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Impairment of adipogenesis contributes to the development of
obesity-related insulin resistance. The current in vitro approaches
for its assessment represent crude estimates of the adipogenic
potential because of the disruption of the in vivo microenviron-
ment. A novel assessment of in vivo adipogenesis using the
incorporation of the stable isotope deuterium (2H) into the DNA
of isolated adipocytes and stroma-vascular fraction from adipose
tissue has been developed. In the current study, we have refined
this technique by purifying the adipocytes via a negative immune
selection and sorting the plastic adherent stroma-vascular (aSV)
subfraction (using 3 h culture) that contains mostly adipocyte pro-
genitor cells and ;10% of small adipocytes. Using a 3-week 8%
2H2O ingestion with a high-fat diet (HFD) or HFD plus pioglitazone
(HFD-P), we demonstrate that the fractions of new aSV cells
(faSV) and immunopurified adipocytes (fAD) (the ratio of their 2H-
enrichment of DNA to the maximal 2H-enrichment of DNA of bone
marrow reference cells) recapitulate the known hyperplastic mech-
anism of weight gain with pioglitazone treatment. We conclude
that faSV and fAD are reliable indices of in vivo adipogenesis. The
proposed method represents a valuable tool for studying the effect
of interventions (drugs, diets, and exercise) on in vivo adipogene-
sis. Diabetes 61:137–144, 2012

S
tudies indicate that adipogenesis is an important
mechanism in the prevention of adipocyte hyper-
trophy, upper-body fat distribution, and insulin
resistance, all of which are associated with in-

creased risk of the development of the metabolic syndrome
(1–3). Adipogenesis involves commitment of stem cells to
the adipocyte lineage, proliferation of stem cells and pre-
adipocytes, recruitment of preadipocytes for differentiation
to adipocytes (4), and terminal differentiation or maturation
of adipocytes (5). Microenvironmental factors in the adi-
pose tissue, including hormonal and oxygenation factors,
innervation, and interactions with other cell types and the
extracellular matrix, all influence adipogenesis (6–11).
Current methods indirectly assess adipogenesis in adipose-
derived stroma-vascular cultures (12) or by determining
gene/protein expression of factors involved in adipogenesis
regulatory pathways. These approaches represent crude
estimates of the adipogenic process because of the disruption

of in vivo microenvironmental influences. While these tech-
niques are informative, methods providing an integrative
evaluation of adipogenesis within the natural microenvi-
ronment would provide invaluable insight.

A method, based on the incorporation of deuterium (2H)
into covalent C-H bonds in the deoxyribose moiety of newly
synthesized DNA of dividing cells, has been developed for
assessment of cell proliferation in vivo (13,14). In short-term
experiments, cells with slow turnover have not attained
their maximal DNA 2H-enrichement, whereas cells with
rapid turnover (i.e., bone marrow and monocytes) replace
their DNA quickly and reach a plateau, thus serving as an
internal reference for the assay. The ratio of 2H-enrichment
of DNA from the cell of interest to that from reference cells
indicates the fractional replacement of DNA or the fraction
of newly divided cells of interest (f) (13). Two studies have
been conducted with the use of this isotopic method for
assessment of in vivo adipogenesis in stroma-vascular frac-
tions and adipocytes (15,16). However, the interpretation
of the results of these studies was hampered by the po-
tential contamination of adipocytes and their progenitors
with other cell types. Therefore, the main goal of this study
was to optimize the method as follows: 1) by purifying the
adipocytes via a negative immune selection and 2) by ob-
taining a stroma-vascular subfraction that is enriched in
progenitor cells by exploiting their property to attach to
plastic after a short-term culture of the stroma-vascular
cells (17,18). The fractions of purified adipocytes (fAD)
and adherent stroma-vascular cells (faSV) were determined.
A high-fat diet (HFD) and a HFD supplemented with
pioglitazone (HFD-P) were used to demonstrate the ef-
fectiveness of this method, since thiazolidinediones are
believed to amplify the hyperplastic mechanism of the
HFD-induced fat accumulation (19).

