
Precocious Subcutaneous Abdominal Stem Cell Development to 
Adipocytes in Normal-Weight Polycystic Ovary Syndrome 
Women

Samantha C. Fisch, B.S.a, Ariella Farzan Nikou, B.S.a, Elizabeth A. Wright, B.S.a, Julia D. 
Phan, B.S.a, Karen L. Leunga, Tristan R. Grogan, M.S.b, David H. Abbott, Ph.D.c, Gregorio D. 
Chazenbalk, Ph.D.a, and Daniel A. Dumesic, M.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 abnormal subcutaneous (SC) abdominal adipose stem cell (ASC) 

development to adipocytes in polycystic ovary syndrome (PCOS) correlates with 

hyperandrogenism.

Design: Prospective cohort study

Setting: Academic medical center

Patients: Eight normal-weight PCOS women and eight age-and body mass index-matched 

normoandrogenic ovulatory (control) women.

Intervention(s): All women underwent circulating hormone and metabolic measurements, 

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

abdominal fat biopsy.

Main Outcome Measure(s): In vitro ASC commitment to preadipocytes (ZFP423 protein 

expression, day 0.5), preadipocyte differentiation to adipocytes (PPARγ gene expression, day 3) 

and adipocyte lipid content (Oil-Red-O fluorescence, day 12) were compared between PCOS and 

control women and correlated with clinical outcomes.
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Results: SC abdominal ASCs from PCOS compared to control women showed exaggerated 

commitment to preadipocytes and had greater lipid content in newly-formed adipocytes following 

in vitro maturation. In all women combined, ZFP423 protein expression negatively correlated with 

fasting plasma glucose levels, while lipid content of newly-formed adipocytes positively correlated 

with both PPARγ gene expression and serum free testosterone (T) levels.

Conclusion: In normal-weight PCOS vs control women, exaggerated SC abdominal ASC 

commitment to preadipocytes and enhanced adipocyte lipid content during maturation in vitro 
negatively and positively correlate with circulating fasting glucose and androgen levels, 

respectively, as a possible mechanism to maintain glucose-insulin homeostasis when fat accretion 

is accelerated.

CAPSULE:

Subcutaneous abdominal adipose stem cells of normal-weight polycystic ovary syndrome women 

show exaggerated development to newly-formed adipocytes in vitro vs age-and body mass index-

matched controls.
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Polycystic ovary syndrome (PCOS), affecting 6-10% of reproductive-aged women, is 

characterized by hyperandrogenism, menstrual irregularity and polycystic ovarian 

morphology (1). Women with PCOS by 1990 National Institutes of Health (NIH) criteria 

also preferentially accumulate abdominal fat with weight gain (1-3), promoting insulin 

resistance through intraabdominal fat deposition as a risk factor for metabolic syndrome 

(3-5). Specifically, radiographic studies in PCOS women confirm increased abdominal body 

fat underlying insulin resistance over a wide body mass index (BMI) range (6), with greater 

intra-abdominal fat mass in normal-weight PCOS women compared to age-and BMI-

matched control women (7).

This interrelationship of hyperandrogenism, preferential abdominal fat deposition and 

insulin resistance also involves subcutaneous (SC) abdominal adiposity. Normally, when 

caloric intake exceeds energy utilization, SC adipose increases lipid storage capacity through 

adipocyte enlargement and new adipocyte formation to buffer fatty acid influx (8, 9). SC 

abdominal fat in PCOS, however, exhibits abnormal adipocyte size (7, 10), inhibition of 

lipolysis by androgen (11) and lipolytic catecholamine resistance (12). Moreover, 

overweight/obese PCOS women have metabolic inflexibility, as evidenced in vivo by 

diminished fasting fat oxidation from impaired lipolysis and reduced insulin-induced 

carbohydrate oxidation (13, 14). Such abnormal lipid metabolism, combined with 

testosterone (T) inhibition of early-stage SC abdominal adipogenesis, whereby multipotent 

adipose stem cells (ASCs) undergo commitment to preadipocytes and differentiate into 

adipocytes (15), could promote ectopic lipid deposition, leading to insulin resistance through 

lipotoxicity (16,17).

