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Abstract
Objective—Our objective was to delineate the potential role of adipogenesis in insulin resistance
and type 2 diabetes. Obesity is characterized by an increase in adipose tissue mass resulting from
enlargement of existing fat cells (hypertrophy) and/or from increased number of adipocytes
(hyperplasia). The inability of the adipose tissue to recruit new fat cells may cause ectopic fat
deposition and insulin resistance.

Research Methods and Procedures—We examined the expression of candidate genes
involved in adipocyte proliferation and/or differentiation [CCAAT/enhancer-binding protein (C/
EBP) α, C/EBPδ, GATA domain-binding protein 3 (GATA3), C/EBPβ, peroxisome proliferator-
activated receptor (PPAR) γ2, signal transducer and activator of transcription 5A (STAT5A),
Wnt-10b, tumor necrosis factor α, sterol regulatory element-binding protein 1c (SREBP1c), 11 beta-
hydroxysteroid dehydrogenase, PPARG angiopoietin-related protein (PGAR), insulin-like growth
factor 1, PPARγ coactivator 1α, PPARγ coactivator 1β, and PPARδ] in subcutaneous adipose tissue
from 42 obese individuals with type 2 diabetes and 25 non-diabetic subjects matched for age and
obesity.

Results—Insulin sensitivity was measured by a 3-hour 80 mU/m2 per minute hyperinsulinemic
glucose clamp (100 mg/dL). As expected, subjects with type 2 diabetes had lower glucose disposal
(4.9 ± 1.9 vs. 7.5 ± 2.8 mg/min per kilogram fat-free mass; p < 0.001) and larger fat cells (0.90 ±
0.26 vs. 0.78 ± 0.17 μm; p = 0.04) as compared with obese control subjects. Three genes (SREBP1c,
p < 0.01; STAT5A, p = 0.02; and PPARγ2, p = 0.02) had significantly lower expression in obese type
2 diabetics, whereas C/EBPβ only tended to be lower (p = 0.07).

Discussion—This cross-sectional study supports the hypothesis that impaired expression of
adipogenic genes may result in impaired adipogenesis, potentially leading to larger fat cells in
subcutaneous adipose tissue and insulin resistance.
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Introduction
The World Health Organization estimates that by the year 2025, there will be ∼300 million
individuals affected by type 2 diabetes worldwide (1). Although the exact molecular
mechanisms are not fully understood, it is clear that obesity constitutes a major risk for the
development of insulin resistance and type 2 diabetes (2). There is, however, considerable
evidence that individuals with similar degrees of obesity can have strikingly different risks of
developing diabetes (3). Therefore, understanding the underlying mechanisms of insulin
resistance and the transition from normal glucose tolerance to type 2 diabetes in individuals at
risk will help to develop new therapeutic strategies for the treatment and eventually the
prevention of diabetes.

A major function of the adipose organ is to store excess energy as triglycerides under conditions
of nutrient excess (4). However, in response to prolonged periods of calorie excess, the adipose
organ may become overloaded and unable to recruit new fat cells, resulting in adipose tissue
hypertrophy of existing fat cells and increased ectopic fat deposition in tissues such as skeletal
muscle, liver, myocardium, and pancreas. For example, independent of total body fat, Pima
Indians with larger abdominal fat cells are more insulin resistant and more likely to develop
diabetes than those with smaller fat cells (5,6). In a recent review, Shulman (7) hypothesized
that insulin resistance develops because of alterations in the partitioning of fat between adipose
tissue and muscle or liver. It is also now recognized that a lack of adipose tissue is similarly
associated with insulin resistance and increased risk for development of type 2 diabetes (8–
10). Similarly, in humans, lipodystrophy is associated with insulin resistance and often type 2
diabetes (11). Recently, Danforth (12) proposed that impaired adipocyte proliferation and
differentiation may cause the progressive filling of existing adipocytes, leading to overflow of
excess calories as fat into other tissues and insulin resistance. Thus, it is hypothesized that
insulin resistance and eventually full-blown type 2 diabetes can be triggered by a failure of
new adipocytes to differentiate.

