60 min on a shaker. Adipocytes were separated from 

pellets by centrifugation (800×g, 10 min) and the cell pellet containing the stromal-vascular 

fraction was washed and cultured in 60 mm dishes until cells reached confluency, as 

previously described (10,20). First- and second-generation ASCs from each subject were 

kept frozen in liquid nitrogen. Cells prepared by similar techniques have been shown to 

represent mesenchymal stem cells before specific lineage commitment and differentiation 

(23,24).

For our present studies, a new set of ASCs from the same 8 PCOS and age-/BMI-matched 

control subjects, but different ASCs of those from our previous report (20), were used as 

independent samples. ASCs were cultured under the same adipogenic conditions (20). 

Adipocyte differentiation medium (DMEM/Ham’s F-12 [1:1, v/v], HEPES pH 7.4, fetal 

bovine serum, biotin, pantothenate, human insulin, dexamethasone, 3-Isobutyl-1-

methylxanthine [IBMX], PPARγ agonist, penicillin, streptomycin, amphotericin B [Zen-

Bio, Research Triangle Park, NC]) was used to differentiate ASCs into newly-formed 

adipocytes (17,20). Cell culture medium was changed every 48 hours, and on day 12 cells 

were fixed in 4% paraformaldehyde for lipid content by immunofluorescence, while on days 

0, 3, 7 and 12 RNA was extracted for gene expression as previously described (10,20).

Lipid staining and immunofluorescence

At day 12, fixed cells were stained with Oil-Red-O (Sigma Aldrich, St. Louis, MO) for 20 

min at room temperature to visualize lipid droplets following manufacturer’s guidelines. 

Nuclei were identified by the nuclear staining marker 4′,6-diamidino-2-phenoylidole 

(DAPI) (1:3000 [Invitrogen, Carlsbad, CA]). After 4 washes with deionized water, lipid 

staining was quantified by immunofluorescence. Twenty representative images were taken of 

fluorescent cells with an EVOS FL Digital Inverted Fluorescence microscope (Westover 

Scientific Inc, Bothell, WA) and fluorescence units per cell were quantified using ImageJ 

software (NIH, Bethesda, MD).

Gene expression

At each time point, total RNA also was isolated using RNeasy kits (Qiagen, Hilden, 

Germany) and first strand cDNA was synthesized with a PTC-200 Peltier Thermal Cycler 

machine (MJ Research, Waltham, MA) using the high capacity cDNA reverse transcriptase 

kit (Life Technologies, Carlsbad, CA) as previously described (10,20). qRT-PCR was 

performed with the Taq PCR Master Mix kit (Qiagen, Hilden, Germany) using primers for 

PPARγ and CEBPa (Thermo Fisher Scientific, Waltham, MA). Primers for β-actin and 

GAPDH (Thermo Fisher Scientific, Waltham, MA) served as internal controls. Relative 

expression of target genes to β-actin or GAPDH was measured using the comparative 

Dumesic et al. Page 5

Fertil Steril. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



critical threshold (Ct) method and results were expressed as fold-change obtained from 

triplicate values.

Statistical Analysis

An unpaired Student’s t-test compared patient characteristics, clinical hormone-metabolite 

values and lipid content of cultured stem cells on day 12 between PCOS and age and BMI 

pair-matched control subjects. A two-way ANOVA compared PPARγ and CEBPa gene 

expression of cultured stem cells over time by female type. CEBPa gene expression was log 

transformed before analysis due to a skewed distribution from outlying values (25). Pearson 

correlation coefficients examined associations by female type between stem cell 

characteristics and clinical outcomes. To test for a female type difference in associations 

between stem cell characteristics and clinical outcomes, a general linear model was run for 

each outcome with terms for female type and stem cell characteristic, as well as the 

interaction term. A significant interaction term provided evidence that the effect (or 

correlation) differed by female type. As a sensitivity analysis, these same models were 

examined after adjusting for serum free T levels to determine whether serum free T was 

confounding the findings. Statistical analyses were run using SAS V9.4 (SAS Institute, Cary, 

NC) and p-values <0.05 were considered statistically significant.