In this regard, important cellular and molecular markers of adipogenesis include ZFP423 

protein, a recognized cellular marker of ASC commitment to preadipocytes (18); PPARγ, 
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the master adipogenic gene responsible for regulating early adipogenic differentiation (19); 

and adipocyte lipid content (20). Therefore, the present study examines these cellular and 

molecular characteristics of SC abdominal adipogenesis in normal-weight PCOS and age-/

BMI-matched normoandrogenic ovulatory (control) women to determine whether female 

type differences exist during ASC development to newly-formed adipocyte formation in 
vitro and, if so, whether such differences correlate with clinical outcomes. The hypothesis of 

this study is that SC abdominal ASCs of normal-weight PCOS women with 

hyperandrogenism exhibit abnormal development to adipocytes in vitro that alters the 

balance between adipogenesis and glucose-insulin homeostasis.

MATERIALS AND METHODS

Study Participants

Eight normal-weight PCOS and 8 control women (18-35 years; 18.5-25 kg/m2) were 

selected from our NIH-funded study (P50 HD071836) that originally compared body 

composition and fat distribution between normal-weight PCOS and control women (7). Each 

PCOS woman was matched to an individual control woman who was within 1.5 ± 0.6 years 

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

All subjects were non-Hispanic Caucasian to avoid confounding variation by ethnicity and 

were in good health and recruited from the general community, although one PCOS subject 

had attended an outpatient clinic for hyperandrogenic symptoms. All subjects had a stable 

BMI for at least three months before study, which remained unchanged throughout the study. 

Clinical and hormonal data from all control women and 5 of the 8 PCOS women were 

published previously (7).

PCOS was diagnosed by 1990 NIH criteria, eliminating other endocrinopathies to avoid the 

phenotypic variability of Rotterdam criteria (1). Hirsutism was defined as a modified 

Ferriman-Gallwey (mFG) score ≥ 6 (21). Biochemical hyperandrogenism was specified as 

an elevated mean serum total or free T (from two independent blood samples drawn on 

different days) > 2 SD above the normal ranges of the age- and BMI- matched control group 

(7). All control women had normal menstrual cycles at 21- to 35-day intervals and a luteal 

phase progesterone (P4) level without hirsutism, acne or alopecia (1).

Exclusion criteria included late-onset congenital adrenal hyperplasia (basal serum 17-

hydroxyprogesterone > 2 ng/mL), thyroid dysfunction, hyperprolactinemia, ovarian cyst(s) > 

2 cm; present/past history of smoking (<1 year), cancer, drug addiction, alcohol abuse, 

depression, diabetes, hepatic or renal disease; uncontrolled hypertension (≥ 165/100) or 

other major medical illness. Further exclusion criteria included recent (<3 months) 

consumption of antidepressants, diabetes medications, weight loss medications, androgens, 

anabolic steroids or hormonal agents (i.e. oral contraceptives/insulin sensitizers) and beta-

adrenergic blocking agents.

All studies were performed in accordance with the Declaration of Helsinki and approved by 

the UCLA Institutional Review Board, with informed consent obtained from each subject 

before study participation.
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Anthropometric Analysis

The waist-to-hip circumference ratio was determined with the subject in the standing 

position. Waist and hip circumferences were defined as girth at the upper border of the iliac 

crests and the largest girth over the greater trochanters, respectively (22).

Blood sampling

Blood sampling was performed in control women during the follicular phase (days 5–10 of 

the menstrual cycle) and in PCOS women during documented oligo- anovulation by serum 

P4 level. Fasting blood samples were collected immediately before a frequently sampled 

intravenous glucose tolerance test (FSIGT) as previously described (7, 23) to determine total 

and free T, androstenedione (A4), dihydrotestosterone (DHT), dehydroepiandrosterone 

sulfate (DHEAS), gonadotropins, estrone (E1), estradiol (E2), glucose, insulin, sex hormone 

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

density lipoprotein [LDL], triglycerides [TG]) levels. The modified minimal model of 

Bergman was used to define insulin sensitivity (Si) (23).