Adipose differentiation is a complex process accompanied by coordinated changes in cell
morphology, hormone sensitivity, and gene expression. This process of adipogenesis is
controlled by interplay of transcription factors including but not limited to peroxisome
proliferator-activated receptor (PPAR)1 γ, CCAAT/enhancer-binding proteins (C/EBPs), and
adipocyte determination and differentiation factor-1(ADD1)/sterol regulatory element-binding
protein 1c (SREBP1). Adipocyte differentiation is characterized by a shift in gene expression
between transcripts that determine early stages of the adipocyte proliferation/differentiation
process to those transcripts causing the final maturation of adipocytes (13,14).

In the present study, we investigated the potential role of adipose tissue proliferation/
differentiation in insulin resistance and type 2 diabetes by measuring the expression of genes
involved in adipogenesis in obese type 2 diabetic and obese non-diabetic subjects. More
specifically, we analyzed genes involved in early adipocyte differentiation stages such as
ADD1/SREBP1c, signal transducer and activator of transcription (STAT) 5A, C/EBPδ,
PPARδ, GATA domain-binding protein 3 (GATA3), and C/EBPβ and in terminal
differentiation such as C/EBPα and PPARγ2. In addition, we studied genes related to the
regulation of PPARγ such as the PPARγ coactivator 1 (α and β), the expression of genes
involved in the inhibition of adipocyte differentiation, including the signaling molecules
Wnt-10b and tumor necrosis factor-α, and genes known to have a positive role in in vitro
adipogenesis, insulin-like growth factor-1 and 11 beta-hydroxysteroid dehydrogenase.
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Research Methods and Procedures
Subjects

Forty-two obese individuals with type 2 diabetes and 25 obese non-diabetic subjects matched
for sex, age, BMI, and race were enrolled in this study (Table 1). All diabetic subjects were
participants in Look AHEAD (Baton Rouge, LA, Pittsburgh, PA, and New York, NY), a
randomized multicenter, controlled trial of a lifestyle intervention for weight loss in overweight
or obese adults (45 to 75 years old) with type 2 diabetes (15). Subjects were studied before a
lifestyle intervention for weight loss. Obese type 2 diabetic subjects were required to have
fasting blood glucose < 180 mg/dL, a BMI between 27 and 35 kg/m2, and untreated with insulin
or thiazolidinedione. The non-diabetic subjects were recruited separately. The Institutional
Review Boards of the three clinical sites (see Appendix) approved the study. Participants were
informed of the nature, purpose, and possible risks of the study, and provided written consent
to participate.

Experimental Protocol
Subjects were admitted to the respective inpatient clinics at 4 PM on the day before the fat biopsy
and clamp procedures. Body composition was measured in the late afternoon by DXA using
the Hologic QDR 4500A whole-body scanner (Hologic, Bedford, MA), and participants were
fed a standard dinner between 6 and 7 PM. After an overnight fast (6:30 to 7:30 AM), a 250- to
350-mg sample of adipose tissue was obtained by needle biopsy after local anesthesia (5 mL
of 50%–50% mixture of lidocaine and bupivacaine). Samples of superficial subcutaneous
adipose tissue (SAT) were obtained lateral to the umbilicus, cleaned of visible connective
tissues and vascular elements, and washed in sterile phosphate-buffered saline before snap

1Nonstandard abbreviations:

PPAR  
peroxisome proliferator-activated receptor

C/EBP  
CCAAT/enhancer-binding protein

SREBP1  
sterol regulatory element-binding protein 1c

STAT  
signal transducer and activator of transcription

SAT  
subcutaneous adipose tissue

RT  
reverse transcription

PCR  
polymerase chain reaction

FFM  
fat-free mass

HbA1c  
hemoglobin A1c

VAT  
visceral adipose tissue

r-VAT/SAT  
ratio of VAT vs. SAT

PI  
principal investigator
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freezing in liquid nitrogen. Another 50-mg sample was placed in osmium tetraoxide. Fat cell
size and number, RNA extraction, gene expression, and clinical chemistry were all conducted
at the Pennington Biomedical Research Center. Insulin sensitivity was assessed by a 3-hour
hyperinsulinemic euglycemic clamp with a primed insulin infusion at 80 mU/m2 per minute,
resulting in a plasma insulin concentration of ∼170 μU/mL. Briefly, an intravenous catheter
was placed in an antecubital vein for infusion of insulin and glucose, and a second catheter
was placed retrograde in the dorsal vein of the contralateral hand for blood withdrawal at -25,
-15, and -5 minutes (baseline) and 145, 160, and 175 minutes (clamp). Glucose was clamped
at 100 mg/dL by a variable glucose infusion (20% dextrose; Baxter Healthcare, Deerford, IL).