RESULTS

Patient characteristics

Age, BMI, waist and hip measurements were comparable between PCOS and control 

women, as were serum gonadotropin, estrogen, DHT, DHEAS and fasting glucose as well as 

lipid levels (lipid levels not shown) (Table 1). Serum total/free T and A4 levels were 

significantly greater in PCOS than control women (total/free T, P<0.001; A4, P=0.045). 

HOMA-IR and Si values in PCOS women were within the high-normal and low-normal 

ranges, respectively, in the presence of normal Sg, AIRg and DI values. Adipose-IR values 

were significantly increased in PCOS women (P=0.016), due to a trend in increased fasting 

plasma insulin concentrations and high-normal fasting FFA levels. Serum SHBG, HMW 

adiponectin and leptin levels were similar between female groups.

Dual-energy x-ray absorptiometry showed comparable amounts of total body fat mass, total 

body lean mass and percent total body fat between PCOS and control women (Table 1). The 

percent android fat relative to total body fat, however, was significantly greater in PCOS 

than control women (P=0.030). In contrast, the amounts of android and gynoid fat masses, 

along with the percent gynoid fat relative to total body fat, were similar between the two 

female types.

SC abdominal ASC characteristics

Abdominal ASCs cultured in adipogenic medium without androgen underwent commitment 

to preadipocytes and progressive preadipocyte differentiation to newly-formed adipocytes by 

day 12, as previously described (20). In all pair-matched cell samples, PPARγ gene 

expression rose from day 3 (Control: 16.9±9.4; PCOS: 19.5±7.8, Mean ± SD) to day 7 

(Control: 26.1±22.8; PCOS: 33.6±17.7, P=NS vs Day 3, both female types) to reach 
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maximal levels on day 12 (Control: 45.3±23.2; PCOS: 57.6±16.0 fold-change, P <0.01 vs 

Day 3, P <0.05 vs Day 7, both female types) without a female type effect (P=0.140) 

(Supplemental Table 1). Similarly, log CEBPa gene expression in all cells rose from day 3 

(Control: 2.1±0.5; PCOS: 2.3±0.6) to day 7 (Control: 2.7±0.5; PCOS: 2.8±0.7, P<0.01 vs 

Day 3, both female types) to also reach maximal levels on day 12 (Control: 3.0±0.4; PCOS: 

3.1±0.6 fold-change, P <0.01 vs Days 3 and 7, both female types) without a female type 

effect (P=0.338). In contrast, total cellular lipid accumulation on day 12 was significantly 

greater in newly-formed adipocytes of PCOS women (2084±879, Mean ± SD) than controls 

(958±544 immunofluorescence units/DAPI, P=0.008).

Clinical Correlations

Control cells on day 12—In SC abdominal ASCs of controls, PPARγ gene expression 

on day 12 positively correlated with total body mass (R=+0.79, P=0.020) (Supplemental 

Figure 1). PPARγ gene expression also positively correlated with circulating fasting insulin 

(R=+0.71, P=0.047) and HOMA-IR values (R=+0.71, P=0.048) (Figure 1A). PPARγ gene 

expression negatively and positively correlated with Si (R=−0.70, P=0.052) and AIRg (R=

+0.78, P=0.023) values, respectively by FSIVGTT (Figure 1A).

In addition, PPARγ gene expression negatively correlated with serum HMW adiponectin 

levels (R=−0.74, P=0.035) and positively correlated with serum free T levels (R=+0.75, 

P=0.034) at the time of fat biopsy (Figure 1A).

Log CEBPa gene expression in control cells also positively correlated with fasting insulin 

levels (R=+0.86, P=0.006) and HOMA-IR values (R=+0.79, P=0.019), with a similar 

positive association with adipose-IR (R=+0.74, P=0.032) values (Figure 2A). Log CEBPa 
gene expression also negatively correlated with Si (R=−0.93, P=0.001) by FSIVGTT (Figure 

2A) and serum HMW adiponectin levels (R=−0.94, P=0.0005).

