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Background: In adipogenesis, new adipocytes are generated from precursor cells and contribute to adipose tissue
expansion.
Results: The A2b adenosine receptor (A2bAR) inhibits adipogenesis via expression of Krüppel-like factor 4 (KLF4).
Conclusion: A2bAR signaling regulates adipogenesis and is correlated tightly with KLF4.
Significance: A2bAR signaling via KLF4 may play an important role in adipose tissue biology.

Adipogenesis represents a key process in adipose tissue
development and remodeling, including during obesity.
Exploring the regulation of adipogenesis by extracellular
ligands is fundamental to our understanding of this process.
Adenosine, an extracellular nucleoside signaling molecule
found in adipose tissue depots, acts on adenosine receptors.
Here we report that, among these receptors, the A2b adeno-
sine receptor (A2bAR) is highly expressed in adipocyte pro-
genitors. Activation of the A2bAR potently inhibits differen-
tiation of mouse stromal vascular cells into adipocytes,
whereas A2bAR knockdown stimulates adipogenesis. The
A2bAR inhibits differentiation through a novel signaling cas-
cade involving sustained expression of Krüppel-like factor 4
(KLF4), a regulator of stem cell maintenance. Knockdown of
KLF4 ablates the ability of the A2bAR to inhibit differentia-
tion. A2bAR activation also inhibits adipogenesis in a human
primary preadipocyte culture system. We analyzed the A2bAR-
KLF4 axis in adipose tissue of obese subjects and, intriguingly,
found a strong correlation between A2bAR and KLF4 expres-
sion in both subcutaneous and visceral human fat. Hence, our
study implicates the A2bAR as a regulator of adipocyte differen-
tiation and the A2bAR-KLF4 axis as a potentially significant
modulator of adipose biology.

The prevalence of obesity continues to rise among adults and
adolescents in the United States and other developed nations (1).

Obesity increases the risk of developing type 2 diabetes and car-
diovascular disease (2, 3). A better understanding of the growth
and expansion of adipose tissue is needed because it may lead to
improved therapeutics and preventative measures for obesity and
type 2 diabetes. As adipose tissue expands, it increases by hyper-
trophy and by hyperplasia (4). An increase in the number of adi-
pocytes occurs from the differentiation of adipocyte precursors
that reside along the vasculature in adipose tissue (5, 6). Adeno-
sine, which is released continuously from fat cells (7, 8), can act on
four G-protein coupled receptors, defined as adenylyl cyclase
inhibitory A1 and A3 adenosine receptors (A1AR and A3AR) and
adenylyl cyclase stimulatory A2a and A2b adenosine receptors
(A2aAR5 and A2bAR). The A2aAR and A2bAR are expressed on
preadipocytes from the mouse preadipose cell line Ob1771 and
from rat adipose tissue-derived preadipocytes, whereas the A1AR
is found on mature adipocytes (9, 10). This expression profile indi-
cates that the A2aAR and A2bAR may play an important role in
the early stages of adipogenesis.

Adipocyte differentiation has been studied extensively in
culture using preadipocyte cell lines. These studies showed
that early in adipocyte differentiation, the transcription fac-
tors CCAAT/enhancer-binding protein � (C/EBP-�) and
C/EBP-� are expressed transiently (11–15), which subse-
quently leads to the expression of C/EBP-� and peroxisome
proliferator-activated receptor � (PPAR�) (4, 16 –19). Other
early transcriptional events include elevation of Krüppel like
factor 4 (KLF4) and a reduction in the expression of preadi-
pocyte factor 1 (Pref1), as observed in 3T3-L1 cells (20, 21).
Although the transcriptional cascade that leads to adipogen-
esis has been well studied, much is yet to be understood
about potential regulators of early transcriptional events. In
this investigation, we show that the A2bAR is an important
early regulator of adipogenesis via a newly identified link
between this receptor signaling and KLF4. An earlier study
showed a transient increase in KLF4 during adipogenesis and
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that knockdown of KLF4 impairs adipogenesis in 3T3-L1 cells
(20). Here we report that A2bAR-induced inhibition of adipogen-
esis is dependent on sustained expression of KLF4 in mouse pri-
mary preadipocytes. Intriguingly, we also identified a significant
correlation between A2bAR and KLF4 expression in both subcu-
taneous and visceral adipose tissue derived from obese individuals.
This suggests that the A2bAR-KLF4 axis may also play a key role in
human adipose tissue biology.