Fat Cell Size
Fat cell size and number was measured as previously described (16). Briefly, adipose tissue
(≈50 mg) was fixed in a solution containing collidine HCL (0.2 M) and osmium tetraoxide (31
mg/mL collidine HCL buffer). After fixation, the samples were diluted in 154 mM NaCl,
filtered over a 10-micron nylon screen, recollected in 10 mL of 154 mM NaCl, and dissociated
over 1 week by the addition of 10 mL of a solution containing 8 M urea and 154 mM NaCl.
The samples were then filtered through a 250-micron nylon filter into a weighed beaker and
counted on a Multisizer-3 (Beckman Coulter, Fullerton, CA) using a 400-μm aperture (dynamic
linear range, 12 to 320 μm). Average cell size for each sample was calculated for cells > 22
μm and expressed in microliters. Adipocyte cell number (cells per milligram wet weight of
tissue) is then determined from the amount of sample (milliliters), the quantity of cells (per
milliliter), and the tissue weight (milligrams).

Real-Time Quantitative Reverse Transcription (RT)-Polymerase Chain Reaction (PCR)
Total RNA was isolated following the method of Chomczynski and Sacchi (17) and using the
total RNA extraction kit from Qiagen (Valencia, CA). The quality and quantification of RNA
were determined by spectrophotometry at 260/280 nm. The average yield of total RNA was
1.37 ± 0.17 μg/100 mg adipose tissue (wet weight), and the average optical density ratio
260/280 was 1.87 ± 0.02. The Taqman real-time RT-PCR technique was used to quantify the
mRNA level of each gene (Applied Biosystems, Foster City, CA). RT-PCR was carried out
using 30 ng of total RNA on a Bio-Rad I Cycler (Bio-Rad, Hercules, CA). PCR conditions
were 48 °C for 30 minutes and 95 °C for 10 minutes, followed by 40 cycles of 95 °C for 15
seconds and 60 °C for 1 minute. Each gene expression was normalized for cyclophilin A
expression. No significant difference was observed in cyclophilin A expression between obese
type 2 diabetics and obese non-diabetic subjects. A standard curve for each primer probe set
was generated by serial dilution of adipose tissue RNA. Each sample was run in duplicate, and
the mean value was normalized for the cyclophilin transcript level. Primers and probes
sequences of the selected genes are listed in Table 2.

Statistical Analyses
All values are presented as mean ± standard deviation. Statistical analyses were performed
using the SPSS/PC statistical program (version 11.0.1 for Windows; SPSS, Inc., Chicago, IL).
Differences between groups were compared by one-way ANOVA and subsequent independent
Student’s t tests. Relationships between metabolic variables and gene expression were assessed
by Pearson’s correlation analysis or by general linear modeling. The values for metabolic
variables and mRNA expression levels were all normally distributed except for C/EBPβ, in
which case a Spearman’s correlation analysis was performed.