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). The manufacturer intra-assay coefficient of variation (CVs) were: total T, 

5.6%; A4, 3.8%; DHEAS, 4.5%; DHT, 14.8%; and E1, 3%. The manufacturer inter-assay 

CVs were: total T, 9.5%; A4, 5.2%; DHEAS, 5.5%; DHT, 13.6%; and E1, 14.7%. 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.

The UCLA Center for Pathology Research Services measured serum insulin, LH, FSH, and 

E2 by electrochemiluminescence; glucose by a hexokinase method; and fasting lipids (total 

cholesterol, LDL, HDL and TG) by spectrophotometry. The laboratory intra-assays CVs 

were: insulin, 0.6%; LH, 1.0%; FSH, 2.1%; E2, 7.0%; glucose, 0.8%; total cholesterol, 

0.7%; LDL, 0.5%; HDL 0.6%; and TG, 0.6%. The laboratory inter-assays CVs were: 

insulin, 2.6%; LH, 2.3%; FSH, 2.8 %; E2, 10.7%; glucose, 0.9%; total cholesterol, 1.0%; 

LDL, 1.2%; HDL, 0.9%; and TG, 0.7%.

Total body DXA

Total body dual-energy x-ray absorptiometry (DXA) was performed as previously reported 

(7). The android (i.e., abdominal) region by DXA spanned from the first lumbar vertebra to 

the superior aspect of pelvis; the gynoid region extended from the head of the femur to mid-

thigh.

SC Abdominal Fat Biopsy

A SC abdominal fat biopsy was performed in each subject to obtain 0.5-1.0 gram of tissue 

(7), which was either immediately stored in liquid nitrogen or used for ASC studies in all 

PCOS and control women (N=16).
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Isolation of SC abdominal ASCs

Freshly obtained adipose tissue was finely minced and treated with 0.1% collagenase (Sigma 

Aldrich, St. Louis, MO) and diluted in DMEM (Corning, Corning, NY) for 45-60 minutes at 

37°C. The digested material was filtered through 150-micron nylon mesh (Ted Pella Inc., 

Redding, CA), washed with full medium solution (containing DMEM with 10% fetal calf 

serum [Life Technologies, Carlsbad, CA] and 1% Antibiotic-Antimycotic [100x] solution 

[Thermo Fisher Scientific, Waltham, MA]) and centrifuged at 200 RPM for 2 minutes at 

20°C. Adipocytes floating in the upper layer were removed by pipetting, while the lower 

phase underwent additional centrifugation at 1200 RPM for 5 minutes at 20°C to obtain the 

cell pellet containing the stromal vascular fraction (24). The cell pellet was washed twice, 

resuspended in full culture medium and plated into 60 mm adherent culture dishes. After one 

week in culture, all cells were identified as CD105 (+) ASCs (25). After reaching 

confluency, ASCs were uniformly expanded to a second generation of cells without 

androgens, which were used for the studies.

Cell Culture

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 (15). Cell culture medium was changed every 48 hours. At each time point (Day 

0, 0.5, 3, 7, 12) cells were fixed in 4% paraformaldehyde for lipid content and 

immunofluorescence studies. Another aliquot of cells was used for gene expression studies.

Immunofluorescence

At the end of each time course, fixed cells were treated with 0.2% Triton-X-100 (Sigma 

Aldrich, St. Louis, MO) for 20 minutes, washed twice with PBS, and incubated for 1 hour at 

RT in blocking solution (10% normal goat serum/1% bovine serum albumin [BSA] in PBS 

[Thermo Fisher Scientific, Waltham, MA; Sigma Aldrich, St. Louis, MO]). Cells were 

initially incubated with primary antibody for CD105 (1:300 [Abcam, Cambridge, MA]) 

overnight at 4°C following standard protocols to confirm the mesenchymal stem cell 

phenotype before specific lineage commitment and differentiation (26,27) (data not shown). 