EXPERIMENTAL PROCEDURES

Animals—All procedures were performed according to the
Guidelines for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health. All animals in this
study received humane care in agreement with the guidelines
approved by the Institutional Animal Care and Use Committee
of the Boston University School of Medicine. A2bAR KO mice
were originally generated in our laboratory and bred into the

FIGURE 1. A2bAR expression and function in SVCs. SVCs were isolated from mouse inguinal adipose tissue and, upon confluence, induced to differentiate to
adipocytes as described under “Experimental Procedures.” A, cAMP levels were determined following 10-min treatment of SVCs with induction mixture and
vehicle (DMSO), 1 �M BAY 60-6583 (BAY), or 10 �M 5�-(N-ethylcarboxamido) adenosine (NECA). *, p � 0.05; **, p � 0.01 compared with vehicle (n � 4). B, the
expression of A2aAR and A2bAR was determined by quantitative PCR at various time points during differentiation. Relative mRNA expression was determined
using the ��CT method and normalized to 18 S rRNA. *, p � 0.05; ***, p � 0.001 compared with the 0 h time point (n � 4). Data are mean � S.E. Analyses were
performed by one- or two-way ANOVA with Bonferroni multiple comparison post hoc test.

FIGURE 2. A2bAR agonism inhibits adipogenesis of SVCs. SVCs were isolated from the subcutaneous adipose tissue of WT mice, treated with vehicle (DMSO),
1 �M BAY 60-6583 (BAY), or 10 �M CGS 21680 (CGS) on day 0 and day 3 of induction, and induced to differentiate as described under “Experimental Procedures.”
A, representative image of Oil Red O staining performed 6 days after induction of differentiation. B–F, mRNA expression of PPAR� (B), C/EBP-�, (C), aP2 (D),
adiponectin (E), and perilipin (F) after 6 days of induction. Agonist treatment was determined using the ��CT method and normalized to 18 S rRNA values (n �
3). G, representative Western blot analysis for PPAR� (57 kDa), aP2 (15 kDa), and C/EBP-� (45 kDa) performed with �-actin (45 kDa) as a loading control. (The blot
was stripped and reprobed twice, including with anti �-actin.) H–J, quantification of Western blot analysis results was performed with ImageJ software and
normalized to �-actin (n � 4). AU, arbitrary units. K, mRNA expression of aP2 after 6 days of induction and agonist treatment was determined using the ��CT
method and normalized to 18 S rRNA values (n � 4). Data are mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with vehicle. Analyses were
performed by Student’s t test (B—F and H–J) or by one-way ANOVA with Bonferroni multiple comparisons post hoc test (K).
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C57BL/6J background, as confirmed by using gene marker
analysis from MAX-BAX (Charles River Laboratories) (22).
Age-, strain-, and sex-matched WT and A2bAR KO mice were
used in all experiments (all bred in-house).

Stromal Vascular Cell (SVC) Isolation and Cell Culture—Six-
week-old C57BL/6J male mice or A2bAR null mice (22) were
euthanized, and the subcutaneous adipose tissue was extracted for
isolation of SVCs, which included adipocyte precursors, as
described earlier (23). Two-day post-confluent cells were induced
to differentiate with proadipogenic factors, including 1.7 �M insu-
lin, 1 �M dexamethasone, and 1 �M rosiglitazone. The media were
changed every 3 days. Human preadipocytes were isolated and
differentiated to adipocytes for 10 days as described previously
(24, 25).

siRNA Knockdown—KLF4 or A2bAR OnTarget Plus siRNA
(30 nM, Thermo Scientific) was transfected into SVCs using
Lipofectamine RNAiMax (Invitrogen, catalog no. 13778-075)
48 h prior to induction of differentiation and/or treatment with
agonists following the instructions of the manufacturer.

Oil Red O Staining of Lipid Droplets—To assess the forma-
tion of lipid droplets, cells were fixed in 4% formaldehyde and
then stained with Oil Red O as described previously (26).