Results
Anthropometric and metabolic characteristics of the subjects are described in Table 1 and in
Table 3 for the differences observed between men and women. By experimental design, age,
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BMI, percentage body fat, sex, and race ratios were similar in the two groups (type 2 diabetic
and non-diabetic subjects). By definition, fasting plasma glucose concentrations were higher
in obese individuals with type 2 diabetes (145 ± 27 mg/dL) compared with obese non-diabetic
subjects (100 ± 7 mg/dL, p < 0.001). Similarly, glucose disposal rates during the
hyperinsulinemic glucose clamp were lower in obese subjects with type 2 diabetes [4.9 ± 1.9
mg/min per kilogram fat-free mass (FFM)] as compared with obese non-diabetic subjects (7.5
± 2.8 mg/min per kilogram FFM, p < 0.001). The glucose disposal in diabetic subjects was
significantly lower only in whites (p < 0.0001) but not in African Americans. The percentage
of hemoglobin A1c (HbA1c) was higher in type 2 diabetic vs. non-diabetic subjects (6.9 ± 1.0
vs. 5.3 ± 0.7, p < 0.001); however, no difference in HbA1c percentage has been observed
considering the sex or race phenotypes. Average fat cell size was larger in individuals with
type 2 diabetes (0.90 ± 0.26 μL) as compared with obese non-diabetic subjects (0.78 ± 0.17
μL, p = 0.04), with a significant difference between men and women in type 2 diabetic subjects
(0.76 ± 0.23 and 1.01 ± 0.24 μL respectively, p < 0.001) and in non-diabetic subjects (0.68 ±
0.14 in men vs. 0.84 ± 0.16 μL in women, p < 0.01). However, fat cell size was similar in whites
and African Americans. Fat cell size was positively correlated with percentage body fat in the
entire group of subjects (data not shown; r = 0.52, p < 0.0001), in whites (r = 0.52, p < 0.0001),
and in African Americans (r = 0.83, p < 0.0001). When men and women were considered
separately, the correlation between fat cell size and percentage body fat was significant only
in men (r = 0.47, p < 0.01) but not in women (r = 0.15, p = not significant). Furthermore, fat
cell size was negatively correlated with glucose disposal rate in the entire group (r = -0.31, p
= 0.01; Figure 1), with no difference observed between men and women (r = -0.36, p = 0.04)
(data not shown). However, this correlation was only significant in whites (r = -0.35, p = 0.01).

The ratio of visceral adipose tissue (VAT) vs. SAT (r-VAT/SAT) was not significantly different
between type 2 diabetic and non-diabetic subjects but was higher in women compared with
men either in all subjects or by considering separately type 2 diabetic or non-diabetic subjects
(1.09 ± 0.61 in men vs. 0.59 ± 0.28 in women, p < 0.001 in the entire group). Indeed, we
observed in our study that women show significant higher SAT percentage (64 ± 10%, p <
0.0001) compared with men (51± 12%). We observed in our group that white subjects have a
higher r-VAT/SAT compared with black subjects (0.89 ± 53 vs. 0.52 ± 0.30, p = 0.02). On the
other hand, we found a trend toward a negative correlation between r-VAT/SAT and glucose
disposal rate and r-VAT/SAT and fat cell size in the entire group (r = -0.22, p = 0.7 and r =
-0.23, p = 0.05). Interestingly, data showed in the entire group that gene expression levels of
PPARγ2 and SREBP1c were negatively correlated with r-VAT/SAT (r = -0.27, p = 0.04; r =
-0.25, p = 0.05, respectively) and that C/EBPβ gene expression level was positively correlated
with r-VAT/SAT (r = 0.27, p = 0.04) (data not shown). Only C/EBPβ gene expression level
showed significant positive correlation with r-VAT/SAT when analyzing type 2 diabetic (r =
0.42, p = 0.009, data not shown) compared with non-diabetic subjects.

Regarding the expression level of adipogenic genes, we found that PPARγ2 (p = 0.02),
SREBP1c (p < 0.01), and STAT5A (p = 0.02) were significantly lower in obese individuals with
type 2 diabetes as compared with non-diabetic obese subjects (Figure 2), whereas the
expression of C/EBPβ only tended to be lower in obese type 2 diabetic individuals (p < 0.07;
Figure 2). A weak positive correlation between glucose disposal rate and PPARγ2 mRNA level
was observed in the entire group (r = 0.25, p = 0.05) but only significant in white subjects (r
= 0.32, p = 0.02). Similar correlations existed between glucose disposal rate and SREBP1c
mRNA expression. Finally, glucose disposal tended to correlate with STAT5a mRNA in whites
only (r = 0.27, p = 0.06).

No significant association has been observed between adipogenic genes mRNA levels and
HbA1c percentage. Fat cell size correlated negatively with SREBP1c expression in men (r =
-0.5, p < 0.01) but not in women (r = -0.1, p = not significant) and negatively with wnt-10b in
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the entire group (r = -0.26, p = 0.05) but only significantly in white subjects (r = -0.35, p =
0.015). There was no difference between groups for the other measured genes.