In control adipocytes matured in vitro, total lipid content was not significantly related to any 

measured clinical outcomes (Figure 3A).

PCOS cells on day 12—PPARγ gene expression in PCOS cells was positively correlated 

with total body mass (R=+0.75, P=0.031), total body fat (R=+0.75, P=0.032) and gynoid fat 

(R=+0.79, P=0.019) (Supplemental Figure 1), without any other significant relationships to 

clinical outcomes (Figure 1B). Log CEBPa gene expression in PCOS cells negatively 

correlated with both serum FFA levels (R=−0.90, P=0.002), and adipose-IR values (R=

−0.75, P=0.033) (Figure 2B). In addition, log CEBPa gene expression in PCOS cells 

negatively correlated with serum free T levels on the day of fat biopsy (R=−0.81, P=0.016).

Total lipid content of PCOS adipocytes matured in vitro negatively correlated with fasting 

serum FFA levels (R=−0.78, P=0.021) (Figure 3B). Total lipid content of these PCOS 

adipocytes matured in vitro positively correlated with Si (R=+0.73, P=0.041) and negatively 

correlated with serum leptin levels (R=−0.71, P=0.048).
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In control and PCOS adipocytes matured in vitro, PPARγ and log CEBPa gene expression 

as well as lipid content were not significantly related to any other anthropomorphic 

measurements, serum hormone/metabolite levels or body fat measurements.

Control versus PCOS cells on day 12—Using a general linear model to test for female 

type differences in associations between stem cell characteristics and clinical outcomes, 

significant female type differences existed in the correlations of log CEBPa gene expression 

with adipose-IR (P=0.006), fasting serum FFA levels (P=0.042) and Si (P=0.001); and of 

lipid content on day 12 with adipose-IR (P=0.045) and fasting serum FFA levels (P=0.032). 

Adjusting for serum free T levels, significant female type differences remained in the 

correlations of log CEBPa gene expression with fasting serum FFA levels (P=0.010) and Si 

(P=0.010); and of lipid content on day 12 with adipose-IR (P=0.034) and fasting serum FFA 

levels (P=0.044). However, the association of log CEBPa gene expression with adipose-IR 

was reduced to only a trend (P=0.061).

DISCUSSION

Adipogenesis plays a crucial role in buffering fatty acid influx when energy intake exceeds 

energy expenditure (15,16). To do so, multipotent ASCs undergo commitment to 

preadipocytes, which then differentiate into newly-formed adipocytes (17–19) to balance fat 

storage capacity through mature adipocyte enlargement and new adipocyte formation. 

Although this process is affected by extant hormones and growth factors, PPARγ and 

CEBPα (26, 27) are critical transcriptional factors that regulate adipogenesis through 

different but interdependent molecular events (28) involving glucose regulation, lipid 

homeostasis (29–31) and insulin sensitivity (32, 33). The present study demonstrates that SC 

abdominal ASCs of normal-weight PCOS and age-as well as BMI-matched controls show 

similar changes in the levels of PPARγ and CEBPα gene expression during adipogenesis in 
vitro, but fundamentally differ by female type in their relationships to insulin sensitivity in 
vivo.

In common between female types, when SC abdominal ASCs of PCOS and normal women 

differentiated into adipocytes in vitro without androgen exposure, gene expression of 

PPARγ, as a key transcription factor of adipocyte formation, positively predicted total body 

mass and to lesser degrees total body fat as well as gynoid fat masses. PPARγ gene 

expression did not predict android fat mass, perhaps due to a lower percent of android fat 

mass (control 5.4%, PCOS 6.7%) compared to that of gynoid fat mass (control 21.6%, 

PCOS 20.7%) relative to total body fat mass.