Cell Treatments and cAMP Measurement—To determine
the effect of various signaling pathways on adipocyte differen-

tiation, SVCs were pretreated with 1 unit/ml adenosine deami-
nase for 10 min and then treated with the proadipogenic mix-
ture of 1.7 �M insulin, 1 �M dexamethasone, and 1 �M

rosiglitazone and the indicated chemicals. RNA and protein
were collected at various time points following treatment, as
described below. Chemicals included 1 �M BAY 60-6583 (an
A2bAR-specific agonist), 2 �M forskolin (FSK, an adenylyl
cyclase activator), 10 �M CGS 21680 (an A2aAR-specific ago-
nist), 10 �M 5�-(N-ethylcarboxamido) adenosine (an A2 aden-
osine receptor agonist), 500 �M 8-bromo-cAMP (a cAMP
analog), 200 �M 8-(4-chlorophenylthio)-2�-O-Me-cAMP (an
activator of exchange protein activated by cAMP, EPAC), 200
�M N6-monobutyryladenosine-cAMP (an activator of PKA), or
vehicle (0.1% DMSO). SVCs were treated with chemicals on day
0 and day 3 of induction. For cAMP analysis, cells were pre-
treated with 1 unit/ml adenosine deaminase for 20 min and
with 200 �M papavarine (a phosphodiesterase inhibitor) for 10
min prior to treatment with the chemicals. The cells were
exposed to the chemicals and induction mixture for 10 min and
then collected in 0.1 M HCl. cAMP determination was per-
formed as described by the manufacturer (Enzo Life Sciences,
catalog no. ADI-901066). Protein concentration was deter-
mined by Bradford assay and used for normalization.

FIGURE 3. A2bAR Regulates Adipogenesis in vitro and in vivo. A and B, SVCs were isolated from the subcutaneous adipose tissue of WT and A2bAR KO mice,
treated with DMSO (vehicle) or 1 �M BAY 60-6583 (BAY) on day 0 and day 3 of induction, and induced to differentiate as described under “Experimental
Procedures.” mRNA expression of PPAR� (A) and aP2 (B) after 6 days of induction and agonist treatment was determined using the ��CT method and was
normalized to 18 S rRNA values (n � 4). C and D, the stromal vascular fraction was isolated from the adipose tissue of 8-week-old WT and A2bAR KO mice. mRNA
expression of Pref1 (C) and Zfp423 (D) was determined using the ��CT method and normalized to 18 S rRNA values (n � 3 WT, n � 3 A2bAR KO). E, the body
weight, adipose tissue mass, and number of adipocytes in the visceral adipose tissue of WT and A2bAR KO 8-week-old male mice were analyzed and calculated
as described under “Experimental Procedures” (n � 7 WT, n � 6 A2bAR KO). F, representative H&E-stained section from the visceral adipose tissue of WT and
A2bAR KO mice. Data are mean � S.E. *, p � 0.05 compared with vehicle treatment within the same genotype. Analyses were performed by two-way ANOVA
with Bonferroni multiple comparisons post hoc test (A and B) or by Student’s t test (C–E).
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Calcium Measurement—SVCs were grown to confluency on
35-mm glass bottom Petri dishes (MatTek, catalog no. P35
G-1.5-14-C) and incubated with 1 �M Fura-2/AM (Invitrogen,
catalog no. F1221) and 0.01% pluoronic acid (Invitrogen, cata-
log no. P-6866) in Krebs buffer (5 mM glucose, 2 mM CaCl2, and
0.5% BSA) for 30 min in a 37 °C water bath. The buffer was
replaced with fresh Krebs buffer, and the cells were incubated
for 15 min in a 37 °C water bath. Fluorescence at 340 and 380
nm was assessed on an Olympus BX61 spinning disk confocal
microscope. The analysis was performed using ImageJ (http://
rsbweb.nih.gov/ij/). The 340:380 nm ratio was computed and
averaged for all cells in the visual field (using a �20 objective).
Approximately 70 cells were analyzed.

Quantitative RT-PCR—RNA was isolated using the RNeasy
Plus mini kit (Qiagen, catalog no. 74136), reverse-transcribed
(Invitrogen, catalog no. 4368814), and then the mRNA level
was measured with TaqMan minor groove binder primers and
TaqMan Master Mix (Invitrogen, catalog no. 4369016). 18 S
rRNA (Invitrogen, catalog no. 4319413E) was used as an endog-
enous control, and relative mRNA expression was calculated by
the ��CT method.

Western Blotting—Cells were lysed with radioimmunopre-
cipitation assay buffer with protease and phosphatase inhibitor
mixtures (Roche Diagnostics). Equal amounts of protein per
sample were heated in 2� sample buffer, electrophoresed on
10 –12% SDS polyacrylamide gels, and transferred to Immo-
bilon-P PVDF membranes. Western blotting was performed

as described previously (27). The following antibodies were
used at the following dilutions: PPAR� (Cell Signaling Technol-
ogy, catalog no. 81B8, 1:1000); aP2/FABP4 (Cell Signaling
Technology, catalog no. D25B3, 1:5000); C/EBP-� (Cell Signal-
ing Technology, catalog no. 2295, 1:1000); KLF4 (MBL Interna-
tional, catalog no. PM057, 1:5000); �-tubulin (Sigma, catalog
no. T6199, 1:10,000); �-actin (Sigma, catalog no. A5441,
1:10,000); anti-rabbit IgG, HRP-linked (Cell Signaling Technol-
ogy, catalog no. 7074, 1:5000); and anti-mouse IgG, HRP-linked
(Cell Signaling Technology, catalog no. 7076; 1:5000).