Discussion
Adipocytes are highly specialized cells that play an important role in energy metabolism and
insulin sensitivity. People with enlarged subcutaneous adipocytes are more hyperinsulinemic
and glucose intolerant and are at increased risk for the development of type 2 diabetes, relative
to those with similar degrees of adiposity but smaller adipocytes (5,6). In the present study,
we confirm that independent of total body fat and sex, subjects with type 2 diabetes have larger
adipocytes but similar number of fat cells compared with non-diabetic individuals and that
insulin sensitivity is inversely related to fat cell size. More importantly, we report that the
expression level of some genes involved in adipogenesis is blunted in subjects with type 2
diabetes compared with obese non-diabetic individuals. Taken together, these results provide
indirect support to the hypothesis that individuals with impaired potential for adipogenesis may
develop larger fat cells, insulin resistance, and eventually type 2 diabetes (12).

The metabolic syndrome is known to affect races differently, especially with a high impact in
African Americans (18–20). Because of our limited sample size, our study does not allow us
to elucidate potential differences in the relationships among fat cell size, propensity of fat cell
precursors to proliferate and differentiate, and insulin sensitivity in African American vs.
whites. Because African-American subjects have clearly reduced insulin sensitivity and higher
risks of developing diabetes (21,22), more mechanistic studies are needed to understand the
reasons for such differences, including studies of their adipose tissue.

Adipogenesis is a complex process accompanied by coordinated changes in cell morphology
and gene expression. SREBP1c, STAT5A, and PPARγ2 had significantly lower expression in
obese individuals with type 2 diabetes as compared with non-diabetic obese subjects. Also, C/
EBPβ expression tended to be lower. SREBP1c, STAT5A, and C/EBPβ are involved in early
events of adipocyte differentiation, whereas PPARγ2 is responsible for terminal differentiation
and the maintenance of the mature adipocyte phenotype (13,23). In support of our hypothesis,
recent data by Yang et al. (24) showed that gene expression of PPARγ, SREBP1, and C/
EBPβ was notably decreased in adipose tissue of insulin resistant first degree relatives of type
2 diabetic individuals.

Ducluzeau et al. (25) showed that insulin is able to induce a 2- to 3-fold increase in
SREBP1c mRNA in skeletal muscle and adipose tissue of control subjects but not in type 2
diabetic patients. Furthermore, insulin infusion increases SREBP1c expression by 80% in lean
healthy subjects but not in people with type 2 diabetes (26). Finally, Sewter et al. (27) showed
that compared with lean subjects, both obese normoglycemic and obese type 2 diabetic patients
have decreased expression of SREBP1c mRNA in SAT and that SREBP1c expression is
inversely correlated to BMI. In our study, there was no significant relationship between BMI
and SREBP1c but a negative correlation with r-VAT/SAT in the entire group and with fat cell
size in men only. However, we identified a positive correlation between glucose disposal rate
and SREBP1c mRNA level and in the entire group of subjects. Taken together, these results
suggest a dysregulation of SREBP1c in insulin-resistant states such as obesity and type 2
diabetes. In summary, a dysregulation of SREBP1c gene expression in adipose tissue may play
an important role in the induction and maintenance of the insulin resistance observed in obesity
and type 2 diabetes by impairing adipogenesis.

STAT5A is part of a family of transcription factors that reside in the cytoplasm of preadipocytes.
In response to different stimuli (cytokines, growth factors), STAT5 becomes tyrosine
phosphorylated and translocates in the nucleus, where it mediates transcriptional regulation. It
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has been demonstrated that STAT5A is clearly involved in the regulation of adipocyte
differentiation (28–30), probably by controlling the expression of PPARγ, C/EBPα, and
SREBP1c (31). Interestingly, growth hormone but not insulin activates STAT5A in adipocytes
in vitro and in vivo (26). Alternatively, mice lacking STAT5A have significantly smaller fat
pads compared with wild-type animals (27).

PPARγ is recognized as a master regulator of adipogenesis and involved in the ability of fat
cells to function normally (32). Ectopic expression of PPARγ is sufficient to induce the
conversion of fibroblasts into adipocytes (33,34). Furthermore, in adipose tissue, different
downstream genes are under the transcriptional control of PPARγ including lipoprotein lipase,
acyl-CoA synthetase, fatty acid translocase (CD36), and fatty acid transport protein (35). The
knockdown of PPARγ2 in white adipose tissue of C57BL/6J mice caused hypertrophic
adipocytes in the subcutaneous white adipose tissue of homozygous mice (36). In the present
study, we found that the decreased PPARγ2 mRNA expression in subjects with type 2 diabetes
was accompanied by larger fat cells as compared with non-diabetic subjects and that
PPARγ2 mRNA expression was positively correlated with glucose disposal rate, at least in
white subjects.