RESEARCH DESIGN AND METHODS

Thirty-two 50- to 55-day-old male Long-Evans rats (Harlan Laboratories,
Indianapolis, IN) were fed ad libitum rodent LabDiet (5% of calories from fat)
and water for 1 week prior to the experiments. The rats were weighed twice
a week during the following dietary and 2H2O-drinking interventions. All pro-
cedures were approved by the institutional animal care and use committee at
the Pennington Center.
Diet intervention. The rats were divided into three groups and fed ad libitum
the following diets (Research Diets, New Brunswick, NJ) for 21 days: 1) low-fat
diet (LFD) (10% of calories from fat, cat. no. D12450B), n = 10; 2) HFD (60% of
calories from fat, cat. no. D12492), n = 11; and 3) HFD-P containing 0.033%
pioglitazone (providing 20 mg $ kg21 $ day21 given a daily consumption of 15 g
of food), n = 11.
2
H2O-labeling protocol. On the first day of the dietary intervention, all rats
received an intraperitoneal bolus injection of 35 mL/kg body wt 0.9% NaCl in
100% 2H2O (Cambridge Isotope Laboratories, Andover, MA) after isoflurane
anesthesia. Previous studies have shown that loading this dose achieves
a 5% body-water enrichment (13). For maintenance of this level of 2H2O
enrichment, rats were given ad libitum access to 8% 2H2O for the 21-day
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dietary intervention (13,14). Rats were killed, and epididymal adipose tissue
(eAT) was collected. One part was snap-frozen in liquid N2 for RNA extraction,
and another was fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at 5 mm for immunohistochemistry. The remaining tissue was col-
lagenase digested to isolate adipocytes and stroma-vascular cells as previously
described (20).
Bone marrow cell isolation. The proximal ends of the removed femurs were
clipped, placed in 2-mL vials supported by plastic inserts, and centrifuged for 5 s
at 2,000 rpm as previously described (21,22). The extruded bone marrow cells
were frozen in liquid N2 and stored at 280°C.
Isolation of purified adipocytes and adherent stroma-vascular cells. The
isolated adipocytes from LFD (n = 5), HFD (n = 6), and HFD-P (n = 6) rats
were divided into two aliquots. One aliquot was frozen in liquid N2 and
stored at 280°C. The other aliquot was incubated with a cocktail of mouse
monoclonal antibodies against markers of rat endothelial cells (CD31, cat. no.
1MCA1334G; AbD Serotec, Oxford, U.K.), nucleated hematopoietic cells
(CD45, clone OX-1; Invitrogen, Camarillo, CA), and stem cells (nerve growth
factor receptor p75NTP, i.e., CD271 [23], cat. no. MC192, Novus Biologicals,
Littleton, CO] for 20 min at room temperature. Cells attached to the antibodies
were discarded by using magnetic Dynabeads Pan Mouse IgG (Invitrogen,
Camarillo, CA). The immunopurified adipocytes were frozen in liquid N2 and
stored at 280°C. The isolated adipocytes from the remaining animals were
directly frozen in liquid N2 and stored at 280°C until DNA extraction.

For isolation of an enriched population of adipocyte progenitor cells, a
protocol for the isolationofmesenchymal stemcells frombonemarrowcells using
a short-term culture was used (24). The stroma-vascular fraction isolated from
eAT was reconstituted in erythrocyte lysis buffer (0.154 mol/L NH4Cl, 10 mmol/L
KHCO3, and 1 mmol/L EDTA) for 5 min at room temperature, centrifuged,
reconstituted in 10% FBS in Dulbecco’s modified Eagle’s Medium/F-12 medium,
and cultured for 3 h. The nonadherent cells were washed twice with PBS. The
adherent stroma-vascular (aSV) cells were detached (0.25% trypsin/EDTA) and
centrifuged, and the pellet was frozen in liquid N2 and stored at 280°C.
DNA preparation and gas chromatography–mass spectrometry analysis.