Determination of Adipocyte Number and Adipose Tissue
Mass—Visceral adipose tissue was extracted from 8-week-old
WT and A2bAR KO male mice, weighed, fixed in 4% parafor-
maldehyde, and embedded in paraffin. 5-�m sections were
stained with hematoxylin and eosin. Adipocyte diameters were
measured using Adiposoft (28). Adipocyte cell number was cal-
culated as described previously (29). Briefly, the weighted mean
adipocyte diameter was used to calculate mean adipocyte vol-
ume. Mean adipocyte weight was determined using the density
of lipid as 0.915 g/ml. Adipose tissue mass was determined by
weighing the fat pads immediately following isolation. The
mass of the adipose tissue depot that is due to lipid was deter-
mined by multiplying the wet weight of the adipose tissue by the
percent of lipid in the adipose tissue (measured by chloroform:
methanol extraction as described in Ref. 30). The number of
adipocytes was calculated by dividing the adipose tissue lipid
mass by the mean adipocyte weight.

FIGURE 4. A2bAR activation increases the expression of early proadipogenic factors. SVCs were isolated from the subcutaneous adipose tissue of WT mice,
treated with DMSO (vehicle) or 1 �M BAY 60-6583 (BAY) on day 0 and day 3 of induction and induced to differentiate as described under “Experimental
Procedures.” A and B, mRNA expression of C/EBP-� (A) and KLF4 (B) following induction and agonist treatment was determined using the ��CT method and
was normalized to 18 S rRNA values (n � 4). C, Western blot analysis for KLF4 (65 kDa) after 2 days of induction with tubulin (52 kDa) as a loading control (n �
4). Quantification of Western blot analysis results was performed with ImageJ software and normalized to tubulin. AU, arbitrary units. Data are mean � S.E.
*, p � 0.05; ***, p � 0.001 compared with vehicle at the same time point. Analyses were performed by two-way ANOVA with Bonferroni multiple comparison
post hoc test (A and B) or by Student’s t test (C).
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Human Study Population and Adipose Tissue Collection—
Subcutaneous (n � 73) and visceral (omental) (n � 19) adipose
tissue was collected via percutaneous needle biopsy or intraop-
eratively during planned bariatric surgery, as we described pre-
viously (31), from obese men and women who were receiving
care at the Boston Medical Center Nutrition and Weight Man-
agement Center. The study was approved by the Boston Med-
ical Center Institutional Review Board, and all subjects gave
written informed consent. Adipose tissue was placed immedi-
ately into RNALater (Qiagen, catalog no. 76104) and stored at
�80 °C until further processing. Total RNA was extracted
using the Qiagen RNeasy lipid kit. cDNA synthesis was per-
formed with the Quantitect cDNA reverse transcription kit and
amplified with TaqMan PreAmp Master Mix (Invitrogen, cat-
alog no. 4391128). TaqMan gene expression assays were used
for RT-PCR reactions as described above.

Statistical Analysis—Data are presented as mean � S.E. Each
n represents an individual batch of cells or an individual mouse
or person. Statistical comparison of two means was performed
by two-tailed Student’s t test. Determination of statistical sig-
nificance of more than two means was calculated by one- or
two-way ANOVA with Bonferroni multiple comparison cor-
rection. The association between two variables was per-
formed by Spearman correlation. Analyses were performed
with GraphPad Prism 4.

RESULTS

A2bAR Agonism Inhibits Adipogenesis of SVCs—We first
explored the expression profile and functionality of the A2bAR
in adipocyte precursors found in mouse SVCs. The A2bAR-
selective ligand BAY 60-6583 (32) elevates cAMP levels in SVCs
(Fig. 1A), indicative of a functional receptor. Furthermore, as

