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PFKFB3 is the gene that codes for the inducible isoform of
6-phosphofructo-2-kinase (iPFK2), a key regulatory enzyme
of glycolysis. As one of the targets of peroxisome proliferator-
activated receptor � (PPAR�), PFKFB3/iPFK2 is up-regu-
lated by thiazolidinediones. In the present study, using
PFKFB3/iPFK2-disrupted mice, the role of PFKFB3/iPFK2 in
the anti-diabetic effect of PPAR� activation was determined.
In wild-type littermate mice, PPAR� activation (i.e. treatment
with rosiglitazone) restored euglycemia and reversed high fat
diet-induced insulin resistance and glucose intolerance. In con-
trast, PPAR� activation did not reduce high fat diet-induced
hyperglycemia and failed to reverse insulin resistance and glu-
cose intolerance in PFKFB3�/� mice. The lack of anti-diabetic
effect in PFKFB3�/� mice was associated with the inability of
PPAR� activation to suppress adipose tissue lipolysis and
proinflammatory cytokine production, stimulate visceral fat
accumulation, enhance adipose tissue insulin signaling, and
appropriately regulate adipokine expression. Similarly, in cul-
tured 3T3-L1 adipocytes, knockdown of PFKFB3/iPFK2 less-
ened the effect of PPAR� activation on stimulating lipid accu-
mulation. Furthermore, PPAR� activation did not suppress
inflammatory signaling in PFKFB3/iPFK2-knockdown adi-
pocytes as it did in control adipocytes. Upon inhibition of
excessive fatty acid oxidation in PFKFB3/iPFK2-knockdown
adipocytes, PPAR� activation was able to significantly reverse
inflammatory signaling and proinflammatory cytokine expres-
sion and restore insulin signaling. Together, these data demon-

strate that PFKFB3/iPFK2 is critically involved in the anti-dia-
betic effect of PPAR� activation.

Peroxisome proliferator-activated receptor � (PPAR�)5 is a
nuclear receptor whose activation by thiazolidinediones
(TZDs) effectively improves systemic insulin sensitivity and
lowers plasma glucose levels in both humanpatients and rodent
models of type 2 diabetes (1–8). Because TZDs are effective in
liver- or muscle-specific PPAR�-deficient mice (9, 10) but not
in adipose tissue-deleted mice (11) and adipose-specific
PPAR�-deficient mice (12), adipose tissue has been considered
as the primary target site for the anti-diabetic effect of PPAR�
activation (13, 14). Further investigations have suggested two
adipose tissue-based mechanisms to largely explain the anti-
diabetic effect of PPAR� activation (6, 15). In the first mecha-
nism, PPAR� activation by TZDs appropriately alters the
expression of adipocyte genes that are involved in lipogenesis
and triglyceride synthesis to increase the capacity of fat storage
in adipose tissue (16–19). This leads to reduction of the circu-
lating levels of free fatty acids (FFA) and thereby reversal of
FFA-induced insulin resistance. In the second mechanism,
PPAR� activation by TZDs suppresses the adipose tissue
inflammatory response (20, 21) and appropriately regulates adi-
pokine expression (6, 22, 23). This improves adipose tissue
function, which in turn brings about the insulin-sensitizing
effect (6). However, the molecular link between the two mech-
anisms remains to be elucidated.
Upon activation of PPAR�, a number of PPAR� target genes

are altered to promote fat storage in adipose tissue (16, 24–26).
For example, TZDs stimulate the expression of glycerol kinase
(GyK), which increases triglyceride synthesis in adipocytes by
providing glycerol 3-phosphate as a key substrate (16). Simi-
larly, PPAR� activation stimulates the expression of the cyto-
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solic isoform of phosphoenolpyruvate carboxykinase (PEPCK)
in adipocytes (24, 25). This increases glyceroneogenesis and
provides another way to synthesize glycerol 3-phosphate and
consequently triglycerides in adipocytes/adipose tissue (27, 28).
At this point, although the stimulatory effect of PPAR� activa-
tion on GyK and PEPCK expression is increasingly docu-
mented, the involvement of GyK and/or PEPCK in the anti-
diabetic effect of PPAR� activation requires further exploration
(29, 30). Furthermore, there are no published data to address
whether or not GyK and/or PEPCK are involved in the anti-
inflammatory effect of PPAR� activation. In response to TZDs,
the expression of several proinflammatory genes is decreased in
the adipose tissue in both rodents andhumanpatientswith type
2 diabetes (18, 31). Further, PPAR� activation in both adipose
tissue macrophages and adipocytes contributes to the suppres-
sion of the adipose tissue inflammatory response (21, 32). To
date, mediators that are involved in the effect of PPAR� activa-
tion on adipocyte inflammatory response are largely unknown.
PFKFB3/iPFK2 is a target gene of PPAR� (33) and is stim-

ulated by TZDs (34). The expression of PFKFB3/iPFK2 is at
high levels in adipose tissue and at very low levels in the liver
and skeletal muscle (34, 35). We have recently demonstrated a

pivotal role for PFKFB3/iPFK2 in
regulating adipose tissue function
and systemic insulin sensitivity
(36). Mechanistically, PFKFB3/
iPFK2 protects against fatty acid
oxidation-associated reactive oxy-
gen species (ROS) production,
thereby reducing inflammatory sig-
naling through JNK1 and NF-�B
pathways to suppress adipocyte
inflammatory response (36). How-
ever, the extent to which PFKFB3/
iPFK2 participates in the in vivo
effects of PPAR� activation is not
known. Using PFKFB3/iPFK2-dis-
ruptedmice, the present study dem-
onstrates that PFKFB3/iPFK2 is
involved in the anti-diabetic effect
of PPAR� activation, probably by
increasing the ability of adipose
tissue to store fat and by suppress-
ing adipose tissue inflammatory
response. In addition, the mecha-
nisms underlying the involvement
of PFKFB3/iPFK2 in the effects of
PPAR� activation are explored in
cultured 3T3-L1 adipocytes.