DNA from bone marrow cells was extracted by using a QiaAmp micro-DNA
extraction kit (QIAGEN, Germantown, MD). DNA from the adipocytes and the
aSV cells was extracted following the protocol for samples with a low number
of cells (13). DNA was enzymatically hydrolyzed to free deoxynucleosides,
and their deoxyribose moiety was converted to the tetrafluorobenzylpen-
tosetriacetate derivative (13). Enrichment analysis of three replicates was
performed on an Agilent 6890/5973 GC/MS equipped with a 30-m DB-17 col-
umn (250 mm inner diameter, 25-mm film thickness) using methane NCI and
collecting ions in selected ion-monitoring mode at mass-to-charge ratios 435
and 436 (13). Unenriched DNA standards were used to correct for abundance
sensitivity, and enrichment of the M+1 ion above natural abundance values
were used to calculate the fAD and faSV.
Immunocytochemistry. The aSV cells isolated from the eAT of three addi-
tional male Long-Evans rats on rodent LabDiet (5% of calories from fat) and
at a weight (;400 g) comparable with that of the experimental rats were
cytospun as previously described (25). The cytospun cells were incubated
overnight (4°C) with primary antibodies (at 1:100) against mouse adipo-
cyte protein (aP)2 (equivalent to human fatty acid–binding protein 4) (Dr.
D. Bernlohr, Department of Biochemistry, Molecular Biology and Biophysics,
University of Minnesota, Minneapolis, MN), rat CD34 (cat. no. AF4117; R&D
Systems), rat CD31 (cat. no. 550300; BD Pharmingen, San Diego, CA), and rat
CD11b/c (cat. no. MCA275EL, clone OX-42; AbD Serotec, Oxford, U.K.)] fol-
lowed by 20-min incubations (at room temperature) with species-relevant
fluorescently labeled secondary antibodies. The nuclei were stained with
DAPI. Images were obtained on a confocal microscope (Leica SP5) at 2003
magnification. The percentages of adipocyte progenitors (CD34+CD312 cells),
small immature adipocytes (aP2+ cells), endothelial cells (CD34+CD31+ cells),
and monocytes/macrophages (CD11b/c+ cells) were determined.
Adipocyte size. Digital images from hematoxylin-eosin–stained sections
were collected using a Zeiss Axioskope microscope (Carl Zeiss, Goettingen,
Germany). The adipocyte area was measured in 4–5 fields using ImageJ
software (http://rsbweb.nih.gov/ij/).
Immunohistochemistry and immunostaining. Sections were incubated
overnight (4°C) with primary antibodies against the lipid droplet-associated
protein perilipin (at 1:200, cat. no. ab3526; Abcam, Cambridge, MA) or the
macrophage marker CD11b/c (at 1:100, clone OX-42; AbD Serotec), followed
by an incubation with a fluorescein isothiocyanate–conjugated secondary an-
tibody (at 1:400, cat. no. F2765; Invitrogen, Carlsbad, CA). Transferase-mediated
dUTP nick-end labeling (TUNEL) staining was performed the following day per
the manufacturer’s protocol (cat. no. 12156792910; Roche Applied Science, India-
napolis, IN). Images were captured using a Zeiss Axioplan 2 upright microscope
and Slidebook software, version 2.0 (both from Intelligent Imaging Innovations,
Denver, CO). Two to five different areas within one to three sections from 7–10
different animals for each treatment group were analyzed using ImageJ.