FIGURE 5. Lack of A2bAR improves adipocyte differentiation. SVCs were isolated from the subcutaneous adipose tissue of WT mice. siRNA targeting A2bAR
was used to knock down A2bAR expression, and then cells were induced to differentiate as described under “Experimental Procedures.” A and B, mRNA
expression of A2bAR (A) and KLF4 (B) was determined using the ��CT method and normalized to 18 S rRNA values (n � 4). C–E, Western blot analyses for KLF4
(C) after 1 day of induction and PPAR� (D) and aP2 (E) after 6 days of differentiation with tubulin as loading control (n � 3). Quantification of Western blot results
was performed with ImageJ software and normalized to tubulin. AU, arbitrary units. Data are mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with
scrambled siRNA at the same time point. Analyses were performed by two-way ANOVA with Bonferroni multiple comparisons post-hoc test (A and B) and by
Student’s t test (C–E).
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these cells are induced to differentiate into adipocytes, the
expression of the A2bAR decreases (Fig. 1B). The expression
of the A2aAR is 80% less than that of the A2bAR in SVCs at
baseline (Fig. 1B), and an agonist of the A2 type (A2a and
A2b) adenosine receptors, 5�-N-ethycarboxamidoadenos-
ine, does not increase cAMP levels above that of BAY
60-6583 (Fig. 1A), suggesting that there is little functional
A2aAR on these cells. The concentration of BAY used here
and in subsequent experiments (1 �M) is on the basis of
preliminary studies showing a significant effect on cAMP
and differentiation.

Intriguingly, A2bAR activation in SVCs prevents lipid
accumulation compared with vehicle-treated cells, as meas-
ured by Oil Red O staining (Fig. 2A). Moreover, following
induction of differentiation and agonist treatment on day 0
and day 3 of differentiation, BAY 60-6583 reduces the mRNA
expression of the proadipogenic transcription factors
PPAR� and C/EBP-� (Fig. 2, B and C) and the fat-specific
genes fatty acid-binding protein 4 (FABP4/aP2), adiponec-
tin, and perilipin (Fig. 2, D–F) compared with cultures
treated with vehicle. Activation of the A2bAR with BAY
60-6583 also reduces the protein levels of PPAR�, aP2, and
C/EBP-� (Fig. 2, G–J). The late transcriptional changes that
occur following A2bAR activation with BAY 60-6583 do not
occur with an A2aAR agonist (CGS 21680) (Fig. 2K). This

highlights the importance of the A2bAR in regulating these
factors and differentiation of primary adipocytes. Moreover,
the effect of BAY 60-6583 on the differentiation of SVCs is
specific to the A2bAR because BAY 60-6583 does not reduce
the expression of PPAR� and aP2 in A2bAR KO SVCs (Fig. 3,
A and B). Of note, the SVCs isolated from A2bAR KO mice
had a lower expression of Pref1 and Zfp423, markers of prea-
dipocytes (21, 33) (Fig. 3, C and D). This suggests that there
are fewer preadipocytes in the extracted SVCs from A2bAR
KO mice and makes a direct comparison between the adipo-
genic potential of WT and A2bAR KO mice difficult. Earlier
reports showed that increased adipogenesis in vivo leads to
the depletion of adipocyte progenitors (34 –36). Considering
the above data related to progenitor markers and the inhib-
itory effect of A2bAR activation on preadipocyte differenti-
ation, we postulated that A2bAR KO mice have a greater
number of fat tissue adipocytes. To test this contention, the
number of adipocytes was determined within the visceral
adipose tissue of 8-week-old WT and A2bAR KO male mice.
WT and A2bAR KO mice had similar body weight and adi-
pose tissue mass (Fig. 3E). However, A2bAR KO mice had an
increased number of adipocytes in the adipose tissue com-
pared with WT mice (Fig. 3, E and F). This suggests a greater
extent of adipogenesis in the visceral adipose tissue of mice
that lack the A2bAR.

FIGURE 6. KLF4 is required for the action of BAY 60-6583. SVCs were isolated from the subcutaneous adipose tissue of WT mice. Cells received scrambled
siRNA (Scrambled) or siRNA targeting KLF4 (KLF4 siRNA) and were treated with DMSO (Vehicle) or 1 �M BAY 60-6583 (BAY) on day 0 and day 3 of induction and
induced to differentiate as described under “Experimental Procedures.” A–C, mRNA expression of KLF4 (A) at 0 h and PPAR� (B) and aP2 (C) after 3 days of
differentiation was determined using the ��CT method and normalized to 18 S rRNA values (n � 4). Data are mean � S.E. *, p � 0.05; ***, p � 0.001 compared
with scrambled (A) or vehicle treatment given the same siRNA (B and C). Analyses were performed by Student’s t test (A) and by two-way ANOVA with
Bonferroni multiple comparisons post hoc test (B and C).
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A2bAR Agonism Increases the Expression of Early Adipogenic
Transcription Factors—Next, we explored the mechanism by
which A2bAR controls the differentiation of mouse SVC prea-
dipocytes into adipocytes. Activation of the A2bAR rapidly and
transiently increases the expression of the early differentiation
marker C/EBP-� (Fig. 4A). KLF4 is a transcription factor
upstream of C/EBP-� (20). As early as 1 h after treatment with
BAY 60-6583, KLF4 mRNA levels are 8-fold higher than those
of vehicle-treated controls (Fig. 4B). KLF4 protein levels remain
2-fold greater than those of vehicle-treated controls following 2
days of treatment with BAY 60-6583 (Fig. 4C).