C/EBPβ belongs to the basic leucine zipper family of transcription factors. Its role in
adipogenesis has been well characterized. In 3T3-L1 cells, ectopic expression of C/EBPβ is
sufficient to induce differentiation without the addition of hormonal inducers (37). Mice
lacking C/EBPβ have defective adipocyte differentiation (38). These data are supportive of our
results showing a trend toward decreased C/EBPβ expression in subjects with type 2 diabetes.

As for SREBP1c, C/EBPβ is implicated in the activation of PPARγ by triggering the production
of ligands (39,40) and/or by inducing PPARγ promoter activity (41). In vitro, SREBP1c is able
to enhance the transcriptional activity of PPARγ, increasing the proportion of cells undergoing
adipocyte differentiation. In addition, using mRNA profiling techniques, Way et al. (42)
showed that treating Zucker diabetic fatty rats with a non-glitazone PPARγ agonist resulted in
up-regulation of several genes in adipose tissue, notably SREBP1c. These data suggest a feed-
forward mechanism, in which PPARγ and SREBP1c activates each other promoting lipogenesis
in adipose tissue. Although STAT5A, SREBP1c, C/EBPβ, and PPARγ2 can all independently
induce adipocyte differentiation in vitro, they seem to act synergistically in vivo.

In conclusion, we identified that mRNA level of transcription factors involved in adipogenesis
is decreased in SAT of obese subjects with type 2 diabetes compared with control obese
subjects. Our data, therefore, support the hypothesis that impaired expression of adipogenic
genes may result in impaired adipogenesis and larger fat cells in subjects with type 2 diabetes.
However, because posttranslational and/or posttranscriptional events may occur, it would be
of interest to measure in parallel the protein abundance of transcription factors involved in
adipogenesis (note that in our study we did not dispose of enough adipose tissue material to
do so). On the other hand, only prospective studies using a biological assay of adipocyte
proliferation/differentiation will provide definitive evidence about the role of impaired
adipogenesis in the development of type 2 diabetes and the relationship with fat cell size
phenotype.

Impaired adipogenesis may play a pivotal role leading to hypertrophic obesity, increased
ectopic fat deposition, insulin resistance, and eventually type 2 diabetes. Several factors linked
to the development of type 2 diabetes might be involved directly or indirectly in the regulation
of adipogenic genes. This includes the effect of insulin and the influence of the adipocyte size
on gene expression of different transcription factors. One example is the FIRKO mouse (mice
with a knockout of the insulin receptor specifically in the adipose tissue), where the knockout
of the insulin receptor causes a change in adipocyte size, which differs in expression patterns
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of several genes (43,44). On the other hand, it has been shown in the literature that inflammatory
cytokines might be linked to adipogenesis. Factors such as tumor necrosis factor-α and
interleukin 6 for which plasma levels are elevated in type 2 diabetic patients are also able to
interact with some of the transcription factors involved in adipogenesis such as SREBP1c or
PPARγ (27,45). Recently, a protein inhibitor of activated STAT3 has been shown to play an
inhibitory role in adipogenesis by modulating insulin-activated transcriptional activation
events such as the inhibition of CEBPα, PPARγ,or ap2 gene expression (46). These data
suggests that pro- and anti-adipogenic factors still remain to be discovered.

Overall, there are many potential mechanisms that could regulate adipogenic molecules as
mentioned above. However, it is still unclear so far whether adipogenesis might represent a
cause or a consequence of the development of type 2 diabetes, and characterization of the role
of adipogenesis in the development of type 2 diabetes would be of interest for new therapeutic
targets.
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Figure 1.
Insulin sensitivity negatively correlated to fat cells size: obese subjects with type 2 diabetes
(open squares) vs. obese non-diabetic individuals (solid squares). Glucose disposal rate (M)
calculated and normalized to estimate metabolic body size (estimated metabolic body size =
FFM + 17.7 kg).
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Figure 2.
Adipose tissue gene expression results in obese subjects with type 2 diabetic (hatched bars)
compared with obese non-diabetic subjects individuals (solid bars).
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