In vitro proliferation of aSV cultures. The assay was performed to un-
derstand whether in vitro proliferation of cultured aSV cells reflects faSV. The
stroma-vascular cells were seeded at a density of 0.5 3 104 cells/cm2 in trip-
licate in 20% FBS in Dulbecco’s modified Eagle’s medium/F-12 medium. After
1, 4, 6, and 8 days, the nuclear content of the cultures was determined using
a CyQuant NF Cell Proliferation Assay kit (Invitrogen) and converted to cell
number using a standard curve with a known number of cells. The number of
cell doublings at each time point was determined according to the following
formula: CD = ln(Nf:Ni)/ln2, where CD is cell doublings, Nf is final number of
cells, and Ni is initial (day 1) number of cells (26). The doubling time was
calculated by dividing the culture time by cell doublings (26).
Quantitative real-time PCR for markers of adipose cell differentiation.

RNA from the eAT of eight animals per group was extracted with TRIzol
(Invitrogen) and an RNeasy kit (QIAGEN, Valencia, CA). The yield and purity
of RNA were determined using the Nanodrop ND1000 Spectrophotometer
(Agilent Technologies, Palo Alto, CA). One microgram of RNA was treated with
DNase I (Life Technologies, Carlsbad, CA) and reverse transcribed to cDNA
(High Capacity cDNA Reverse Transcription kit; Applied Biosystems, Foster
City, CA). The gene expression of inhibitors (Wnt 10b [27] and Pref-1 [28,29)])
and stimulators (peroxisome proliferator–activated receptor [PPAR]g, its up-
stream transcriptional inducer zfp423 [30)] and its target aP2) of adipocyte
differentiation was determined by RT-PCR (Table 1). The measurements
were performed in triplicate on an ABI PRISM 7900 (Applied Biosystems,
Branchburg, NJ) sequence detection system. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) expression was used for data normalization. The DCT

values (CT value of each sample minus CT value of GAPDH), the DDCT values
(DCT for each gene minus the mean DCT of the same gene in LFD rats [control]),
and the fold changes relative to the control (22DDCT) were calculated.
Statistical analysis. One- or two-way ANOVA followed by post hoc Tukey
tests was performed using SAS statistical software (version 9.1.3; SAS, Cary,
NC) to determine differences among the groups with a set at 0.05. Group
differences in body weight were tested by repeated-measures ANOVA with
baseline weight as a covariate. Data are presented as means 6 SE unless
otherwise mentioned.

RESULTS

Weight. Rats on the HFD-P experienced immediate higher
weight gain compared with rats on the LFD (P = 0.007 by
day 4 [Fig. 1]), which remained higher thereafter. The HFD
rats weighed more than LFD rats on day 10 (P = 0.03) and
later. There was no statistical difference between the
weights of HFD and HFD-P rats at any time during the
dietary treatment.

FIG. 1. Weights of rats along the course of 21 days of dietary treatment
by group. Rats fed an LFD (LF) (10% of calories from fat; n = 10),
an HFD (HF) (60% of calories from fat; n = 11), or an HFD-P (HF-P)
(20 mg $ kg

21 $ day
21

; n = 11) were weighed every 3 or 4 days for
21 days. The weights (means 6 SE) are plotted as a function of time.
*Differences between HFD-P and LFD groups. †Differences between
HFD and LFD groups.
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Fractions of new adipocyte progenitors and adipocytes.
The faSV in HFD-P rats was significantly higher than in the
LFD and HFD groups (Fig. 2A). The difference in the faSV
between HFD and LFD rats was of borderline statistical
significance (P = 0.058). The fAD was lower (;50%) than
the faSV in all groups (Fig. 2A vs. B–D). Paired comparison
of fAD (nonpurified) and fAD (immunopurified) from 11
animals from all diet groups was 42.9 6 2.2 vs. 35.5 6
1.1%, respectively; P = 0.004 (Fig. 2B), representing a 17%
reduction in the fractional replacement value. The fAD
(nonpurified) in the HFD-P rats was significantly greater
than that in the LFD group (50 6 3 vs. 37 6 3%; P = 0.01),
whereas the fAD (nonpurified) in the HFD rats (46 6 3%)
was not statistically different from that in either the HFD-P
or the LFD group (Fig. 2C). In contrast, the fAD (immuno-
purified) in HFD-P rats was greater than that in the HFD
group (39 6 1 vs. 33 6 1%; P = 0.04), and the fAD in the LFD
group (466 3%) was not different from either HFD-fed group
(Fig. 2D).