Knockdown of A2bAR in Preadipocytes Enhances Adipocyte
Differentiation—Considering the possibility that SVCs from
A2bAR KO mice contain fewer preadipocytes compared with
WT samples (Fig. 3, C and D), we were unable to compare the in
vitro adipogenic potential of WT and A2bAR KO cells. There-
fore, we elected to knock down A2bAR expression in WT SVCs.
A2bAR knockdown was more than 80% effective for at least up
to 2 days following induction of adipocyte differentiation (Fig.
5A). As expected, knockdown of A2bAR reduced KLF4 mRNA

expression and protein levels (Fig. 5, B and C) and increased
PPAR� and aP2 protein levels (Fig. 5, D and E).

A2bAR Activation Inhibits Adipocyte Differentiation via
KLF4—To determine whether A2bAR regulation of KLF4 plays
a central role in the ability of A2bAR activation to inhibit adi-
pocyte differentiation, the expression of KLF4 in SVCs was
knocked down by siRNA, followed by induction of adipocyte
differentiation in the presence and absence of BAY 60-6583.
KLF4 expression was reduced significantly following siRNA
knockdown (Fig. 6A). Lack of KLF4 prevented BAY 60-6583
from inhibiting the expression of PPAR� (Fig. 6B) and aP2 (Fig.
6C) (note that the incubation time was shorter than in Fig. 2 to
examine the cells while the KLF4 was still ablated).

Forskolin and PKA Activation Partially Mimic the Effect of
A2bAR Activation on Adipogenesis—Agonism of the A2bAR
activates Gs and adenylyl cyclase to increase cAMP levels (Fig.
7A). Therefore, we sought to determine whether other effectors
known to elevate cAMP mimic the inhibitory effect of the
A2bAR on adipogenesis. To this end, we employed agonists
that directly activate adenylyl cyclase (FSK) or selectively acti-

FIGURE 7. PKA and not EPAC activation mimics A2bAR agonism by BAY 60-6583. SVCs were isolated from the subcutaneous adipose tissue of WT mice,
treated with DMSO (Vehicle), 1 �M BAY 60-6583 (BAY), 2 �M FSK, 500 �M 8-bromo-cAMP (activates EPAC and PKA, 8-Br), 200 �M 8-CPT-2�-O-Me-cAMP (activates
EPAC, O-Me), or 200 �M 6-MB cAMP (activates PKA, 6-MB) on day 0 and day 3 of induction and induced to differentiate as described under “Experimental
Procedures.” A, cAMP levels were assessed as described under “Experimental Procedures” (n � 4). B–D, mRNA expression of aP2 (B) and PPAR� (C) after 6 days
of differentiation and of KLF4 (D) after 6 h of differentiation was determined using the ��CT method and normalized to 18 S rRNA values (n � 3). E, SVCs were
treated with 1 �M BAY 60-6583 and 2 �M FSK. Fluorescence at 340 and 380 nm was assessed throughout the treatments, and the 340:380 nm ratio was
calculated using ImageJ software. Data are mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with vehicle treatment at the same time point. Analyses
were performed by two-way ANOVA with Bonferroni multiple comparisons post hoc test (A), by one-way ANOVA with Bonferroni multiple comparisons post
hoc test (B and C), or by Student’s t test (D).
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vate PKA (6-MB-cAMP) (37) or EPACs (8-CPT-2�-O-Me-
cAMP) (38), two downstream targets of cAMP. Only FSK or acti-
vation of PKA by 6-MB-cAMP mimicked, to some extent, the
effect of BAY 60-6583 (Fig. 7, B–D). More specifically, 6-MB-
cAMP and FSK, but not 8-CPT-2�-O-Me-cAMP, reduced PPAR�
and aP2 expression (Fig. 7, B and C). The agonists FSK and 6-MB-
cAMP also tended to increase KLF4 expression. The discrepancies
in the extent of the effect of BAY 60-6583 and FSK on adipocyte
differentiation may be due to differences in the level of cAMP
elevation (Fig. 7A). It is also possible that A2bAR activation-medi-
ated changes in intracellular calcium over time, via Gq signaling
(39) (Fig. 7E), contribute to its significant inhibitory effect on adi-
pogenesis. Indeed, increased intracellular calcium has been shown
to inhibit adipogenesis (40, 41).