Primary antibody for ZFP423 (1:300 [Abcam, Cambridge, MA]) also was used to identify 

preadipocytes derived from ASCs (18, 28). After incubation with primary CD105 or ZFP423 

antibody, cells were washed 4 times and then incubated for 1 hour with a secondary antibody 

labeled with Texas Red fluorescence marker (1:300 [Thermo Fisher Scientific, Waltham, 

MA]), followed by an additional incubation for 10 min with nuclear staining marker 4’,6-

diamidino-2-phenoylidole (DAPI) (1:3000 [Invitrogen, Carlsbad, CA]). Twenty 

representative images were subsequently taken of the fluorescent cells with an EVOS FL 

Digital Inverted Fluorescence microscope (Westover Scientific Inc, Bothell, WA) and the 

fluorescence units per cell were quantified using ImageJ software (NIH, Bethesda, MD).
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Lipid Staining

An additional aliquot of fixed cells was stained with Oil-Red-O (Sigma Aldrich, St. Louis, 

MO) for 20 min at RT to visualize lipid droplets following manufacturer's guidelines. Nuclei 

were identified by DAPI staining. After 4 washes with deionized water, lipid staining was 

quantified by fluorescence units as above.

Gene Expression

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

Germany). 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) according to the manufacturer’s instructions. qRT-

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

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

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

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

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

triplicate values.

Statistical analysis

A paired Student’s t-test was used to compare approximately normally distributed patient 

characteristics and clinical data between PCOS and age and BMI pair-matched control 

subjects. Due to large within-female type variation, Wilcoxon-signed rank test was used to 

compare in vitro stem cell characteristics between PCOS vs their matched control subjects. 

Laboratory measures exhibiting skewed distributions and outliers (i.e., ZFP423 protein and 

PPARγ gene expressions, newly-formed adipocyte lipid content, serum total T levels) were 

log transformed prior to statistical analysis (29). Pearson correlation coefficients were used 

to assess associations between stem cell characteristics and relevant clinical parameters. 

Partial correlation coefficients were used to determine if associations remained significant 

after adjustment for serum total T or fasting insulin levels.

RESULTS

Patient characteristics

Age, BMI, waist and hip measurements were similar between PCOS and control women 

(Table 1). Serum total and free T levels were significantly greater, while serum A4 levels 

tended to be higher, in PCOS than control women. Fasting plasma insulin levels tended to be 

slightly higher in PCOS than control women, while Si values in PCOS women were within 

the lower-normal range. Serum gonadotropin, DHT, DHEAS, E1, E2 and fasting glucose 

levels were comparable between female groups, as were fasting serum lipid levels (data not 

shown).

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

percent total body fat between PCOS and control women. The percent android fat relative to 

total body fat, however, was significantly greater in PCOS than control women, while the 
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percent gynoid fat relative to total body fat was not. Total body lean mass was similar 

between PCOS women (40.7±2.0 kgs) and controls (42.9±1.4 kgs, P=0.38).

SC abdominal ASC characteristics

Subcutaneous abdominal ASCs cultured in adipogenic medium for 12 days showed temporal 

changes in stem cell phenotype that confirmed initial ASC commitment to preadipocytes 

followed by preadipocyte differentiation to newly-formed adipocytes. In control cells, 

ZFP423 protein expression reached maximal median levels at day 0.5 and then declined to 

lower levels by day 7 (Figures 1A and2). The lipid content of these cells was low until day 7 

and then dramatically increased to reach maximal median levels in newly-formed adipocytes 

on day 12 (Figures 1B and2). In PCOS cells, ZFP423 protein expression rose to maximal 

median levels on day 0.5 (Figures 1A and2) that were significantly greater than those of 

control cells (P=0.012, Supplemental Figure 1A) before declining to low levels. In all pair-

matched cell samples, the increase in ZFP423 protein expression in PCOS cells was either 

earlier in time and/or greater in magnitude than control cells on days 0 to 0.5, with 3 and 5 

PCOS cell samples showing peak ZFP423 protein expressions on days 0 and 0.5, 

respectively (Supplemental Figure 2). The lipid content of PCOS cells increased by day 7 to 

reach maximal levels in newly-formed PCOS adipocytes on day 12 (Figures 1B and2) that 

were significantly greater than those of control adipocytes on the same day (P=0.012, 

Supplemental Figure 1B). In cells from all women combined, PPARγ gene expression on 

day 3 positively correlated with lipid content on day 12 (r=0.64, P=0.008), being slightly 

greater in PCOS than control cells (P=0.1). Furthermore, PPARγ gene expression on day 3 

also showed a nonsignificant positive trend with serum total T (r=0.38, P=0.14) and free T 

(r=0.41, P=0.12) levels.