Immunocytochemistry. The predominant (;70%) sub-
fraction in the stroma-vascular cells was adipocyte pro-
genitors, CD34+CD312 cells (Fig. 3A). Importantly,;10% of
the remaining CD342 aSV cells were aP2+ cells, demon-
strating a separate population of small adipocytes (Fig. 3B).
Collectively, ;80% of the aSV cells are involved in adipo-
genesis. There were small contaminations with endothelial
cells (0.5%, CD34+CD31+ cells) and macrophages (3.3%,
CD11b/c+ cells). Approximately 16.2% of the cells were
not characterized.
In vitro proliferation of stroma-vascular cultures. The
number of cell doublings of stroma-vascular cultures was
not different among the groups and time points. For all
time points combined, the number of cell doublings in
LFD, HFD, and HFD-P rats were 1.0 6 0.1, 1.1 6 0.1, and
0.8 6 0.1, respectively. The doubling time was also not
different among the groups but increased significantly
from day 3 to day 5 or day 7 (P = 0.02 and P = 0.0002,
respectively), indicating increased contact inhibition. For

FIG. 2. Indices of in vivo adipogenesis. A: faSV. B: fAD (nonpurified) vs. fAD (immunopurified) (paired comparison) when all diets are combined.
C: fAD (nonpurified). D: fAD (immunopurified). The fractions of aSV cells and adipocytes were relative to bone marrow cells in rats fed an LFD,
an HFD, or an HFD-P, and were determined after 21-day labeling with 8%

2
H2O. Values are group means 6 SEs.

diabetes.diabetesjournals.org DIABETES, VOL. 61, JANUARY 2012 139

Y.D. TCHOUKALOVA AND ASSOCIATES



all groups, the doubling time at days 3, 5, and 7 of culture
was 4.3 6 0.7, 7.1 6 0.7, and 8.7 6 0.8 days, respectively.
Fat cell size, apoptosis, and adipose tissue fibrosis.
The adipocyte size (surface area) was comparable (P =
0.2) among the groups: LFD, 3,046 6 281 mm2; HFD,
3,684 6 268 mm2; and HFD-P, 3,253 6 281 mm2. For further
characterization of the adipocytes of the LFD and HFD
groups, cell death was assessed in eAT from all groups.
HFD-P adipose tissue exhibited the largest amount of cell
death, as evidenced by the higher TUNEL staining in the
HFD-P group (282.5 6 34.5) compared with both the LFD
(183.8 6 20.0) and HFD (146.7 6 13.1) groups (P = 0.0002
[Fig. 4A and B]). There was no statistical difference in
overall cell death between the LFD and HFD groups (Fig.
4B). For further characterization of cell death, TUNEL
staining was performed in conjunction with staining for a
macrophage marker (CD11b/c) and an adipocyte cell via-
bility indicator (perilipin). As indicated by CD11b/c stain-
ing, HFD adipose tissue exhibited a significant increase in
macrophage infiltration compared with that in both LFD
and HFD-P groups (P , 0.0001), with LFD adipose tissue
containing 33.1 6 3.3% macrophages, HFD 51.1 6 2.4%,
and HFD-P 39.0 6 2.8% (Fig. 4C). There was no difference
in percentage of macrophages between the LFD and HFD-P
groups (Fig. 4C). In addition, there was no difference in the
percentage of macrophages contributing to overall counts
of cell death in the adipose tissue (data not shown). How-
ever, of the macrophages present in the adipose tissue, both
HFD (86.36 2.2%) and HFD-P (80.76 2.3%) groups showed
an increase in the percentage of apoptotic macrophages,
determined by dual CD11b/c and TUNEL-positive stained
macrophages, compared with the LFD group (68.2 6 4.2%;