Other clinical relationships with SC abdominal adipocyte maturation in vitro, however, 

differed by female type. As normal SC abdominal ASCs differentiated into adipocytes in 
vitro, increased PPARγ gene expression on day 12 accompanied reduced systemic insulin 

sensitivity in vivo, as evidenced by its positive correlations with fasting serum insulin and 

HOMA-IR values, along with its positive correlation with AIRg values during FSIVGTT, 

respectively.
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Simultaneously, gene expression of log CEBPa, as another key transcription factor 

underlying adipocyte formation (27), also positively correlated with fasting insulin, HOMA-

IR and adipose-IR values, while increased log CEBPa gene expression accompanied reduced 

systemic insulin sensitivity in vivo. These inverse relationships of PPARγ and log CEBPa 
gene expressions with insulin sensitivity in vivo involved diminished serum levels of the 

insulin-sensitizing adipokine, HMW adiponectin (34), perhaps through reduced hepatic 

insulin sensitivity, since fasting circulating adiponectin levels in humans inversely correlate 

with basal and insulin-suppressed endogenous glucose production by hyperinsulinemic 

euglucemic clamp, adjusted for age, sex, percent body fat and whole-body glucose uptake 

(35).

Conversely, as PCOS SC abdominal ASCs differentiated into adipocytes in vitro, increased 

log CEBPa gene expression on day 12 accompanied increased adipose insulin sensitivity, as 

evidenced by its negative correlations with fasting serum FFA levels and adipose-IR values. 

Furthermore, the increased total lipid content of PCOS adipocytes matured in vitro in this 

paper replicated our previous findings with similarly-treated, but independent, ASCs (20), 

and despite normal PPARγ and log CEBPa gene expression, also negatively correlated with 

fasting serum FFA levels and positively correlated with systemic insulin sensitivity in vivo. 

Increased total lipid content of these PCOS adipocytes also negatively correlated with serum 

levels of leptin as a catabolic adipokine, perhaps due to an enhanced anabolic state in these 

cells (36).

Collectively, in the present normal-weight PCOS women, an increase in lipid content of 

adipocytes matured in vitro (without androgen) that favors improved systemic insulin 

sensitivity in vivo likely coexists with other effects of hyperandrogenemia on adipocyte 

function (10). For example, in women without PCOS, in vitro T treatment reduces insulin-

stimulated glucose uptake in SC abdominal adipocytes (37), and also impairs SC abdominal 

ASC commitment to preadipocytes and preadipocyte differentiation into newly-formed 

adipocytes (17). Moreover, cultured SC abdominal adipocytes from women with PCOS 

exhibit diminished insulin-induced glucose transport, reduced GLUT-4 content and 

decreased insulin-stimulated serine phosphorylation of glycogen synthase kinase-3beta 

(11,12), along with lipolytic catecholamine resistance (13,14).

Apart from hyperandrogenism, other mechanisms in vivo also likely impair insulin 

sensitivity in PCOS, since increased adipose-IR in normal-weight PCOS women remains 

negatively correlated with systemic insulin sensitivity in vivo, adjusting for serum androgen 

levels (10). As further evidence, adjusting for serum free T levels in the present study, PCOS 

women alone demonstrated inverse correlations involving both log CEBPa gene expression 

and day 12 lipid content in vitro with fasting serum FFA levels, in addition to day 12 lipid 

content in vitro with adipose-IR in vivo. Control women, in contrast, demonstrated an 

inverse correlation of log CEBPa gene expression with systemic insulin sensitivity in vivo. 

In this regard, serum FFA levels influence glucose-insulin homeostasis since insulin-

mediated control of lipolysis by adipose regulates hepatic glucose production (i.e., the 

“single gateway hypothesis”) (38). In support of this observation, serum FFA levels are a 

greater determinant of insulin resistance than hyperandrogenism in obese PCOS adolescents 

(7). Therefore, altered FFA-glucose interactions likely exist in our normal-weight PCOS 
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women with high-normal serum FFA levels and low-normal Si values, in whom increased 

total lipid content within their adipocytes matured in vitro predicted reduced serum FFA 

levels and improved systemic insulin sensitivity in vivo.

Our findings support the concept of metabolic thrift as an ancestral trait that originally 

favored PCOS, when food deprivation in pregnancy programmed enhanced adipogenesis for 

greater fat storage in the fetus to meet metabolic and reproductive demands in later life (2). 

