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Abstract
To elucidate cellular mechanisms of sex-related differences in fat distribution, we determined body
fat distribution (dual-energy X-ray absorptiometry and single slice abdominal computer
tomography), adipocyte size, adipocyte number, and proportion of early-differentiated adipocytes
(aP2+ CD68−) in the stromal vascular fraction (SVF) in the upper- and lower-body of normal-weight
healthy men (n=12) and premenopausal women (n=20) (age: 18–49 y, BMI: 18–26 kg/m2). Women
had more subcutaneous and less visceral fat than men. The proportion of early-differentiated
adipocytes in the subcutaneous adipose tissue SVF of women was greater than in men (p = 0.01),
especially in the femoral depot, although in vitro adipogenesis, as assessed by PPARγ expression,
was not increased in femoral preadipocytes cultured from women compared with men. In women,
differentiation of femoral preadipocytes was less than that of abdominal subcutaneous preadipocytes
(p = 0.04) and femoral subcutaneous preadipocytes tended to be more resistant to TNFα-induced
apoptosis (p=0.06). Thus, turnover and utilization of the preadipocyte pool may be reduced in lower
vs. the upper body fat in women. Collectively, these data indicate that the microenvironment, rather
than differences in inherent properties of preadipocytes between genders, may explain the gynoid
obesity phenotype and higher percent body fat in women compared to men.
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INTRODUCTION
Fat accumulation in the upper body as well as visceral depots and ectopic sites is associated
with insulin resistance and obesity-related metabolic abnormalities (1). Preferential lower body
subcutaneous fat gain seems to have a protective effect against the unfavorable consequences
of obesity (2–4). This suggests a link between fat distribution and metabolic health.
Understanding the mechanisms of regional fat mass expansion may facilitate developing
strategies for modulating fat distribution and influencing whole body metabolism. Men and
women differ fundamentally with respect to adiposity and fat distribution. Women store more
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fat in subcutaneous areas, especially in the gluteal and femoral depots, while men accumulate
fat preferentially in upper-body and visceral compartments (5). These sex-related differences,
which are readily apparent in normal-weight men and women, may predispose to a spectrum
of fat distribution phenotypes with obesity (6,7).

One approach to understand sex-related differences in fat distribution is to examine the cellular
composition of different fat depots. Fat tissue turns over throughout life (8,9), with new fat
cells developing from their progenitors, preadipocytes. Fat mass is determined by both
adipocyte hypertrophy and hyperplasia, which depend on preadipocyte proliferation,
differentiation, and apoptosis (10). We found that aP2+CD68− cells in the stromovascular
fraction (SVF) of adipose tissue range from cells with no detectable lipid to those that contain
multiple small (<10 μm in diameter) lipid droplets (11), comprising a pool of early-
differentiating adipocytes. To investigate mechanisms of differences in fat distribution between
men and women, we determined the number and size of mature adipocytes, the proportions of
early-differentiating adipocytes in the SVF, and cell kinetic properties of preadipocytes in
abdominal subcutaneous and femoral depots of normal-weight men and women.

METHODS AND PROCEDURES
Study design and body composition

Twenty premenopausal women and twelve men with a body mass index (BMI) <25 kg/m2

were included in this study. Participants could not be using corticosteroids or thyroid hormone
replacement. Four women were using oral contraceptives, which do not appear to have effects
on adipose tissue lipolysis (12). The original studies were approved by the Mayo Clinic
Institutional Review Board.

After obtaining informed consent, the volunteers came to the Mayo General Clinical Research
Center on the morning after an overnight fast. the women were permitted to participate in any
phase of their menstrual cycle, largely because we have not seen the phase of the menstrual
cycle as a confounding factor for adipose fatty acid storage (13) or release (14). Total body fat
and body fat distribution were assessed using dual energy x-ray absorptiometry (DXA) using
a region of interest software option and single slice computed tomography (CT) of the abdomen
at the L2–L3 interspace (15). Adipose tissue biopsies were taken from the lateral periumbilical
region of the abdominal subcutaneous and lateral thigh areas using needle aspiration under
local anesthesia.