P = 0.0003 [Fig. 4D]). Regarding the adipocyte apoptosis,
the perilipin intensity in the HFD-P group (22,184 6 1,812
arbitrary units [AU]) was significantly higher compared with
that in the HFD group (14,937 6 1,578 AU; P = 0.033) but
not the LFD group (16,636 6 2,961 AU) (Fig. 5A and B).
There was no difference in perilipin between the LFD and
HFD groups (Fig. 5B) Thus, HFD-P treatment may have
an anti-inflammatory effect by decreasing macrophage
infiltration in response to HFD feeding, as well as increasing
macrophage apoptosis in adipose tissue and sparing or
improving adipocyte health by preventing adipocyte
apoptosis.
Gene expression. The level of PPARg2 mRNA in HFD-P
rats was significantly lower than that in LFD and HFD
groups (Table 1), indicating a ligand-receptor negative
feedback relationship. The level of aP2 mRNA in rats in
both HFD dietary groups was significantly higher than in
the LFD rats. The expression of the remaining genes ana-
lyzed was similar among the groups.

DISCUSSION

The main goal of the current study was to refine the method
previously described for the measurement of in vivo adi-
pogenesis (13,14). Several potential improvements to this
technique were tested in the context of high-fat feeding in
the presence or absence of pioglitazone.

First, the stroma-vascular fraction was enriched in adi-
pocyte progenitor cells by short-term culturing of isolated
stroma-vascular cells to allow efficient and preferential
attachment of cells from nonhematopoietic lineages to
plastic (aSV) (24). Phenotyping of the aSV cells in rats fed

FIG. 3. Characterization of the aSV cells. A: The fractions of the individual subpopulations in plastic aSV cells from three rats fed ad libitum rodent
LabDiet (5% of calories from fat) (in percent). B: Immunofluorescence of cytospun aSV cells identifying adipocytes, aP2

+
cells, and adipocyte

progenitors, CD34
+
CD31

2
cells. (A high-quality digital representation of this figure is available in the online issue.)
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rodent LabDiet (5% of calories from fat) showed that 70%
of aSV cells are adipogenic progenitor (CD34+CD312) cells
(31). We did not measure the percentage of CD34+CD312

in the stroma-vascular fraction from the experimental rats.
However, the noticeable reduction of the proportion of
macrophages, from 33.1% CD11b/c+ cells in adipose tissue
of LFD-fed rats to 3.8% in the aSV cells, and the detection
of a very small percentage of endothelial cells in aSV cells
attest that an enrichment of aSV cells with adipocyte
progenitors was achieved. Remarkably, an additional 10%
of the aSV cells are aP2+ cells. These cells are CD342 cells,
indicating that they represent an independent subfraction
from the adipocyte progenitor pool. We previously found
aP2+CD682 cells in human stroma-vascular fractions (25).
We have also demonstrated that these cells may contain
multiple small (,10 mm in diameter) lipid droplets, con-
firming that they are early differentiated (immature)
adipocytes (25). Thus, we believe that the faSV reflects a
component of early differentiation of adipocytes in addi-
tion to proliferation of adipocyte progenitor cells and
possibly recruitment of preadipocytes to the adipocyte lin-
eage, whereas the fAD primarily indicates the terminal phase
of differentiation.