EXPERIMENTAL PROCEDURES

Animal Experiments—Because
homozygous disruption of PFKFB3/
iPFK2 is embryonic lethal (35),
PFKFB3�/� mice, provided by Drs.
Telang and Chesney (University
of Louisville), were generated as
described previously (35) and used

for the present study. Considering that rosiglitazone lowers
the levels of plasma glucose and improves systemic insulin
sensitivity only in diabetic mice, male PFKFB3�/� and wild-
type littermates (C57BL/6J background) were fed a high fat
diet (HFD) prior to treatment with rosiglitazone. It has been
recently shown that feeding an HFD to PFKFB3�/� mice
exacerbates systemic insulin resistance and adipose tissue
inflammatory response (36). Briefly, all mice were main-
tained as previously described (36). At the age of 5–6 weeks,
mice were fed an HFD (60% fat calories, 20% protein calories,
and 20 carbohydrate calories) (Research Diets, Inc., New
Brunswick, NJ) for 12 weeks. During the last 4 weeks of the
feeding regimen, HFD-fed mice were treated with rosiglita-
zone (10 mg/kg/day in PBS; Avandia tablets) or vehicle (PBS)
via oral gavages. As the control, the age-matched male mice
were fed a low fat diet (10% fat calories, 20% protein calories,
and 70% carbohydrate calories) and received no treatment.
The composition of both HFD and low fat diet has been
described previously (36). Body weight and food intake of the
mice were recorded every 4 days during the 12-week feeding
period. At the end of the feeding/treatment regimen, mice
were fasted for 4 h before sacrifice for collection of blood and

FIGURE 1. Disruption of PFKFB3/iPFK2 blunts the anti-diabetic effect of PPAR� activation. Male
PFKFB3�/� mice and wild-type littermates, at the age of 5– 6 weeks, were fed an HFD for 12 weeks and treated
with rosiglitazone (10 mg/kg/day) or vehicle (PBS) during the last 4 weeks of HFD feeding. Data are means �
S.E. (error bars), n � 6. A, changes in the levels of plasma glucose. As the control, the age-matched male
PFKFB3�/� mice and wild-type littermates were fed a low fat diet (LFD) and received no treatment. All of the
mice were fasted for 4 h before collection of blood samples. **, p � 0.01, rosiglitazone versus vehicle within the
same genotype. †, p � 0.05; ††, p � 0.01, PFKFB3�/� versus wild type on an HFD with the same treatment
(rosiglitazone or vehicle). For B and C, mice were fasted for 4 h and received an intraperitoneal injection of
D-glucose (2 g/kg) (B) or insulin (0.5 units/kg) (C). *, p � 0.05; **, p � 0.01, wild type/rosiglitazone versus wild
type/vehicle. †, p � 0.05; ††, p � 0.01, PFKFB3�/�/rosiglitazone versus wild type/rosiglitazone. B, glucose
tolerance test. C, insulin tolerance test. D, changes in the levels of plasma insulin. Mice were fed and/or treated
as described in A. Statistical analyses were identical to those in A.
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tissue samples as described previously (36–39). Visceral fat
content was estimated as the sum of epididymal, mesenteric,
and perinephric fat depots (36, 38). After weighing, lipolysis
rates were determined on adipose tissue samples. Some tis-
sue samples were either fixed and embedded for histological
analyses or frozen in liquid nitrogen and then stored at
�80 °C for further analyses. Some mice were fasted similarly

and used for glucose and insulin tolerance tests. For a sepa-
rate study to analyze the role of PPAR� in regulating PFKFB3
expression, PPAR�2�/� mice and their wild-type littermates
were generated as described before (40) and used for adipose
tissue sample collection and embryonic fibroblast isolation
(see below). All study protocols were reviewed and approved
by the Institutional Animal Care and Use Committees of
Texas A&M University and the University of Michigan.
Measurement ofMetabolite andHormone Levels—The levels

of plasma metabolites, such as glucose, triglycerides, and FFA,
weremeasured usingmetabolic assay kits (Sigma andBioVision
(Mountain View, CA)). The levels of plasma hormones (i.e.
insulin and leptin) were measured using enzyme-linked immu-
nosorbent assay kits (Crystal Chem Inc., Downers Grove, IL).
The levels of adipose tissue fructose 2,6-bisphosphate (F26P2)
were determined using the 6-phosphofructo-1-kinase activa-
tion method as described previously (39).
Glucose and Insulin Tolerance Tests—The assays were con-

ducted as previously described (39). After fasting for 4 h, mice
received a peritoneal injection of D-glucose (2 g/kg) or insulin
(0.5 unit/kg) (Humulin�, Lilly).
Measurement of Adipose Tissue Lipolysis—The assays were

conducted as described previously (36, 41, 42). Briefly, freshly
isolated adipose tissue samples were washed several times
with PBS and incubated in a final volume of 1 ml of high glu-

cose Dulbecco’s modified Eagle’s
medium containing 2% fatty acid-
free bovine serum albumin in the
presence or absence of 10 �M iso-
proterenol at 37 °C for 3 h. Aliquots
of themediumwere sampled hourly
to quantify glycerol content using
metabolic kits (BioVision, Moun-
tain View, CA). The rate of lipolysis
was estimated as the efflux of
glycerol.
Histological Analyses of Adipose

Tissue—The paraffin-embedded adi-
pose tissue blocks were cut into sec-
tions of 5-�m thickness and stained
with hematoxylin and eosin.
Cell Culture and Treatment—

3T3-L1 cells were maintained in
high glucose Dulbecco’s modified
Eagle’s medium and differentiated
in induction medium for 6–8 days
as described previously (36). To
clarify the role of PPAR� activation
in stimulating PFKFB3 expression,
differentiated 3T3-L1 cells were
treated with a PPAR� agonist,
Wy14643 (10 �M) or GW7647 (0.1
�M); a dual agonist of PPAR� and
PPAR�, GW0742 (0.2 �M); a PPAR�
agonist, GW501516 (0.2 �M); a
PPAR� agonist, GW7845 (0.2 �M)
or rosiglitazone (1 �M); or vehicle
(0.1% DMSO) for 24 h and har-