A2bAR and KLF4 Expression Are Highly Correlated in
Human Adipose Tissue—Because we observed a strong rela-
tionship between A2bAR and KLF4 in differentiating cultured
adipocytes, we next sought to investigate the translational rel-
evance in human disease and examined gene expression in adi-
pose tissue biopsy samples collected from obese humans. Sub-
cutaneous adipose tissue samples from 73 obese individuals
(body mass index, 46 � 1 kg/m2; age, 41 � 1 years; 80% female)
and visceral (omental) fat samples from 19 obese individuals
(body mass index, 46 � 2 kg/m2; age, 43 � 3 years, 70% female)
were available for analysis. We have shown previously that the
A2bAR is elevated in the adipose tissue of obese individuals

(42). Intriguingly, we now found a strong positive correlation
between mRNA expression of A2bAR and KLF4 in both subcu-
taneous (Fig. 8A) and visceral (Fig. 8B) adipose tissue of obese
individuals, as assessed by the Spearman correlation coefficient
(r) (42). Of note, using a human primary preadipocyte culture
system (isolated as described in Ref. 24), activation of the
A2bAR with BAY 60-6583 effectively inhibited adipogenesis
(Fig. 8, C and D) in accordance with the mouse culture data.

DISCUSSION

Identifying novel factors that regulate adipocyte differentia-
tion may advance our knowledge of the molecular mechanisms
involved in the pathogenesis of obesity. Activation of the
A2bAR inhibits adipogenesis. Using siRNA knockdown of
KLF4, we show that this effect is dependent on an A2bAR-
induced increase in KLF4 levels. A2bAR couples to Gs and
increases intracellular cAMP levels. Activating adenylyl cyclase
or PKA partially mimics the inhibitory effect of A2bAR on adi-
pogenesis and increases KLF4 levels. Lack of A2bARs promotes
adipogenesis both in vitro and in vivo, as demonstrated by
A2bAR knockdown of SVCs and determination of the number
of adipocytes in the adipose tissue of WT and A2bAR KO mice.
Importantly, the association between the A2bAR and KLF4 is
relevant in human adipose tissue because there is a strong cor-
relation between A2bAR and KLF4 expression in the adipose
tissue of obese individuals.

FIGURE 8. KLF4 and A2bAR are correlated significantly in human adipose tissue. Subcutaneous (A, n � 73) and visceral (B, n � 19) adipose tissues were
obtained from obese individuals. As described under “Experimental Procedures,” mRNA was extracted from the samples, and mRNA expression was deter-
mined by using the ��CT method and normalized to 18 S rRNA values. Spearman correlation coefficients (r) were calculated comparing mRNA expression of
A2bAR to KLF4. C and D, human preadipocytes were isolated and differentiated to adipocytes for 10 days as described previously (24, 25). During differentia-
tion, cells were treated with increasing concentrations (0, 0.1, 0.3, 1, 3, and 10 �M) of ciglitazone, a thiazolidinedione and potent and selective PPAR� ligand (C),
BAY 60-6583 (BAY) (D), or vehicle control (DMSO) every other day during induction. On day 10, adipocytes were stained with BODIPY fluorescent fatty acid
(which becomes incorporated into lipid filled cells), and relative fluorescence compared with vehicle treatment was measured using a Tecan microplate reader.
Cell viability was determined by CellTiter-Blue assay. The percent stimulation of adipogenesis (measured by adipocyte staining) and toxicity over control
treatment was determined for each concentration (n � 3). Data are mean � S.E. ***, p � 0.001 compared with vehicle treatment at the same concentration.
Analyses were performed by Spearman correlation coefficient (A and B) or by Student’s t test (C and D).
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We propose that A2bAR signaling, via a sustained elevation
in KLF4, is an upstream determinant of preadipocyte fate. Acti-
vation of the A2bAR inhibits adipocyte differentiation and ter-
minal expression of proadipogenic transcription factors
(PPAR� and C/EBP-�) and fat-specific genes (e.g. aP2, perilipin,
and adiponectin) and reduces lipid accumulation. A2bAR acti-
vation greatly increases the expression of the transcription fac-
tor KLF4, which is part of a family of zinc finger transcription
factors implicated in the regulation of proliferation and differ-
entiation (43). KLF proteins have been shown to play a role in
adipogenesis (44 – 46). A previous study in 3T3-L1 cells
reported that cAMP induced an increase in KLF4 expression
soon after induction and that KLF4 enhanced adipocyte differ-
entiation as a coactivator of C/EBP-� expression (20). However,
in a supplemental figure, the authors showed that high levels of
KLF4 also inhibited adipogenesis and concluded that the level
and timing of KLF4 expression need to be regulated tightly
during differentiation (20). In this sense, our results are in
accordance with this finding, although our studies are per-
formed in primary progenitors isolated from the adipose tissue
of mice, which could have a somewhat different response to
KLF4 elevation than 3T3-L1 cells. The novelty in our report
also resides in showing that the inhibitory action of A2bAR on
adipogenesis is dependent on KLF4.