They suggest an evolutionary link between hyperandrogenism and metabolic thrift that 

favors insulin sensitivity for enhanced fat storage through increased cellular glucose uptake, 

perhaps through epigenetic chromosomal changes beginning during fetal development and 

continuing after birth (39). In this regard, high-order chromatin organization is 

preprogrammed in 3T3-L1 preadipocytes, and also coupled with dynamic reorganization of 

promotor-anchored chromatin loops affecting gene expression and enhancer activity during 

adipocyte differentiation (27). Therefore, the unique characteristics of PCOS stem cells in 
vitro and their legacy to the in vivo hyperandrogenic environment of low-normal systemic 

insulin sensitivity provide a novel balance between enhanced fat storage through increased 

adipocyte glucose uptake, and increased circulating FFAs and glucose as energy substrate 

for skeletal muscle and liver. In today’s obesogenic environment, however, such an 

evolutionary mechanism of metabolic thrift likely increases the risk for developing 

lipotoxicity through impaired insulin signaling and altered mitochondrial oxidative 

phosphorylation (40).

Important strengths of this study were the use of healthy, normal-weight PCOS women by 

NIH criteria who had a mild PCOS phenotype (41) and were age- and BMI-matched to 

controls to eliminate the confounding effects of age and obesity on adipose-IR (9,42). This 

strategy allowed us to investigate SC abdominal adipose dysfunction in PCOS women who 

had an increased percent of android fat relative to a normal amount of total body fat. 

Recruiting non-Hispanic Caucasian subjects also eliminated both ethnic differences in body 

fat composition and distribution (1), and obesity effects on insulin sensitivity (43,44), so that 

adipose stem cell functions by female type could be investigated within a normal range of 

systemic insulin sensitivity (i.e., Si values) and correlated with clinical outcomes. In 

addition, use of minute amounts of SC abdominal ASCs allowed us to perform independent 

in vitro studies that replicated our original findings of accelerated adipose development in 

normal-weight PCOS women versus age- and BMI-matched controls (20), and thus confirm 

reproducible PCOS-related gene abnormalities in these ASCs, supporting constitutive 

cellular dysfunction.

Limitations of our study include its small number of PCOS subjects, which diminished 

statistical power to examine interactions between adipocyte maturation in vitro and clinical 

outcomes in vivo, and its inability to apply to women of different PCOS phenotypes, 

ethnicity, adiposity or age. Epigenetic factors affecting endocrine-metabolic function 

through programmed ASC development were not assessed and could have influenced the 

interactions examined. Also, androgen production within adipose was not determined even 

though it is regulated by insulin through intracellular aldo-ketoreductase type 31C3 activity 

(45). Finally, our studies examined gene, but not protein, expression of newly-formed 
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adipocytes created in vitro, which may not fully replicate all characteristics of adipocytes 

fully matured in vivo.

In conclusion, in normal-weight women with PCOS, accelerated SC abdominal ASC 

differentiation into adipocytes in vitro favors insulin sensitivity in vivo, suggesting an 

evolutionary role for hyperandrogenism in metabolic thrift to enhance fat storage through 

increased cellular glucose uptake (2). Potentially programmed in part during gestation by 

epigenetic events, such a metabolic phenotype could predispose women with PCOS to 

excess weight gain in today’s obesogenic environment, emphasizing the need for appropriate 

lifestyle choices, including during pregnancy, to improve their health, reduce their risks of 

developing maternal-fetal complications and optimize the long-term health of their 

offspring.
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1. 
Correlations between A) PPARγ gene expression on day 12 in A) control and B) PCOS 

subcutaneous abdominal adipocytes matured in vitro without androgen and endocrine-

metabolic outcomes. Open circles, controls; filled circles, PCOS women. All x-axes for 

PPARγ gene expression on day 12 are identical in scale.
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2. 
Correlations between log CEBPa gene expression on day 12 in A) control and B) PCOS 

subcutaneous abdominal adipocytes matured in vitro without androgen and endocrine-

metabolic outcomes. Open circles, controls; filled circles, PCOS women. All x-axes for log 