FIGURE 2. Disruption of PFKFB3/iPFK2 impairs the response of adipose tissue PFKFB3/iPFK2 but not
other PPAR� target genes to PPAR� activation. At the age of 5– 6 weeks, male PFKFB3�/� mice and
wild-type littermates were fed an HFD for 12 weeks and treated with rosiglitazone (10 mg/kg/day) or
vehicle (PBS) during the last 4 weeks of HFD feeding. At the end of the feeding/treatment regimen, mice
were fasted for 4 h before collection of tissue samples. Epididymal adipose tissue samples were used for
the analyses. A, the mRNA levels of PFKFB3 were measured using real-time RT-PCR. B, adipose tissue iPFK2
was determined using Western blot. C, adipose tissue F26P2 levels were determined using the 6-phospho-
fructo-1-kinase activation method. D, representative PCR products of adipose tissue genes. E, quantifica-
tion of the expression of adipose tissue genes. Rosi, rosiglitazone. For A, C, and E, data are means � S.E.
(error bars), n � 6. *, p � 0.05; **, p � 0.01, rosiglitazone versus vehicle within the same genotype (in A and
C) or wild type/rosiglitazone versus wild type/vehicle and PFKFB3�/�/rosiglitazone versus PFKFB3�/�/
vehicle for the same gene (in E). †, p � 0.05; ††, p � 0.01, PFKFB3�/� versus wild type with the same
treatment (rosiglitazone or vehicle in A and C).

TABLE 1
General metabolic characteristics
At the age of 5–6 weeks, male PFKFB3�/� mice and wild-type littermates were fed
an HFD for 12 weeks. During the last 4 weeks of the HFD feeding regimen, mice
were treated with rosiglitazone (10 mg/kg/day in PBS) or vehicle (PBS). Data are
means � S.E., n � 6. TG, triglycerides.

Wild type PFKFB3�/�

Vehicle Rosiglitazone Vehicle Rosiglitazone

Body weight (g)a
Prior to treatment 42.7 � 1.2 43.7 � 0.8 36.4 � 1.0b 36.8 � 0.9b
Post treatment 43.4 � 1.3 46.9 � 1.0c,d 36.7 � 1.0b 37.3 � 1.0b

Food intake (g/day) 1.9 � 0.1 2.1 � 0.2 2.0 � 0.1 2.0 � 0.1

Plasma parameters
FFA (mM) 0.2 � 0.03 0.1 � 0.02c 0.3 � 0.02b 0.3 � 0.04b
TG (mg/dl) 48 � 3 41 � 1c 52 � 2 53 � 6b
Leptin (ng/dl) 62 � 4 79 � 1c 43 � 4b 37 � 4b

a Body weight of the mice was recorded before and 4 weeks after treatment with
rosiglitazone or vehicle.

b p � 0.05 PFKFB3�/� vs. wild-type with the same treatment (rosiglitazone or
vehicle).

c p � 0.05 rosiglitazone versus vehicle for the same genotype.
dp � 0.05 post-treatment versus prior to treatment (rosiglitazone).

Involvement of iPFK2 in the Effect of PPAR� Activation

JULY 30, 2010 • VOLUME 285 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 23713

 at U
N

IV
E

R
S

IT
Y

 T
O

W
N

 LIB
R

A
R

Y
 O

F
 S

H
E

N
Z

H
E

N
, on O

ctober 31, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


vested for further analyses. In addition, mouse embryonic
fibroblast cells were isolated from PPAR�2�/� mice and
PPAR�2�/� mice and treated with retrovirus containing the
cDNA of PPAR�1, PPAR�2, or control as described previously
(40). The treated mouse embryonic fibroblast cells were then
harvested to determine changes in themRNA levels of PFKFB3.
Using a PFKFB3 promoter-luciferase construct, the effect of
PPAR�2 overexpression on activating PFKFB3 promoter was
determined by the luciferase assay as described by Cao et al.
(43). To explore the direct role of PFKFB3/iPFK2 inmodulating
the effect of PPAR� activation, stable PFKFB3/iPFK2-knock-
down (iPFK2-KD) 3T3-L1 cells and control (iPFK2-Ctrl)
3T3-L1 cells were used. These cells have been previously estab-
lished (36). During the last 48 h of differentiation, both
iPFK2-KD and iPFK2-Ctrl adipocytes were treatedwith rosigli-
tazone (1 �M) or vehicle (0.1%DMSO) and used to quantify the
expression of PPAR� target genes as well as for further analyses
using the methods described below.
To quantify adipocyte lipid content, the cells were stained

with Oil Red O. The lipid-associated dye was extracted with
isopropyl alcohol for 15min. TheOD of the extraction solution
was measured using a spectrophotometer at 510 nm (40). To
determine the rate of glucose incorporation into lipid, eachwell
(6-well plate) of the cells was incubated with Dulbecco’s modi-
fied Eagle’s medium supplemented with 1 �Ci of [U-14C]glu-
cose for 24 h as described previously (44). After sequential
extraction with 30% KOH, 95% ethanol, 9 M H2SO4, and petro-
leum ether, the amount of 14C-labeled lipids was quantified
using a Beckman liquid scintillation counter. To analyze
inflammatory signaling, the cells were incubatedwith palmitate
(250 �M) or vehicle (0.5% bovine serum albumin) for 24 h. Cell
lysates were then prepared and used for Western blots to mea-
sure the levels and phosphorylation states of JNK and NF-�B
p65. To determine adipocyte expression of proinflammatory
cytokines and adipokines, the total RNA of the cells was pre-
pared and used for real-time RT-PCR. To determine changes in
insulin signaling, the cells were treated with or without insulin
(100 nM) for 30 min prior to harvest. Cell lysates were prepared
and used to measure the levels and phosphorylation of Akt
using Western blots.
PFKFB3/iPFK2-knockdown-associated increase in fatty acid

oxidation triggers adipocyte inflammatory response (36),
whichmay account for lessening or blunting of the anti-inflam-
matory effect of PPAR� activation. To verify this concept, the
differentiated stable iPFK2-KDand iPFK2-Ctrl adipocyteswere
treated with rosiglitazone (1 �M) or vehicle (0.1% DMSO) for
48 h. In the last 24 h, 100�M etomoxir (an inhibitor of carnitine
palmitoyltransferase-1), with or without palmitate (250 �M),
was added to rosiglitazone-treated cells. Thereafter, the cells
were used to measure the production of ROS using the nitro
blue tetrazolium assay as described previously (45) or harvested
to analyze adipocyte inflammatory response and insulin signal-
ing as described above.
RNA Isolation, Reverse Transcription, and Real-time PCR—