Adipose cellularity
Processing of adipose tissue—Adipose tissue was digested in HEPES buffer (0.1mol/L
HEPES, 0.12mol/L NaCl, 0.05mol/L KCl, 0.005mol/L glucose, 1.5% w/v BSA, 1mmol/L
CaCl2; pH 7.4) containing 1 mg/ml collagenase (Sigma Type II C-6885) at 37°C in a shaking
(100 cycles per minute) water bath for 45–60 min. After centrifugation, the top layer containing
adipocytes was separated and the cellular pellet was reconstituted in erythrocyte lysis buffer
(0.154 M NH4Cl, 10 mM KHCO3, 1 mM EDTA) for 5 min at room temperature. The isolated
fat cells were used to measure cell size and the SV cells were cytospun on a slide for
immunocytochemistry and/or cultured for assessment of in vitro adipogenesis. After 18 hours
(during which no replication occurs) cultures were trypsinized and replated. Confluent cultures
were expanded by passaging 5 – 7 times before being frozen. These procedures yield essentially
pure preadipocyte populations that are free of macrophages and endothelial cells by
morphology and assaying cell type markers by real time PCR (16,17).

Adipocyte size and number—Fat cell size was measured using digital photomicrographs
with an automated software program by determining the areas of at least 300 adipocytes and
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calculating the mean lipid content per adipocyte (18). Regional adipocyte number was
calculated by dividing regional fat mass by the mean lipid content per adipocyte corrected for
the density of triolein.

Immunofluorescence to determine the proportion of early-differentiated
adipocytes in the SVF—To quantify early-differentiated adipocytes, we stained cytospun
SVF using a rabbit anti-recombinant mouse aP2 (a gift from Dr. Bernlohr, University of
Minnesota). To account for macrophages that may express aP2, we co-stained with a mouse
anti-human CD68 (KP1, DAKOCytomation Corp, Carpinteria, CA). The binding of primary
antibodies was visualized by incubation with fluorescently-labeled secondary antibodies, as
previously described (11). We took images of fluorescently-labeled cells on a LSM510
Confocal Microscope and counted at least 1000 nuclei (blue) with KS-400 image analysis
software (Carl Zeiss, Inc., Oberkochen, Germany), after which the number of single-stained
cells (aP2+CD68− [green] and aP2−CD68+ [red]) and dual-stained cells (aP2+CD68+, green
and red) were counted manually. Thus, the percent early-differentiated adipocytes (aP2+

CD68− cells) and macrophages (aP2−CD68+ plus aP2+CD68+ cells) from the SVF were
calculated.

Preadipocyte cell kinetics
Replication of preadipocyte clones—We followed a procedure described in detail
elsewhere (16). Briefly, frozen preadipocytes were thawed and plated at a density of 50 cells/
96 well plate in plating medium without phenol containing 10% FBS (ensuring that wells are
seeded at most with one cell 99% of the time). After 2 weeks, colonies were evident and by 3
weeks, some were near confluence. Medium was aspirated and 100 μl of a lysis buffer (0.5N
NH4OH, 0.1% Triton X-100) were added to each well. The plates were shaken and frozen at
−80° C for at least 16 h to ensure complete lysis. The plates were thawed at room temperature
and 50 μl of lysis buffer and 50 μl of a 2X stock of CyQuant dye (Molecular Probes, Inc.,
Eugene, OR) were added to each well. Contents of the wells were mixed and incubated for 10
min at room temperature in the dark. Florescence measurements at excitation and emission
wavelengths of 485 and 535, respectively, were compared to standard curves using known
concentrations of DNA.

Paracrine effect of regional adipose tissue on replication of preadipocyte
cultures—Thawed abdominal subcutaneous and femoral preadipocytes from 3 men and 3
women were combined and plated in duplicate in 6-well plates and grown in medium
containing 10% FBS until they were 50–60% confluent Cells were serum starved for 24 h
followed by inserting trans-well inserts containing 50 mg of abdominal or femoral adipose
obtained from 3 non-obese men and 3 women (BMI <25 kg/m2). Control cultures were grown
in the same medium without adipose tissue-containing inserts. After 5 days, DNA was
measured using a CyQuant kit as mentioned above.