However, a limitation to measuring the fAD as an index
of terminal differentiation is that other cell types with fast
cell turnover, including hematopoietic, endothelial, and stem
cells, may adhere to the floating adipocytes. In rodents, the
probability for contamination, particularly with macro-
phages, is high owing to the considerable accumulation in
the eAT (up to 50%) by high-fat feeding in our rats and in
mice from other studies (32). Accordingly, a second po-
tential improvement that we tested was to perform nega-
tive immune selection of the freshly isolated adipocytes
and eliminate possible contamination with other cellular
types. Importantly, the immunopurification step led to a
significant reduction of the 2H-content in DNA (to 83% of
the values observed in nonpurified adipocytes). This re-
duction was larger in the HFD-fed rats that, interestingly,
had the largest macrophage infiltration as evidenced by
immunohistochemistry (CD11b/c). Together, our results
suggest that contamination of adipocytes with other cell
types may have contributed to an overestimation of the fAD
when measured without purification. Moreover, the immu-
nopurification step led to differences between the group
profiles of the fAD (purified) versus fAD (nonpurified) adipo-
cytes, suggesting that the immunopurification of adipocytes

FIG. 4. Macrophage apoptosis in adipose tissue. A: TUNEL and CD11b/c staining. B: Apoptosis quantification. C: Macrophage quantification.
D: Apoptotic macrophage quantification. *P <0.05; **P <0.01; ***P <0.0001. (A high-quality digital representation of this figure is available in the
online issue.)
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may be beneficial. Finally, in line with previous findings
(15), we show that the value of faSV is higher than that of
fAD. This potential for higher incorporation of 2H into the
DNA of aSV cells compared with adipocytes may allow for
its more accurate determination.

The second aim of the study was to understand the rel-
ative importance of determining faSV and fAD in reflecting
induced adipogenesis. To test this, we included groups of
rats fed an HFD in the presence or absence of pioglitazone.
Pioglitazone is a member of the thiazolidinedione class

FIG. 5. Adipocyte apoptosis. A: Perilipin and TUNEL staining. B: Perilipin quantification. *P <0.05. (A high-quality digital representation of this
figure is available in the online issue.)

TABLE 1
Relative quantitation of the gene expression of regulators of adipogenesis in rat epididymal adipose tissue by treatment group

Gene Taqman prime/probe sets*

Groups (n = 8 per group)

PLFD HFD HFD-P

Pref 1 Rn01637113_g1 1.00 (0.5–1.9) 1.15 (0.8–1.6) 0.82 (0.3–2.0) 0.9
Wnt10b Rn01532988_m1 1.00 (0.5–1.9) 1.57 (1.1–2.2) 0.83 (0.3–2.0) 0.06
PPARg1 Rn00440945_m1 1.00 (0.5–1.9)a 1.06 (0.8–1.5)ab 0.57 (0.2–1.4)b 0.03
PPARg2 Rn01492273_m1 1.00 (0.5–1.9)a 0.98 (0.7–1.4)ab 0.48 (0.2–1.2)b 0.02
aP2 Rn00670361_m1 1.00 (0.5–1.9)a 1.51 (1.1–2.1)b 1.43 (0.6–3.5)b 0.04
Zfp423 Rn00585834_ml 1.00 (0.5–1.9) 1.7 (1.2–2.4) 3.13 (1.3–7.6) 0.08

Data are the mean (range) fold difference compared with the mean expression in the control (LFD) group after normalization for the amount
of GAPDH mRNA (probe Rn01749022_g1). Pref 1, preadipocyte factor 1; Wnt10b, wingless/Int-1; Zfp423, zinc finger protein 423. *Applied
Biosystems (Foster City, CA). a,b,abDifferent superscripts denote significant differences among the groups.
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of drugs and a ligand for the key adipogenic transcrip-
tion factor PPARg. Studies suggest that it may contribute
to the adipocyte hyperplastic mechanism of adipose tis-
sue expansion in the context of energy excess (19,33–35).
Interestingly, we found higher faSV in the HFD-P group
versus the HFD alone and LFD groups but comparable fAD
between the HFD-P and LFD groups. These results are in
line with previously reported data showing that 16-day
treatment of obese Zucker rats with pioglitazone results in
the appearance of new adipocytes and increased fat mass,
but this is not coupled with a significant increase in newly
formed adipocytes as assessed by the 2H2O incorporation in
vivo (36). One possible mechanism explaining the increased
faSV by pioglitazone is suggested by the increased aP2 gene
expression, increased perilipin protein expression, and de-
creased levels of PPARg mRNA in the HFD-P vs. LFD rats,
indicating potential formation of new, small, and meta-
bolically active adipocytes. That these newly formed small
adipocytes remain in the stroma-vascular fractions after
centrifugation is also likely, as evidenced by the presence of
very small lipid-containing aP2+CD682 cells emitting strong
fluorescent signal in the stroma-vascular fraction in our
previous studies (25,37), as well as in the faSV in this study.
One limitation of the current study is that the weight of the
eAT depot was not determined, precluding an analysis of
the relationship between faSV or fAD and the number of
adipocytes. However, other studies have shown that HFD-
induced weight gain is due to increased total body fat (38)
and increased eAT mass (19). Another limitation of our
study is that the dynamics of the proportion of small to large
adipocytes was not determined.