The total RNA was isolated from frozen tissue samples and
cultured cells. RNA isolation and real-time RT-PCR were con-
ducted as described previously (36, 39). The mRNA levels were
analyzed for PFKFB3, GyK, PEPCK, PPAR�, resistin, adiponec-

tin, tumor necrosis factor � (TNF�), and interleukin-6 (IL-6) in
adipose tissue samples and/or cell samples.
Western Blots—Lysates were prepared from frozen tissue

samples and cultured cells. Western blots were conducted as
described previously (38, 39). The levels of JNK, phospho-JNK,
NF-�B p65, phospho-p65, Akt1/2, and phospho-Akt (Ser473)
were analyzed.
Statistical Methods—Numeric data are presented as means �

S.E. Statistical significancewas assessed by unpaired, two-tailed
analysis of variance or Student’s t test. Differences were consid-
ered significant at the two-tailed p � 0.05.

RESULTS

Disruption of PFKFB3/iPFK2 Blunts the Anti-diabetic Effect
of PPAR� Activation—After a feeding of an HFD, wild-type
littermates exhibited insulin resistance, glucose intolerance,
and hyperglycemia. In these wild-type mice, treatment with
rosiglitazone for 4 weeks normalized the levels of plasma glu-
cose (169.67 � 6.05 versus 242.59 � 6.23 mg/dl, p � 0.01; Fig.
1A) and corrected glucose intolerance and insulin resistance
(Fig. 1,B andC) comparedwith vehicle. Additionally, treatment
with rosiglitazone lowered the circulating levels of insulin (Fig.
1D) as well as FFA and triglycerides (Table 1), indicating the

FIGURE 3. Disruption of PFKFB3/iPFK2 lessens the effect of PPAR� activa-
tion on increasing adipose tissue fat storage. At the age of 5– 6 weeks,
male PFKFB3�/� mice and wild-type littermates were fed an HFD for 12 weeks
and treated with rosiglitazone (10 mg/kg/day) or vehicle (PBS) during the last
4 weeks of HFD feeding. At the end of the feeding/treatment regimen, mice
were fasted for 4 h before collection of tissue samples. For A and B, data are
means � S.E. (error bars), n � 6. *, p � 0.05 rosiglitazone versus vehicle within
the same genotype (in A and B) in the presence of the same condition (in A,
basal or isoproterenol). †, p � 0.05; ††, p � 0.01, PFKFB3�/� versus wild type
with the same treatment (in A and B, rosiglitazone or vehicle) in the presence
of the same condition (in A, basal or isoproterenol). A, the rates of adipose
tissue lipolysis were measured under both basal and isoproterenol-stimu-
lated conditions. B, visceral fat content was estimated from the sum of epi-
didymal, mesenteric, and perinephric fat mass. C, adipose tissue histology.
The sections of epididymal fat pad were stained with hematoxylin and eosin.
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reversal of hyperinsulinemia and hyperlipidemia. These data
confirmed the anti-diabetic effect of PPAR� activation. Con-
sistent with our previous study (36), feeding an HFD to
PFKFB3�/� mice exacerbated systemic insulin resistance and
adipose tissue inflammatory response. In these PFKFB3/iPFK2-
disrupted mice, treatment with rosiglitazone only caused an
insignificant decrease in the levels of plasma glucose (263.14 �
13.20 versus 297.05 � 12.30 mg/dl; Fig. 1A) and failed to
improve insulin resistance and glucose intolerance. Thus, dis-
ruption of PFKFB3/iPFK2 blunts the anti-diabetic effect of
PPAR� activation.
Disruption of PFKFB3/iPFK2 Impairs the Response of Adipose

Tissue PFKFB3/iPFK2 but Not Other PPAR� Target Genes to
PPAR� Activation—TZDs primarily target adipose tissue (11,
12) and stimulate the expression of PFKFB3/iPFK2 in adipo-
cytes (34). In response to treatments with various PPAR activa-
tors, PFKFB3/iPFK2 in 3T3-L1 adipocytes was increased in a
PPAR� activation-specific manner (supplemental Fig. S1A).
Additionally, PPAR�2 appears to mediate most of the effects of
PPAR� activation on stimulating PFKFB3/iPFK2 (supple-
mental Fig. S1, B–D). To address the link between adipose
tissue PFKFB3/iPFK2 and the anti-diabetic effect of PPAR�
activation, the response of adipose tissue PFKFB3/iPFK2 to ros-
iglitazone was determined. Compared with vehicle, rosiglita-
zone treatment caused a significant increase in the mRNA

levels of adipose PFKFB3/iPFK2
in wild-type littermates, confirming
the stimulatory effect of PPAR�
activation. However, this stimula-
tory effect was markedly lessened in
PFKFB3�/� mice (Fig. 2, A and B).
Because PFKFB3/iPFK2 determines
the production of F26P2, the levels
of adipose tissue F26P2 were quan-
tified to reflect PFKFB3/iPFK2
activity. Consistent with an increase
in the mRNA levels of PFKFB3/
iPFK2, the levels of adipose tissue
F26P2 were significantly higher in
rosiglitazone-treated wild-type mice
than in vehicle-treated wild-type
mice (3.54� 0.48 versus 1.77� 0.21
nmol/g, p� 0.05; Fig. 2C). However,
in PFKFB3�/� mice, rosiglitazone
only caused a slight and insignifi-
cant increase in the levels of
F26P2 compared with vehicle (1.29�
0.29 versus 0.92 � 0.08 nmol/g).
These data suggest that two intact
PFKFB3/iPFK2 alleles are necessary
for mice to fully respond to PPAR�
activation.
To address whether disruption of