Clinical Correlations

In SC abdominal ASCs of all women combined, ZFP423 protein expression on day 0.5 and 

lipid content of newly-formed adipocytes on day 12 correlated with specific clinical 

outcomes. On day 0.5, ZFP423 protein expression significantly negatively correlated with 

fasting plasma glucose levels (Figure 3A) and remained so after adjusting for serum total T 

levels (r=−0.78, P=0.001), suggesting that hyperandrogenemia did not influence this 

relationship. On day 12, lipid content of newly-formed adipocytes significantly positively 

correlated with serum free T levels (Figure 3B) and tended to similarly correlate with serum 

total T levels (Figure 3C). After adjusting for fasting plasma insulin levels, however, the 

significant positive correlation between lipid content of newly-formed adipocytes on day 12 

and serum free T levels (r=0.55, P=0.03), was reduced to a trend (r=0.48, P=0.07), while that 

with total T levels also was diminished (unadjusted: r=0.49, P=0.05; adjusted: r=0.41, 

P=0.1), suggesting possible androgen-insulin interactions governing adipocyte lipid content. 

Neither cellular ZFP423 protein expression on day 0.5 nor newly-formed adipocyte lipid 

content on day 12 correlated with Si, fasting lipid levels or percent android fat relative to 

total body fat (data not shown).
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DISCUSSION

Subcutaneous adipose normally increases lipid storage during fatty acid influx through 

adipocyte enlargement and new adipocyte formation (8, 9). This function of SC abdominal 

adipose appears perturbed in PCOS women, as evidenced by abnormal adipocyte size (10) 

and distribution (7), inhibition of lipolysis by androgen (11) and lipolytic catecholamine 

resistance from diminished protein levels of β2-adrenegic receptor, hormone-sensitive lipase 

and protein kinase A regulatory-IIβ component (12,30,31). In clinical agreement, 

overweight/obese PCOS women exhibit metabolic inflexibility through diminished fat 

oxidation from impaired fasting lipolysis and reduced insulin-induced carbohydrate 

oxidation (13, 14).

Using SC abdominal ASCs from normal-weight PCOS vs age- and BMI-matched control 

women, our study shows for the first time greater lipid content in PCOS than control 

adipocytes during in vitro maturation that positively correlates with serum free T levels in all 

women combined. Oral DHEA administration to PCOS women diminishes SC abdominal 

lipolysis, while DHT treatment of cultured human SC preadipocytes (i.e., the Simpson-

Golabi-Behmel syndrome [SGBS] cell line) decreases beta-oxidation; increases acetyl-CoA-

carboxylase mRNA expression, the rate-limiting step in lipogenesis; and enhances 

lipogenesis (11). Therefore, SC abdominal ASCs from hyperandrogenic PCOS women may 

exhibit reduced beta-oxidation and/or enhanced lipogenesis during in vitro maturation of 

newly-formed adipocytes, even in the absence of androgen in the culture media.

This positive relationship of lipid content in newly-formed adipocytes with serum androgen 

levels was partially affected by fasting plasma insulin concentrations. In this regard, T 

administration to female rhesus monkeys fed a Western-style diet enhances insulin-induced 

FFA uptake in SC abdominal adipose (32). Conversely, insulin stimulation of female SC 

abdominal adipocytes and human SGBS preadipocytes induces aldo-ketoreductase type 3 

1C3 (AKR1C3) activity, the enzyme converting A4 to T, to promote androgen-dependent 

lipogenesis (11). Such androgen-insulin interactions favoring fat accretion also could affect 

in vitro maturation of newly-formed PCOS adipocytes and underlie metabolic inflexibility in 

PCOS women (13,14).