Compared with results in LFD rats, the HFD in the ab-
sence of pioglitazone led to a more gradual increase in the
additional weight gain that was accompanied by a border-
line increase in faSV along with no change in fAD in HFD-fed
rats. This suggests stimulation of clonal expansion and
early phases of differentiation as possible mechanisms. We
believe that the higher gene expression of aP2 in the face
of stable PPARg in the HFD versus LFD group reflects this
possibility through a mechanism of a direct stimulatory
effect of fatty acids on aP2 transcription, independent of
the induction of PPARg transcriptional activity (39), along
with a positive feedback loop in which aP2 facilitates the
trafficking of fatty acids and their metabolites serving as
ligands of PPARg (40). Interestingly, a longitudinal moni-
toring of the recruitment of new inguinal adipocytes in
growing genetically obese Zucker rats reveals a periodic
wave of growth of inguinal adipose depot approximately
every 55 days, starting with hyperplasia followed by hy-
pertrophy (41). Strissel et al. (42) also demonstrated such
waves of hyperplasia-hypertrophy-apoptosis in mice fed an
HFD (60% of calories from fat) that were more prominent
in the eAT compared with the inguinal depot and had
a span of 20 weeks. The adipocyte hypertrophy was evi-
dent after 8 weeks of HFD feeding, explaining why it was
not observed after the 3 weeks of HFD feeding in our
study. Moreover, we generated evidence that apoptosis of
hypertrophic adipocytes or restriction through extracellu-
lar fibrosis (data not shown) had not changed and thus had
not inhibited the adipocyte enlargement. Taken together,
these data support the potential hyperplastic mechanism
of early phases of fat expansion induced by high-fat feeding.
The supplementation of high-fat feeding with pioglitazone
enhances both early phases of adipogenesis and terminal
differentiation, as the fAD in the HFD-P rats was significantly
higher than in HFD rats. The observed anti-inflammatory

effect of the pioglitazone through increased apoptosis of
macrophages may be responsible, as it has been demon-
strated that the macrophage recruitment and chronic in-
flammation in adipose tissue has been associated with
impairment of adipocyte differentiation (43–45). Thus,
our findings of similar weight gain but greater faSV and fAD
in the HFD-P vs. HFD group illustrate that measurement
of faSV and fAD facilitates the detection of small differ-
ences in the processes associated with in vivo adipo-
genesis. Interestingly, studies in C57BL/6 mice (C. Loe,
M. Hellerstein, unpublished data) using the original tech-
nique showed increased fAD and faSV with high-fat feeding,
which were not further enhanced by adding pioglitazone.
Differences in the methods and species may contribute to
the disparities in the results.

In conclusion, faSV alone could be a reliable index of
in vivo overall adipogenesis, while fAD reflects primarily
the adipocyte maturation rates. The measurement of faSV
may be technically more feasible and sensitive for pro-
viding information on the effect of drugs or diets on overall
in vivo adipogenesis. Further studies are needed to validate
the feasibility and usefulness of the method in humans.
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