PFKFB3/iPFK2 impairs the re-
sponse of other PPAR� target genes
to PPAR� activation, the expression
of GyK and PEPCK as well as
PPAR� in the adipose tissue was

determined. Under the basal condition (treatment with vehi-
cle), the expression of the GyK, PEPCK, and PPAR� in
PFKFB3�/� mice did not differ from that in wild-type mice
(Fig. 2,D and E). Furthermore, in response to PPAR� activation
by rosiglitazone treatment, the expression of GyK and PEPCK
in PFKFB3�/� mice was increased to an extent comparable
with that in wild-type littermates (Fig. 2, D and E). These data
indicate that PPAR� expression, PPAR� translocation to cell
nuclei, and activation of PPAR�-targeted genes are not dis-
turbed in PFKFB3�/� mice.
Disruption of PFKFB3/iPFK2 Lessens the Effect of PPAR�

Activation on Increasing Adipose Tissue Fat Storage—Increas-
ing adipose tissue fat storage, to a large extent, accounts for the
anti-diabetic and insulin-sensitizing effects of PPAR� activa-
tion (16, 18, 26). In the present study, changes in the levels of
plasma FFAand triglycerides aswell as the rate of adipose tissue
lipolysis, the content of visceral fat, and the size of epididymal
adipocytes were determined to address the extent to which
PPAR� activation increases the ability of adipose tissue to store
fat in the mice. In wild-type littermates, treatment with rosigli-
tazone caused a significant decrease in the levels of plasma FFA
and triglycerides (Table 1), which was associated with a
decrease in adipose tissue lipolysis and an increase in visceral
fat content (Fig. 3, A and B). However, in PFKFB3�/� mice,
treatment with rosiglitazone did not bring about significant

FIGURE 4. Disruption of PFKFB3/iPFK2 blunts the effects of PPAR� activation on suppression of HFD-
induced adipose tissue inflammatory response and on reversal of adipose tissue dysfunction. At the age
of 5– 6 weeks, male PFKFB3�/� mice and wild-type littermates were fed an HFD for 12 weeks and treated with
rosiglitazone (10 mg/kg/day) or vehicle (PBS) during the last 4 weeks of HFD feeding. At the end of the feeding/
treatment regimen, mice were fasted for 4 h before the collection of tissue samples. Rosi, rosiglitazone.
A, changes in inflammatory signaling were analyzed using Western blots. B, quantification of inflammatory
signaling (arbitrary units). C, changes in adipose mRNA levels of TNF� and IL-6. D, changes in adipose mRNA
levels of resistin and adiponectin. For B and D, data are means � S.E. (error bars), n � 6. *, p � 0.05; **, p � 0.01,
wild type/rosiglitazone versus wild type/vehicle for the same gene. †, p � 0.05; ††, p � 0.01 PFKFB3�/�/vehicle
versus wild type/vehicle or PFKFB3�/�/rosiglitazone versus wild type/rosiglitazone for the same gene. For
C and D, the expression of adipose tissue genes was measured using real-time RT-PCR. E, adipose tissue insulin
signaling was analyzed using Western blot. Adipose tissue samples were collected at 5 min after a bolus
injection of insulin (1 unit/kg) into the portal vein. P-p54, phospho-p54; P-p46, phospho-p46; P-Akt,
phospho-Akt.
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changes in any of the above parameters. Additionally, the size of
epididymal adipocyteswasmuch larger in rosiglitazone-treated
wild-type mice than in rosiglitazone-treated PFKFB3�/� mice
(Fig. 3C). Together, these data demonstrate that disruption of
PFKFB3/iPFK2 lessens the effect of PPAR� activation on
increasing adipose tissue fat storage.
Disruption of PFKFB3/iPFK2 Blunts the Effects of PPAR�

Activation on Suppression of HFD-induced Adipose Tissue
Inflammatory Response and on Reversal of Adipose Tissue
Dysfunction—Suppression of adipose tissue inflammatory
response is one of themajormechanisms bywhich PPAR� acti-
vation reverses insulin resistance and corrects hyperglycemia
(6, 21, 46). The effects of PPAR� activation on adipose tissue
inflammatory signaling and proinflammatory cytokine expres-
sion were determined. In HFD-fed wild-type littermates, treat-
ment with rosiglitazone brought about a decrease in the phos-
phorylation of JNK1 andNF-�Bp65 (Fig. 4,A andB), whichwas
accompanied by a significant decrease in the mRNA levels of
TNF� and IL-6 comparedwith treatmentwith vehicle (Fig. 4C).
Because suppression of adipose tissue inflammatory response is
linked to reversal of adipose tissue dysfunction (6, 47), adipose
expression of adipokines and insulin signaling were analyzed.
Compared with vehicle, treatment with rosiglitazone caused a
decrease in adipose mRNA levels of resistin and an increase in
adipose mRNA levels of adiponectin (Fig. 4D) and an increase
in insulin-stimulated phosphorylation of Akt (Fig. 4E), all of
which contributed to the effects of PPAR� activation on rever-
sal of systemic insulin resistance and on correction of hypergly-
cemia. However, in PFKFB3�/� mice, treatment with rosiglita-
zone did not effectively suppress adipose tissue inflammatory
signaling and the mRNA levels of TNF� and IL-6 compared
with treatment with vehicle (Fig. 4, A–C). Additionally, treat-
ment with rosiglitazone did not appropriately alter adipose
expression of resistin and adiponectin as it did in wild-type
mice (Fig. 4D) and failed to increase insulin-stimulated phos-
phorylation of Akt (Fig. 4E). Collectively, these data demon-
strate that disruption of PFKFB3/iPFK2 blunts the effects of
PPAR� activation on suppressing HFD-induced adipose
inflammatory response and on reversing adipose tissue
dysfunction.
Knockdown of PFKFB3/iPFK2 Lessens the Effect of PPAR�

Activation on StimulatingAdipocyte LipidAccumulation—The
direct role of PFKFB3/iPFK2 inmodulating the effect of PPAR�
activation on lipid accumulation was explored in iPFK2-KD
and iPFK2-Ctrl 3T3-L1 adipocytes. Compared with that in
iPFK2-Ctrl cells, the amount of iPFK2 was low and was not
increased by rosiglitazone treatment in iPFK2-KD adipocytes
(Fig. 5A). Under the basal condition (treatment with vehicle),
iPFK2-KD adipocytes accumulated less lipid than did iPFK2-
Ctrl adipocytes (Fig. 5, B and C), which was attributed to a
decrease in the rate of glucose incorporation into lipid (Fig. 5D).
After treatment with rosiglitazone, iPFK2-KD adipocytes
exhibited amuch smaller increase in lipid accumulation and the
rate of glucose incorporation into lipid than did iPFK2-Ctrl
adipocytes. This occurred where the response of GyK and
PEPCK to PPAR� activation in iPFK2-KD adipocytes was com-
parable with that in iPFK2-Ctrl adipocytes (supplemen-
tal Fig. S2), indicating the importance of PFKFB3/iPFK2 to the

effect of PPAR� activation on stimulating adipocyte lipid accu-
mulation. These data, consistent with those observed in rosigli-
tazone-treated PFKFB3�/� mice, demonstrate that adipocyte
PFKFB3/iPFK2 is needed, at least in part, for PPAR� activation
to increase adipose tissue fat storage.
Knockdown of PFKFB3/iPFK2 Diminishes the Effects of

PPAR� Activation on Suppression of Adipocyte Inflammatory
Response and on Improvement of Adipocyte Function—The
direct role of PFKFB3/iPFK2 in modulating the effects of
PPAR� activation on adipocyte inflammatory response and on
adipocyte function was explored. In iPFK2-Ctrl adipocytes,
treatment with rosiglitazone caused a significant decrease in
palmitate-stimulated phosphorylation of JNK1 and NF-�B p65
(Fig. 6, A and B), which was accompanied by a decrease in the
mRNA levels of TNF� and IL-6 (Fig. 6C). In contrast, treatment
of iPFK2-KD adipocytes with rosiglitazone did not effectively
bring about a significant decrease in palmitate-stimulated
phosphorylation of JNK1 andNF-�B p65 and failed to suppress
the mRNA levels of TNF� and IL-6 (Fig. 6, A–C). These data,
along with those observed in rosiglitazone-treated PFKFB3�/�

mice, suggest that the intact PFKFB3/iPFK2 in adipocytes is
needed, at least in part, for PPAR� activation to suppress adi-
pose tissue inflammatory response.
Increased inflammatory response contributes to inappropri-

ate expression of adipokines and decreased insulin signaling in
adipocytes (36). To analyze the direct involvement of PFKFB3/
iPFK2 in the effect of PPAR� activation on adipocyte function,
the mRNA levels of resistin and adiponectin as well as insulin
signaling were determined in rosiglitazone- or vehicle-treated
iPFK2-KD and iPFK2-Ctrl adipocytes. Compared with vehicle,

FIGURE 5. Knockdown of PFKFB3/iPFK2 lessens the effect of PPAR� acti-
vation on stimulating adipocyte lipid accumulation. After differentiation
for 6 – 8 days, stable iPFK2-KD and iPFK2-Ctrl adipocytes were treated with
rosiglitazone (Rosi; 1 �M) or vehicle (0.1% DMSO) for 48 h. Thereafter, the
treated cells were subjected to the assays described under “Experimental
Procedures.” A, adipocyte iPFK2 was determined using Western blot. B, rep-
resentative images of adipocyte lipid content. Yellow bar, 500 �m. For C and
D, data are means � S.E. (error bars), n � 4. **, p � 0.01, iPFK2-KD/vehicle or
iPFK2-Ctrl/rosiglitazone versus iPFK2-Ctrl/vehicle; ††, p � 0.01, iPFK2-KD/Rosi
versus iPFK2-Ctrl/rosiglitazone. C, quantification of adipocyte lipid accumula-
tion (arbitrary units). D, changes in the rate of glucose incorporation into lipid.
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treatment with rosiglitazone caused a decrease in the mRNA
levels of resistin and an increase in the mRNA levels of adi-
ponectin in iPFK2-Ctrl adipocytes (Fig. 6D). Additionally,
treatment with rosiglitazone brought about an increase in insu-
lin-stimulated phosphorylation ofAkt in iPFK2-Ctrl adipocytes
(Fig. 6E). However, these beneficial effects of rosiglitazonewere
diminished in iPFK2-KD adipocytes. Together, these data sug-
gest that PFKFB3/iPFK2 is directly involved in the effect of
PPAR� activation on improving adipocyte function.
Inhibition of Fatty Acid Oxidation Restores the Effects of

PPAR� Activation on Both Suppression of Adipocyte Inflamma-
tory Response and Stimulation of Adipocyte Insulin Signaling—
PFKFB3/iPFK2 links fuel metabolism and inflammatory response
in adipocytes via suppression of fatty acid oxidation-associated
productionofROS(36).Theextent towhichPFKFB3/iPFK2mod-
ulates the effect of PPAR� activation on ROS production was
determined. Compared with that in iPFK2-Ctrl adipocytes, the
ROS production was higher in iPFK2-KD adipocytes under the
basal condition (without palmitate) and was markedly in-
creased in the palmitate-stimulated condition (Fig. 7A).
Upon treatment with rosiglitazone, the ROS production was
low in iPFK2-Ctrl adipocytes and remained unchanged upon
the addition of palmitate. However, in iPFK2-KD adipocytes,
rosiglitazone treatment did not significantly decrease the basal
ROS production and failed to blunt the palmitate-induced
increase in ROS production (Fig. 7A). It appears that PFKFB3/

iPFK2-knockdown-associated in-
crease in ROSproduction blunts the
beneficial effects of PPAR� ac-
tivation in iPFK2-KD adipocytes.
Next, we determined the extent to
which correction of excessive ROS
production restores the effects of
PPAR� activation on inflammatory
response and insulin signaling in
iPFK2-KD adipocytes. Upon inhi-
bition of fatty acid oxidation by
etomoxir, palmitate-stimulated ROS
production in iPFK2-KD adipocytes
was decreased to a level comparable
with that in untreated iPFK2-Ctrl
adipocytes (Fig. 7B). Under this
condition, treatment with rosiglita-
zone brought about a decrease in
the phosphorylation of JNK1 and
NF-�B p65 as well as themRNA lev-
els of TNF� and IL6 in iPFK2-KD
adipocytes to their respective levels
comparable with those in rosiglita-
zone-treated iPFK2-Ctrl adipocytes
(Fig. 7, C and D). These effects did
not occur in iPFK2-KD adipocytes
in the absence of etomoxir (see
above; Fig. 6, A–C). Additionally,
upon supplementation of etomoxir,
treatment with rosiglitazone in-
creased the phosphorylationofAkt in
iPFK2-KD adipocytes in the pres-

ence of palmitate (Fig. 7E), which was also not observed in
iPFK2-KD adipocytes incubated without etomoxir (see above;
Fig. 6E). Collectively, these data suggest that inhibition of
excessive fatty acid oxidation restores the effects of PPAR�
activation on both suppression of adipocyte inflammatory
response and stimulation of adipocyte insulin signaling in
iPFK2-KD adipocytes.