In our study, however, hyperandrogenism as a mechanism to promote fat accretion in newly-

formed PCOS adipocytes is unlikely due to extant androgen actions on ASC function since 

several weeks elapsed between blood collection and SC abdominal fat biopsy, with 

additional time required for in vitro ASC generation, expansion and development to 

adipocytes without androgen exposure. Instead, androgen excess as the cardinal feature of 

PCOS could affect developmental programming of ASCs by hyperandrogenism in utero, as 

present in female fetuses of PCOS mothers, assuming a critical second trimester time 

interval when a susceptible fetus is exposed to androgen excess (33). Prenatal 

androgenization of female rhesus monkeys impairs maternal-fetal glucose-insulin 

homeostasis (34) as an antecedent to an adult PCOS-like phenotype, consisting of disordered 

subcutaneous abdominal (15, 35, 36) and visceral adipogenesis (37). Moreover, fetal 

hyperglycemia from gestational diabetes in women enhances the lipid content of SC 

abdominal preadipocytes in the adult offspring, independent of BMI or fat mass (38). These 
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findings suggest an altered intrinsic reprogramming of the newly-formed PCOS adipocytes 

in our study, which may represent epigenetic modifications of genes influencing 

susceptibility to PCOS (39).

As a marker of preadipocyte differentiation, cellular PPARγ gene expression positively 

predicted the lipid content of newly-formed adipocytes without a significant female type 

effect, perhaps due to sustained blunted in vitro PPARγ gene expression in PCOS cells by 

the previous effect of androgens on SC abdominal ASC commitment to preadipocytes (15). 

In PCOS, therefore, androgen-constrained SC abdominal preadipocyte differentiation that 

restricts a population of mature adipocytes with reduced lipolysis and/or enhanced 

lipogenesis could theoretically promote ectopic lipid deposition to induce insulin resistance 

through lipotoxicity (16, 17, 40).

ZFP423 protein expression on day 0.5, a marker of ASC commitment to preadipocytes, was 

greater in PCOS than control cells and negatively correlated with fasting glucose levels in all 

women combined, adjusting for serum total T levels. Epigenetic changes within the ZFP423 

promoter region have been shown to accompany ZFP423 gene up-regulation and enhanced 

small adipocyte formation to protect against insulin resistance in obese individuals (41), 

consistent with an increased proportion of small SC abdominal adipocytes in normal-weight 

PCOS women (7). In addition, prenatal ZFP423 knockout in mice fed a high fat diet induces 

obesity, ectopic fat deposition and insulin resistance (28), while ZFP423 up-regulation 

appears to compensate for impaired preadipocyte differentiation in SC abdominal adipose of 

PCOS-like female rhesus monkeys with insulin resistance (35). Therefore, the degree to 

which SC abdominal ASC commitment to preadipocytes induces hyperplasia of new-

growing adipocytes during fatty acid influx might explain why some (2, 42, 43), but not all 

(44-46), normal-weight PCOS women maintain normal glucose-insulin homeostasis.

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

1990 NIH criteria who were recruited from the general population to study a less severe 

PCOS phenotype (47) and also were stringently matched to controls by both age and BMI to 

eliminate confounders affecting insulin action (1). Recruitment of non-Hispanic Caucasian 

subjects further eliminated ethnic differences in body fat composition and distribution (1). 

Consequently, in vitro differences in SC abdominal ASC development to adipocytes between 

PCOS and control women could be examined within a normal range of Si values and 

correlated with clinical reproductive and metabolic variables. Furthermore, our study is 

novel in investigating how various stages of SC abdominal adipogenesis, as defined by 

specific markers of ASC commitment to preadipocytes, preadipocyte differentiation into 

adipocytes and newly-formed adipocyte lipid content in vitro, differ between normal-weight 

PCOS women and controls in the absence of extant androgen and correlate with clinical 

outcomes, potentially identifying inherent PCOS-related abnormalities of stem cell function.

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

statistical power to examine subtle androgen-insulin interactions governing SC abdominal 

lipid homeostasis. Stringent subject selection in this study, however, was crucial since BMI, 

age and race influence adipose stem cell differentiation to adipocytes in mice and humans 

(48-50) and therefore was necessary to detect female type differences in adipocyte 
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differentiation and adipocyte lipid accumulation that may not have otherwise appeared if 

such careful measures were not taken. Despite the small amounts of SC abdominal fat 

obtained at biopsy (approximately 1 gm of adipose), we were able to isolate sufficient ASCs 

from the adipose stromal-vascular fraction for our studies; however, insufficient number of 

adipocytes were obtained for additional studies of cellular metabolism and adipocyte 

function. Our results may not apply to other fat depots, or to individuals of other ethnic 

groups or who differ in PCOS phenotypic expression. Finally, the role of dexamethasone, as 

a glucocorticoid in adipogenic medium capable of interacting with the androgen receptor, 

needs to be examined in future studies that explore development of PCOS vs control stem 

cells to newly-formed adipocytes in vitro (51).