CEBPa gene expression on day 12 are identical in scale
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3. 
Correlations between lipid content on day 12 in A) control and B) PCOS subcutaneous 

abdominal adipocytes matured in vitro without androgen and endocrine-metabolic 

outcomes. Open circles, controls; filled circles, PCOS women. All x-axes for lipid content 

on day 12 are identical in scale
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Table 1:

Patient characteristics and serum hormone and metabolic levels in normal-weight control vs PCOS women*

Patient Characteristics NL (N=8) PCOS (N=8) P value

  Age (years) 25.5±5.3 25.5±4.0 0.999

  BMI (kg/m2) 22.4±1.3 22.7±2.0 0.724

  Waist (cm) 78.1±5.2 77.3±5.5 0.784

  Hip (cm) 91.6±5.9 89.5±5.3 0.472

  Total body mass (kg) 66.7±5.4 62.1±9.0 0.231

  Lean body mass (kg) 42.9±4.0 40.7±5.7 0.378

  Total body fat (kg) 21.2±2.6 20.0±4.1 0.472

  Percent body fat (%) 31.8±3.0 32.1±4.4 0.883

  Android fat (kg) 1.2±0.2 1.4±0.5 0.282

  Percent android fat (%) 5.4±0.6 6.7±1.3 0.030

  Gynoid fat (kg) 4.6±0.7 4.1±0.8 0.261

  Percent gynoid fat (%) 21.6±1.6 20.7±0.9 0.198

Hormone/metabolic levels

  LH (mIU/mL) 10.8±6.2 17.1±7.9 0.095

  FSH (mIU/mL) 6.8±2.6 5.5±0.6 0.240

  E1 (pg/mL) 72.0±33.6 80.4±29.4 0.604

  E2 (pg/mL) 107.0±98.7 59.8±21.4 0.222

  Total T (ng/dL) 30.4±7.6 64.5±18.2 <0.001

  Free T (pg/mL) 2.5±1.5 6.1±1.3 <0.001

  A4 (ng/dL) 127.5±41.4 211.1±94.8 0.045

  DHT (ng/dL) 8.1±2.5 12.0±7.4 0.195

  DHEAS (ug/dL) 199.9±126.1 213.6±56.7 0.784

  Fasting glucose (mg/dL) 84.9±6.5 85.4±4.3 0.837

  Fasting insulin (μU/mL) 4.3±1.6 6.2±2.4 0.081

  HOMA-IR 0.9±0.4 1.3±0.5 0.113

  Si (x10−4/min/μU/mL) 8.5±6.0 4.9±2.7 0.153

  AIRg (μU/mL) 282.2±103.3 410.3±223.9 0.172

  DI (Si x AIRg)/100 20.1±11.1 17.2±8.1 0.565

  Sg (x10/min) 0.02±0.01 0.02±0.01 0.695

  SHBG (nmol/L) 63.9±49.6 48.8±19.3 0.443

  HMW Adiponectin (ng/mL) 2940.6±1054.3 3067.5±2788.9 0.907

  Leptin (ng/mL) 22.5±8.9 27.0±9.5 0.349

  Total free fatty acids (mmol/L) 0.6±0.2 0.7±0.2 0.164

  Adipose-IR (pmol/L x mmol/L) 16.9±7.2 31.8±13.6 0.016

Mean ± SD

*
, Modified from reference 20

Conversion to SI Units: T (X 0.0347 nmol/L), free T (X 3.47 pmol/L), A4 (X 0.0349 nmol/L), DHT (X 0.0344 nmol/L), DHEAS (X 0.0271 
μmol/L), E1 (X 3.699 pmol/L), E2 (X 3.67 pmol/L), LH (X 1.0 IU/L), FSH (X 1.0 IU/L), glucose (X 0.0555 mmol/L), insulin (X 7.175 pmol/L, 
HMW adiponectin (X 0.001 μg/L), Leptin (X 1.0 μg/L).
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