Apoptotic index—Confluent cultures grown in plating medium containing 10% FBS were
treated with 0, 10, or 50 ng/ml recombinant human TNFα for 4 h. Cells were stained with
bisbenzimide and examined for fragmented and/or condensed nuclei, morphological features
of apoptosis, by fluorescence microscopy (19). The mean percentage of such nuclei relative to
the all of the nuclei in at least 4 fields was used as an apoptotic index.

Preadipocyte differentiation and Real Time PCR—The expression of the key
transcription factors that regulate adipogenesis, PPARγ and C/EBPα, was used as an index of
differentiation. Abdominal and femoral subcutaneous preadipocytes were differentiated in
duplicate for 15 days in medium (without serum) enriched with 0.1 μM dexamethasone, 0.5
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μM insulin, 0.2 nM triiodothyronine, 0.5 μM roziglitazone, 20 μM fetuin, antibiotics, and 540
μM methylisobutylxanthine (20).

Total RNA from the differentiated cultures was extracted with Trizol (Invitrogen, Carlsbad,
CA). For exclusion of genomic DNA, 10 μg of total RNA was treated with DNase I (Ambion,
Austin, TX) for 1 hour at 37°C. RNA integrity and quality was assessed by electrophoresis. 1
μg of RNA was reverse-transcribed into cDNA using a Taqman One-Step RT-PCR kit
(#4309169, Applied Biosystems, Foster City, CA) in 100 μl reaction mixture. Real-time PCR
was carried out using TaqMan Fast Universal PCR Master Mix 2x in a 7500 Fast Real Time
PCR System (Applied Biosystems). In brief, 10 μl of Fast PCR Master Mix were combined
with 5 μl of cDNA, 1 μl of the appropriate TaqMan single gene assay (PPARγ: Applied
Biosystems catalog # Hs00234592; C/EBPα: catalog #Hs00269972), and 4 μl water. Following
an initial 95°C incubation for 20 seconds, PCR was carried out for 40 cycles at 95°C for 3
seconds and 60°C for 30 seconds. RNA was analyzed by relative quantification using TATA
box binding protein RNA as an internal control (5′-FAM/3′-MGB probe, Applied Biosystems,
# 4333769F).

Statistical analysis
Data were analyzed using JMP statistical software version 5.1 and SAS statistical software
version 9.1.3 (Cary, NC). Means ± 1 standard deviation (SD) are shown.

Differences in anthropometric characteristics between men and women were tested using
Student’s or Wilcoxon Sign-Rank t tests; the latter for data that were not normally distributed.
Sex-related differences in regional adipose cell characteristics were tested by two-way
ANOVA using depot, sex, and the sex × depot interaction as fixed effects. Tukey adjustment
was used in pair-wise comparisons in instances of significant sex × depot interactions. The
apoptotic response to treatment with increasing doses of TNFα was tested by 3-way ANOVA
using depot, sex, dose, and the interactions among them as fixed effects. Because four of the
women were using oral contraceptive hormones, we tested whether adipocyte size, number of
mature and early-differentiated adipocytes, and PPARγ expression differed from the rest of
the female participants by performing two-way analysis of variance (ANOVA) using depot,
usage of oral contraceptives, and the usage of oral contraceptives, × depot interaction as fixed
effects. Because there were no significant oral contraceptive effects, the subsequent analyses
included all women. The relationships between the percent of early-differentiated adipocytes
in the SVF and relative lower-body fat accumulation were analyzed by using simple linear
regression models. We used the logarithmic transformation of the measurements of visceral
CT area to account for its curvilinear relation with the relative number of regional early-
differentiated adipocytes. The level for statistical significance in all tests was set at p <0.05.

RESULTS
Body composition and adipocyte size

Subject characteristics are provided in Table 1. The expected sex differences in body
composition, including regional fat mass, were found. Femoral adipocytes were larger (p =
0.0005) than abdominal adipocytes in both men and women (Table 2).