In conclusion, in normal-weight PCOS vs control women, exaggerated SC abdominal ASC 

commitment to preadipocytes and enhanced adipocyte lipid content during maturation in 
vitro negatively and positively correlate with circulating fasting glucose and androgen levels, 

respectively, as a possible mechanism to maintain glucose-insulin homeostasis when fat 

accretion is accelerated. Although it may be too soon to draw definitive clinical conclusions 

from this small study, the preliminary clinical correlates with SC abdominal adipogenesis in 

this pilot study provide hypotheses for possible pathophysiological mechanisms that can be 

tested in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Temporal changes of (A) ZFP423 protein expression and (B) lipid content in SC abdominal 

ASCs cultured for days 0, 0.5, 3, 7 and 12 in adipogenic medium as a function of Texas Red 

and Oil-Red-O fluorescence, respectively, divided by DAPI. Values are expressed as median 

± 95% confidence intervals of 8 age and BMI pair-matched normal-weight PCOS and 

control women.
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Figure 2: 
Fluorescent changes of SC abdominal ASCs from a representative age and BMI pair-

matched normal-weight PCOS and control woman and cultured in adipogenic medium for 

12 days. Cultured ASCs underwent commitment to preadipocytes (CD105 protein 

expression, day 0 to ZFP423 protein expression, day 0.5) and then differentiated into 

immature and mature newly-formed adipocytes (Oil Red O lipid content, days 3-7 and 12, 

respectively).
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Figure 3: 
Correlations of log ZFP423 protein expression (day 0.5) with (A) fasting plasma glucose 

levels, and of log lipid content (day 12) with (B) serum free T and (C) log serum total T 

levels in 8 age and BMI pair-matched normal-weight PCOS and control women. ZFP423 

protein expression and lipid content values are expressed as Texas Red and Oil-Red-O 

fluorescence, respectively, divided by DAPI.
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Table 1:

Patient characteristics in normal-weight PCOS versus Control women.

Patient Characteristics PCOS
(N=8)

Control
(N=8) P value

Age (years) 25.5±1.4 25.5±1.9 1.0

BMI (kg/m2) 22.7±0.7 22.4±0.5 0.56

Waist size (cm) 77.3±1.9 78.1±1.8 0.77

Hip size (cm) 89.5±1.9 91.6±2.1 0.47

Serum log total T (ng/dL) 1.8±0.04 1.5±0.04 0.002

Serum free T (pg/mL) 6.1±0.5 2.5±0.5 0.002

Serum A4 (ng/dL) 211.1±33.5 127.5±14.6 0.08

Serum DHT (ng/dL) 12.0±2.6 8.1±0.9 0.21

Serum DHEAS (μg/dL) 213.6±20.1 199.9±44.6 0.82

Serum E1 (pg/mL) 80.4±10.4 72.0±11.9 0.42

Serum E2 (pg/mL) 59.8±7.6 107.0±34.9 0.19

Serum LH (mIU/mL) 17.1±2.8 10.8±2.2 0.15

Serum FSH (mIU/mL) 5.5±0.2 6.8±0.9 0.26

Fasting Plasma Glucose (mg/dL) 85.4±1.5 84.9±2.3 0.81

Fasting Serum Insulin (μU/mL) 6.2±0.8 4.3±0.6 0.08

Insulin Sensitivity (x10−4/min/U/mL) 4.9±0.9 8.5±2.1 0.12

% Android Fat/Total Body Fat 6.7±0.5 5.4±0.2 0.016

% Gynoid Fat/Total Body Fat 20.7±0.3 21.6±0.6 0.18

Total Body Fat (kg) 20.0±1.5 21.2±0.9 0.46

% Total Body Fat/Total Body Mass 32.1±1.6 31.8±1.1 0.85

Mean ± SEM

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)
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