DISCUSSION

PFKFB3/iPFK2 has been identified as a target gene of PPAR�
since the finding that troglitazone, an early TZD, increases
PFKFB3/iPFK2 expression in adipocytes (33, 34). In the present
study, two lines of evidence were obtained to further demon-
strate the role of PPAR� in controlling PFKFB3/iPFK2 expres-
sion. Notably, disruption of PPAR�2 decreased PFKFB3/iPFK2
expression, whereas PPAR�2 overexpression rescued this
defect. In addition, agonist(s) for PPAR� but not PPAR� and/or
PPAR� stimulated the expression of adipocyte PFKFB3/iPFK2,
which was attributed to transcription activation of the pro-
moter of PFKFB3. Interestingly, the metabolic phenotype of
PFKFB3/iPFK2-disrupted mice (36) was similar to that of
PPAR�2-disrupted mice (40) and adipose tissue-specific
PPAR�-knock-out mice on an HFD (12). This leads to the
hypothesis that PFKFB3/iPFK2 is critically involved in the anti-
diabetic effect of PPAR� activation. To test this hypothesis,
using PFKFB3/iPFK2-disrupted mice and PFKFB3/iPFK2-

FIGURE 6. Knockdown of PFKFB3/iPFK2 diminishes the effects of PPAR� activation on both suppression of
adipocyte inflammatory response and improvement of adipocyte function. After differentiation for 6–8 days,
stable iPFK2-KD and iPFK2-Ctrl adipocytes were treated with rosiglitazone (Rosi; 1 �M) or vehicle (0.1% DMSO) for
48 h in the presence or absence of palmitate (Pal; 250 �M) for the last 24 h. Thereafter, the treated cells were
subjected to the assays described under “Experimental Procedures.” A, changes in inflammatory signaling were
analyzed using Western blots. For B–D, data are means � S.E., n � 4. B, quantification of inflammatory signaling
(arbitrary units). Left, phospho-JNK1 (P-JNK1)/JNK1; right, phospho-p65 (P-p65)/p65. **, p � 0.01, iPFK2-Ctrl treated
with Rosi versus iPFK2-Ctrl treated without Rosi in the presence or absence of Pal. ††, p � 0.01, iPFK2-KD versus
iPFK2-Ctrl under the same condition. For C and D, the expression of proinflammatory cytokines (C) and adipokines
(D) was measured using real-time RT-PCR. *, p � 0.05, iPFK2-Ctrl/rosiglitazone versus iPFK2-Ctrl/vehicle for the same
gene. ††, p � 0.01, iPFK2-KD/vehicle versus iPFK2-Ctrl/vehicle or iPFK2-KD/rosiglitazone versus iPFK2-Ctrl/rosiglita-
zone for the same gene. E, adipocyte insulin signaling was analyzed using Western blot. Before harvest, the cells
were incubated with or without insulin (100 nM) for 30 min. P-p46, phospho-p46.
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knockdown 3T3-L1 adipocytes, the present study determined
the extent to which PFKFB3/iPFK2 accounts for the anti-dia-
betic effect of PPAR� activation.

PFKFB3/iPFK2 is involved in the effect of PPAR� activation
on increasing adipose tissue fat storage. Notably, rosiglitazone-
stimulated adipocyte lipid accumulation, due largely to an

increase in glucose incorporation
into lipid, is positively correlated
with the amount of PFKFB3/iPFK2.
In our previous study, we have dem-
onstrated that PFKFB3/iPFK2 in-
creases adipose tissue/adipocyte fat
accumulation by stimulation of gly-
colysis-derived lipogenesis and tri-
glyceride synthesis (36). In the pres-
ent study, rosiglitazone failed to
increase adipose tissue fat storage in
PFKFB3�/� mice, which indicates
the importance of PFKFB3/iPFK2 to
the effect of PPAR� activation on
fat storage. In addition to PFKFB3/
iPFK2, GyK and PEPCK are also up-
regulated in response to PPAR�
activation in adipocytes (16, 24, 25).
The role of these two enzymes in
participation of PPAR� activation-
mediated fat storage has been spec-
ulated. In PFKFB3�/� mice, the re-
sponse of adiposeGyK andPEPCK to
rosiglitazone remained intact, sug-
gesting a normal activation of adi-
pose tissue PPAR� in the presence
of PFKFB3/iPFK2 disruption. How-
ever, the normal response of GyK

FIGURE 7. Inhibition of fatty acid oxidation restores the effects of PPAR� activation on both suppression of
adipocyte inflammatory response and stimulation of adipocyte insulin signaling. After differentiation for 6–8
days, stable iPFK2-KD and iPFK2-Ctrl adipocytes were treated with rosiglitazone (Rosi; 1 �M) or vehicle (0.1% DMSO)
for 48 h. In the last 24 h, the cells were incubated with or without etomoxir (Eto; 100 �M) in the presence or absence
of palmitate (Pal; 250 �M) for 24 h. Thereafter, the treated cells were subjected to the assays described under
“Experimental Procedures.” For A and B, the production of ROS was measured using the nitro blue tetrazolium assay.
Data are means � S.E. (error bars), n � 4. A, ††, p � 0.01, iPFK2-KD versus iPFK2-Ctrl under the same condition. ‡, p �
0.05, iPFK2-KD in the presence of palmitate versus iPFK2-KD in the absence of palmitate under treatment with
rosiglitazone. B, ††, p � 0.01 iPFK2-KD versus iPFK2-Ctrl in the absence of etomoxir; ‡‡, p � 0.01 iPFK2-KD in the
presence of etomoxir versus iPFK2-KD in the absence of etomoxir. C, changes in adipocyte inflammatory signaling.
D, changes in adipocyte expression of proinflammatory cytokines. Data are means � S.E. (error bars), n � 4. †, p �
0.05; ††, p � 0.01, iPFK2-KD/etomoxir/DMSO versus iPFK2-KD/vehicle (Vehi)/DMSO for the same gene. ‡‡, p � 0.01,
iPFK2-KD/etomoxir/rosiglitazone versus iPFK2-KD/Vehi/DMSO; *, p � 0.05, iPFK2-KD/etomoxir/rosiglitazone versus
iPFK2-KD/etomoxir/DMSO. E, changes in adipocyte insulin signaling. Before harvest, the cells were incubated with
or without insulin (100 nM) for 30 min.