Early-differentiated adipocytes
The fraction of SV cells that were early-differentiated adipocytes (aP2+CD68− cells) was ~10%
greater in women than men in the abdominal subcutaneous and ~35% in the femoral depot
(p = 0.01) (Table 2).
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Macrophages
In these normal weight adults ≤1% of stromovascular cells were found to express macrophage
markers (aP2−CD68+ plus aP2+CD68+ cells). We found no differences in the fraction of SV
cells that were macrophages between men and women for each adipose site or between adipose
depots within each group (Table 2).

Cell kinetic properties of preadipocytes
Proliferation—There were no differences in preadipocyte proliferation between abdominal
subcutaneous and femoral preadipocytes, as assessed by the percent of rapidly proliferating
clones (Table 2). Co-culture of fresh abdominal subcutaneous adipose tissue with abdominal
and femoral preadipocytes revealed that, compared to control conditions, there was significant
stimulation of proliferation (p = 0.03). The differences between sexes (p = 0.74) and between
abdominal and femoral tissue (p = 0.10) were not statistically significant.

Adipogenesis—The relative expression of adipogenic markers C/EBPα and PPARγ was less
in femoral than in cultured abdominal subcutaneous preadipocytes (Table 2). The between-
depot differences in PPARγ mRNA were accounted for mainly by differences among depots
in women (sex × depot interaction, p = 0.04).

Apoptosis—Treatment of preadipocyte cultures with increasing doses of TNFα (0, 10, or 50
ng/ml) induced a significant (p <0.0001) dose-dependent increase in the percent of apoptotic
cells. Analysis of the responsiveness of preadipocytes to the maximal dose of TNFα (50 ng/
ml) indicated a tendency of the femoral preadipocytes in women to have lower susceptibility
to apoptosis compared to subcutaneous abdominal preadipocytes (sex × depot interaction, p =
0.06).

Relationships between relative number of regional early-differentiated adipocytes and fat
distribution

There was a significant positive association between the tendency towards a gynoid fat
distribution (lower-body fat/total body fat) and the proportion of total SVF cells that were early-
differentiated adipocytes; this was true for both abdominal and femoral depots (Figure 1A, B).
In contrast, the relative number of early-differentiated subcutaneous abdominal adipocytes was
negatively associated with visceral CT area; there was a trend for a similar relationship between
visceral CT area and femoral early-differentiated adipocytes (Figure 1C, D). The same trend
was not seen if the percent early-differentiated adipocytes in SVF was plotted vs. percent body
fat, indicating that the visceral fat finding was not merely a reflection of total body fat.

DISCUSSION
We studied regional adiposity, adipocyte cellularity, and cell kinetics of preadipocytes in
normal weight men and women to identify potential cellular mechanisms causing gender
differences in regional fatness. In addition to the expected sex differences in regional adiposity
(6,7), we found sex differences in the regional expression of adipogenic markers C/EBPα and
PPARγ (Table 2), but little in the way of differences in preadipocyte proliferation and
borderline differences in the sensitivity of preadipocytes to TNFα-induced apoptosis.

Cells in the SVF of adipose tissue that express aP2, but not CD68, are capable of proliferation
and differentiation into mature adipocytes (11). We had originally termed these cells
“committed preadipocytes” (11). However, it has subsequently been reported that
preadipocytes constitute the majority of the CD34+ CD31− sub-fraction from the SV cells
(21). We performed an exploratory flow cytometry of SVF isolated from liposuction using
antibodies against aP2 and CD34 and found only a very small (0.3%) fraction of dual stained
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CD34+aP2+ cells (data not shown). Thus, we believe that the aP2+CD68− population in the
SVF is better considered to be early-differentiated (immature) adipocytes.