The inhibitory effect of A2bAR on adipocyte differentiation
appears to be partially through an increase in cAMP and acti-
vation of PKA. The role of cAMP in adipogenesis has been
highly debated (47). Because methylisobutylxanthine, a phos-
phodiesterase inhibitor, is commonly used to induce adipogen-
esis in culture, cAMP has been considered to be proadipogenic.
Furthermore, cAMP response element-binding protein has
been shown to be necessary and sufficient for adipogenesis in
3T3-L1 cells by activating adipogenic inducers (like C/EBP-�)
and repressing adipogenic inhibitors (48 –52). However, several
reports have shown that expression of the G� subunit inhibits
adipogenesis in 3T3-L1 and 3T3-F442A cells (53–58). In our
studies with primary SVCs, treatment with forskolin, 6-MB-
cAMP, or BAY 60-6583 inhibits adipocyte differentiation,
albeit to varying degrees. The differential effect of cAMP induc-
ers on adipocyte differentiation may be due to different timing
and levels of cAMP induction or due to compartmentalization
of the A2bAR, adenylate cyclase, and effector molecules in
microdomains (59). Increased intracellular calcium has been
shown to inhibit adipogenesis (40, 41, 60). Therefore, the ability
of A2bAR to increase cAMP as well as intracellular calcium via
coupling to both Gs and Gq (39) may allow a more effective
inhibition of adipogenesis.

Importantly, we show that A2bAR activation inhibits adi-
pocyte differentiation from human preadipocyte precursors.
Furthermore, A2bAR and KLF4 expression are strongly corre-
lated in the subcutaneous and visceral adipose tissue of obese
individuals. This suggests that the A2bAR-KLF4 axis is relevant
in human pathology, and modifying the activity of the receptor
may be a potential therapeutic avenue in controlling KLF4 lev-
els and adipogenesis. In light of evolving research regarding the
use of A2bAR agonists and antagonists in treating human dis-
ease (61, 62), it is important to consider the other consequences
of modulating A2bAR signaling in vivo.

Adenosine is released from adipocytes within the adipose
tissue (7, 63). ATP, which is released from cells following
inflammation and ischemia, is converted to adenosine extracel-
lularly by ectonucleotidases, which are present on the extracel-
lular membrane of adipocytes (64, 65). Adenosine, in this sense,
is a cell stress sensor and may act to prevent adipocyte differ-
entiation during times when there is local cellular stress.

It has been shown that changes in bone and fat masses are
correlated inversely (66 – 69). Considering our previous
report of enhanced osteoblast differentiation by A2bAR sig-
naling (70) and our current finding that activation of the
A2bAR inhibits adipogenesis and increases the expression of
KLF4, a stem cell factor, it follows that the A2bAR may be an
important mediator of lineage determination. A comparison
of the gene expression profiles of differentiated fibroblasts
and human mesenchymal stem cells (bone marrow- and adi-
pose tissue-derived) identified KLF4 as a key gene regulating
stem cell fate (71). Therefore, our study suggests that signal-
ing through the A2bAR is important in modulating KLF4
expression and, consequently, stem cell determination.

Taken together, the strong relationship between the A2bAR
and KLF4 in human adipose tissue may have significant impli-
cations for adipose tissue biology and pathology. Furthermore,
the newly identified link between A2bAR and KLF4 expression
suggests a larger role for the A2bAR in coordinating and regu-
lating stem cell determination and differentiation. Hence, our
study implicates the A2bAR as a regulator of adipocyte differ-
entiation and, on a broader scale, stem cell fate.
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