FIGURE 8. Involvement of PFKFB3/iPFK2 in the effects of PPAR� activation in adipocytes. Under the condition of overnutrition (A), adipocytes exhibit an
increase in inflammatory response, which is brought about at least in part by excessive fatty acid oxidation. Upon activation of PPAR� (B), an increase in the
expression of PFKFB3/iPFK2 enhances glycolysis to facilitate the synthesis of triglycerides (TG) via generating glycerol-3-phosphate and FFA (derived from
acetyl-CoA following pyruvate oxidation). As a result, an increase in channeling FFA to triglyceride synthesis reduces fatty acid oxidation-associated production
of ROS, thereby suppressing inflammatory signaling pathways through JNK1 and NF-�B and decreasing the expression of proinflammatory cytokines. DHAP,
dihydroxyacetone phosphate; GLUT4, glucose transporter 4; FATP, fatty acid transport protein.
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and PEPCK to rosiglitazone in PFKFB3�/� mice was not suffi-
cient to compensate for the PFKFB3/iPFK2 disruption-associ-
ated decrease in the ability of adipose tissue to store fat. A pos-
sible explanation directly linked to the biochemical properties
of these enzymes is that PFKFB3/iPFK2 generates both acetyl-
CoA and glycerol 3-phosphate as the required substrates for
lipogenesis and triglyceride synthesis in adipocytes (36),
whereas GyK and PEPCK appear to only generate glycerol
3-phosphate via direct phosphorylation of glycerol (16) and
through glyceroneogenesis (17), respectively. Also, it is possible
that the stimulatory effects of GyK and PEPCK on adipocyte/
adipose tissue fat storage were offset by the PFKFB3/iPFK2 dis-
ruption-associated increase in adipose tissue fatty acid oxida-
tion, given that PFKFB3/iPFK2 has an indirect effect on
suppression of adipocyte fatty acid oxidation (36). Based on the
current data, the possibility that PFKFB3/iPFK2 disruption
generated an environment that could not allow GyK and/or
PEPCK to stimulate fat storage cannot be ruled out and will be
investigated by future study.
The contribution of PFKFB3/iPFK2 to the anti-diabetic

effect of PPAR� activation is also attributable to the suppressive
effect of PFKFB3/iPFK2 on adipocyte inflammatory response.
Treatment with rosiglitazone brought about a decrease in
HFD-stimulated adipose mRNA levels of TNF� and IL-6 in
wild-type mice but not in PFKFB3�/� mice. Further, a direct
role for PFKFB3/iPFK2 in mediating the anti-inflammatory
effect of PPAR� activation was confirmed in a cell culture sys-
tem. In PFKFB3/iPFK2-knockdown 3T3-L1 adipocytes, rosigli-
tazone did not decrease palmitate-induced mRNA levels of
TNF� and IL-6 as it did in control adipocytes. This PFKFB3/
iPFK2-knockdown-associated defect resulted in an inefficiency
of rosiglitazone to decrease adipose resistinmRNA levels and to
increase adiponectin mRNA levels in both PFKFB3�/� mice
and PFKFB3/iPFK2-knockdown adipocytes, which indicated
adipose tissue/adipocyte dysfunction (47–49) and contributed
to the lack of anti-diabetic effect in rosiglitazone-treated
PFKFB3�/� mice.
In the adipose tissue, both macrophages and adipocytes are

key determinants of overnutrition-induced adipose tissue
inflammatory response (50–53). Attention has been increas-
ingly paid to the effect of PPAR� activation on suppression of
the proinflammatory function of macrophages (21, 54, 55).
Considering the importance of adipocyte PPAR� activation to
whole-body insulin sensitivity (8), the present study focused on
the effect of PPAR� activation on adipocyte inflammatory
response.We observed that treatment with rosiglitazone effec-
tively reduced the phosphorylation of JNK1 and NF-�B p65 in
control adipocytes but not in PFKFB3/iPFK2-knockdown adi-
pocytes. This is consistent with the observation that rosiglita-
zone blunted palmitate-induced ROS production in control
adipocytes but not in PFKFB3/iPFK2-knockdown adipocytes.
When PFKFB3/iPFK2 disruption-associated excessive fatty
acid oxidationwas brought downwith etomoxir treatment, ros-
iglitazone was able to decrease inflammatory response and
stimulate insulin signaling in PFKFB3/iPFK2-knockdown adi-
pocytes. Clearly, PFKFB3/iPFK2 contributes to the anti-inflam-
matory effect of PPAR� activation through a mechanism

involving suppression of excessive fatty acid oxidation in
adipocytes.
In conclusion, the present study provides data to support the

involvement of PFKFB3/iPFK2 in the anti-diabetic effect of
PPAR� activation. This role of PFKFB3/iPFK2 is evidenced by
the fact that the intact PFKFB3/iPFK2 allows rosiglitazone to
increase fat storage in the adipocytes/adipose tissue and to sup-
press adipocyte/adipose tissue inflammatory response. Mecha-
nistically, the way by which PFKFB3/iPFK2 links two adipose
tissue-based mechanisms underlying the anti-diabetic effect of
PPAR� activation is attributable to the effect of PFKFB3/iPFK2
on regulating adipocyte lipogenesis and triglyceride synthesis
as well as adipocyte fatty acid oxidation-related ROS produc-
tion and inflammatory response (Fig. 8). These results indicate
that selective activation of adipocyte PFKFB3/iPFK2 may be a
viable approach to generating the beneficial effects of PPAR�
activation in the treatment of type 2 diabetes.
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