Our main finding is that there was a greater abundance of early-differentiated adipocytes in
the SVF in women compared to men, most notably in the femoral depot (~35%). The number
of early-differentiated adipocytes reflects the balance between the formation of new immature
adipocytes (early differentiation) and their disappearance from the SVF. The latter can occur
via further differentiation to mature adipocytes, dedifferentiation to more primitive
preadipocytes, or apoptosis. The recruitment of new immature adipocytes is controlled by the
available preadipocyte pool, which itself is regulated by the balance between preadipocyte
proliferation, apoptosis, and recruitment of preadipocytes from uncommitted stem cells. To
gain insight as to whether there are sex differences in some of these processes, we measured
expression of PPARγ and C/EBPα (key transcription factors involved in differentiation) in in
vitro-differentiated preadipocyte cultures, as well as preadipocyte proliferation and apoptosis.
We did not find gender differences in the amount of C/EBPα mRNA, preadipocyte
proliferation, or in the susceptibility of preadipocytes to apoptotic stimuli. Taken together,
these data suggest that mechanisms other than solely inherent gender-dependent differences
in preadipocytes are responsible for the larger population of early-differentiated adipocytes in
women.

Our other interesting finding is the lower PPARγ mRNA abundance in cultured femoral
compared to abdominal subcutaneous preadipocytes in women but not in men. With respect
to differences among fat depots, this is consistent with a previous report showing less
differentiation of femoral compared to abdominal preadipocytes in obese women (22).
However, with respect to differences between men and women, these differences are opposite
to those anticipated if purely inherent properties of preadipocytes dictated gender differences
in fat cell size, since femoral fat cells are larger in women than men. PPARγ is reported to
mediate adipocyte hypertrophy (23) and lower PPARγ would be consistent with smaller, not
larger, femoral adipocytes. Possible mechanisms causing this could include gender-dependent
differences in the microenvironment of different fat depots, rather than in inherent properties
of preadipocytes from males vs. females. To address this possibility, we co-cultured fat tissue
from different depots from men and women with preadipocytes. While the fat tissue stimulated
preadipocyte proliferation, it did not bring out gender-dependent differences. Further studies
are warranted to elucidate potential mechanisms causing gender-dependent differences in fat
cell function.

One possibility is that estrogens or androgens have distinct effects on the preadipocytes or fat
cells from different depots. Clinical and epidemiological studies strongly suggest a major role
for sex steroid hormones in the determination of anatomical specificities of fat distribution in
humans (24). Sex-steroid nuclear receptors that bind androgens, estrogens, and progesterone,
as well as membrane estrogen receptors, have been found in preadipocytes or stromovascular
cells in both men and women (25–27), suggesting that preadipocytes are targets for sex
hormones in both sexes. Moreover, an inhibiting effect of testosterone (28) on adipogenesis
has been demonstrated, as opposed to a stimulatory effect of estrogens and progestins (29,
30). Theoretically, regional differences in microenvironment regarding androgens or estrogens
could account for sex differences in preadipocyte cell dynamics or regional fat cell size, and
fat cell number. Alternatively, the responsiveness of subcutaneous preadipocytes from upper-
and lower-body fat depots in men and women to sex steroids may vary. Therefore, testing the
responsiveness of subcutaneous preadipocytes from upper- and lower-body fat depots in men
and women to treatment with sex steroids is necessary to proof/refute whether there are
‘intrinsic’ differences in preadipocyte dynamics between men and women.
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Another possibility is that gender-dependent differences among fat depots in innervation,
circulation, or other microenvironmental factors not sustained following removal of fat tissue
from the subjects could contribute. If microenvironmental factors that persist after isolation of
fat biopsies were responsible (for example, differences in numbers of lymphocytes,
macrophages, endothelial cells, or other cell types in fat tissue fragments), we might expect to
have found distinct effects of biopsies from females vs. males in our co-culture studies, but we
did not. Yet another explanation could be differences between men and women in susceptibility
of femoral adipocytes to apoptosis, since apoptosis plays a role in determining adipocyte size
(31,32). Future studies of depot- and sex-dependent susceptibility of adipocytes to apoptosis
would be necessary to test this.

Femoral preadipocytes tended to be more resistant to TNFα-induced apoptosis than abdominal
subcutaneous preadipocytes in women. This, together with reduced differentiation capacity,
suggests potentially slower cell turnover of preadipocytes in the lower body in women
compared to the upper-body. If true, this may lead to a lower rate of utilization of the available
preadipocyte and stem cell pools and could contribute to the proclivity for expansion of leg fat
stores in women.

We previously measured in vitro preadipocyte differentiation in a small number of obese
women with upper- and lower-body fat distribution phenotypes (n=3 per group) (33). These
data suggested that preadipocytes from obese women with gynoid fat distribution (lower-body
obesity) differentiated more readily than those from women with upper-body obesity. In this
study, we measured the relative number of early-differentiated adipocytes, which is regulated,
in part, by preadipocyte differentiation. We found that indices of gynoid and android fat
distribution (percent fat in the leg and visceral CT area) were correlated with the relative
number of early-differentiated adipocytes in normal weight men and women. A gynoid fat
distribution was positively associated with the number of early-differentiated adipocytes
whereas visceral fat accumulation was negatively correlated with the number of early
differentiated adipocytes in the subcutaneous abdominal depot. This is consistent with the
hypothesis that a greater capacity for adipogenesis in subcutaneous fat reduces ectopic
(visceral) fat accumulation and predisposes towards greater relative leg fat mass. Prospective
studies of the relationship between subcutaneus adipogenic potential and regional fat gain
during intentional weight gain will be needed to adequately test this hypothesis, however.

In summary, we found that: 1) the availability of early-differentiated adipocytes in lower-body
fat differs markedly between normal weight, healthy men and women, 2) preadipocyte
differentiation markers differ between upper- and lower-body depots in women, and 3) inherent
differences between men and women in preadipocyte capacities for replication and
differentiation, in response to serum containing medium and serum free adipogenic cocktail
containing insulin, dexamethasone, and thyroid hormone, did not explain gender-related
variation in regional fat distribution. Taken together, these findings implicate: 1) gender-
dependent regional variation in microenvironmental conditions, 2) regional variation in
preadipocyte responses to sex steroids, and/or 3) gender-dependent differences among depots
in fat cell removal, as potential causes of differences in fat distribution between men and
women.
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Figure 1.
The relationships between regional adiposity and the percent of adipose tissue stromovascular
(SV) cells that are early-differentiated adipocytes for men (closed circles) and women (open
circles) are depicted. The regression lines depicted are from univariate correlation analysis
including all participants. The visceral CT area (cm2) were logarithmically transformed in order
to linearize the data for regression analysis. A, B: Percent of total body fat present in the lower-
body is plotted vs. subcutaneous abdominal and femoral early-differentiated adipocytes,
respectively. C, D: Visceral CT area is plotted versus subcutaneous abdominal and femoral
early-differentiated adipocytes, respectively.
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Table 1

Anthropometric characteristics of participants

Variable Men (n = 12) Women (n = 20) P value

Age, y 28.9 (8.7) 30.3 (8.1) 0.6

Body weight, kg 77.4 (7.7) 58.9 (6.9) 0.0001

BMI kg/m2 23.8 (2.1) 23.7 (5.3) 0.9

Total fat

 Mass, kg 14.1 (3.1) 17.7 (3.9) 0.01

 Percent of body weight 19.0 (3.7) 32.5 (5.8) 0.0001

Lower-body fat

 Mass, kg 5.4 (1.4) 7.2 (1.6) 0.003

 % of total fat mass 37.2 (4.2) 41.1 (4.1) 0.1

Upper-body subcutaneous fat

 Mass, kg 7.2 (1.6) 9.4 (2.2) 0.006

 Percent of total fat mass 52.5 (3.2) 53.2 (4.0) 0.2

Visceral fat

 Mass, kg 1.4 (0.7) 1.0 (0.7) 0.1

 % of total fat mass 10.1 (3.3) 5.6 (3.2) 0.0007

 CT area, cm2 49.4 (26.4) 26.5 (18.3) 0.007

Values are mean (SD). BMI – body mass index; CT – computed tomography.
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