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Adiposity is commonly associated with adipose tissue dys-
function and many overnutrition-related metabolic diseases
including type 2 diabetes. Much attention has been paid to
reducing adiposity as a way to improve adipose tissue function
and systemic insulin sensitivity. PEKFB3/iPFK2 is a master reg-
ulator of adipocyte nutrient metabolism. Using PFKFB3*/~
mice, the present study investigated the role of PFKFB3/iPFK2
in regulating diet-induced adiposity and systemic insulin resis-
tance. On a high-fat diet (HFD), PFKFB3*'~ mice gained much
less body weight than did wild-type littermates. This was attrib-
uted to a smaller increase in adiposity in PFKFB3*/~ mice than
in wild-type controls. However, HFD-induced systemic insulin
resistance was more severe in PFKFB3*/~ mice than in wild-
type littermates. Compared with wild-type littermates,
PFKFB3*'~ mice exhibited increased severity of HFD-induced
adipose tissue dysfunction, as evidenced by increased adipose
tissue lipolysis, inappropriate adipokine expression, and
decreased insulin signaling, as well as increased levels of proin-
flammatory cytokines in both isolated adipose tissue macro-
phages and adipocytes. In an in vitro system, knockdown of
PFKFB3/iPFK2 in 3T3-L1 adipocytes caused a decrease in the
rate of glucose incorporation into lipid but an increase in the
production of reactive oxygen species. Furthermore, knock-
down of PFKFB3/iPFK2 in 3T3-L1 adipocytes inappropri-
ately altered the expression of adipokines, decreased insulin
signaling, increased the phosphorylation states of JNK and
NFkB p65, and enhanced the production of proinflammatory
cytokines. Together, these data suggest that PFKFB3/iPFK2,
although contributing to adiposity, protects against diet-in-
duced insulin resistance and adipose tissue inflammatory
response.
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As demonstrated by numerous data generated from high fat
diet (HFD)>-fed rodents, overnutrition is associated with adi-
posity and systemic insulin resistance. For example, feeding an
HED to rats for 10 weeks causes a significant increase in visceral
fat mass, which is accompanied by a decrease in systemic insu-
lin sensitivity as evidenced by decreased rate of clamp glucose
infusion (1). Similarly, after a feeding of HFD for 20 weeks, both
of the two different strains of wild-type mice gain a significant
increase in fat mass, which is associated with systemic insulin
resistance and glucose intolerance (2). A recent study even indi-
cates that feeding an HFD to mice for only 6 weeks is sufficient
to induce adiposity and systemic insulin resistance (3). Further-
more, as documented in mice lacking the myotonic dystrophy
protein kinase, a larger augmentation in adiposity is accompa-
nied by a greater increase in the severity of systemic insulin
resistance (3). Because of this, adiposity has been generally
viewed as an important contributor of systemic insulin resis-
tance (3—7). On the other hand, reducing adiposity has been
considered as an effective way to reverse systemic insulin resis-
tance (1, 8). However, adiposity is not necessarily associated
with systemic insulin resistance. This is particularly true in
genetically modified mice and in mice treated with pharmaco-
logical agents (9-13). Following the investigation into the
insight of altered systemic insulin sensitivity, it has been sug-
gested that adipose tissue dysfunction is far more important
than adiposity in terms of causing systemic insulin resistance
(13-16).

Mounting evidence points to a pivotal role for overnutrition-
related inflammation in causing adipose tissue dysfunction and
thereby systemic insulin resistance. In mice fed an HFD,
chronic low grade inflammation in adipose tissue is evident and
characterized by an increase in macrophage infiltration and

3 The abbreviations used are: HFD, high fat diet; iPFK2, inducible 6-phospho-
fructo-2-kinase; F26P,, fructose-2,6-bisphosphate; 6PFK1, 6-phospho-
fructo-1-kinase; PPARea, peroxisome proliferator-activated receptor «;
PGC1, peroxisome proliferative-activated receptor v, coactivator 1; CPT1,
carnitine palmitoyltransferase-1; JNK, c-Jun N-terminal kinase; NFkB,
nuclear factor kB; TNFa, tumor necrosis factor «; IL, interleukin; DMEM,
Dulbecco’s modified Eagle’s medium; ROS, reactive oxygen species; LFD,
low fat diet.
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proinflammatory cytokine production (17, 18). This brings
about adipose tissue dysfunction, demonstrated by an increase
in the production pro-hyperglycemic factors such as free fatty
acids and resistin and a decrease in the production of anti-
hyperglycemic factors such as adiponectin (4, 15, 19, 20). These
changes, along with increased production of proinflammatory
cytokines such as tumor necrosis factor « (TNFa) and interleu-
kin 6 (IL-6) from both adipocytes and adipose tissue macro-
phages, impair insulin signaling in insulin-sensitive tissues
including the liver and skeletal muscle, leading to systemic
insulin resistance (21-26). In contrast, treatment with thiazo-
lidinediones ameliorates adipose tissue inflammation, which in
turn contributes, at least in part, to the reversal of diet-induced
adipose tissue dysfunction and systemic insulin resistance (13,
27). For this reason, adipose tissue inflammation is of particular
importance to the regulation of systemic insulin sensitivity.

PFKFB3 is the gene that codes for the inducible 6-phospho-
fructo-2-kinase (iPFK2) that is highly expressed in adipose tis-
sue (28). PFKFB3/iPFK2 generates fructose-2,6-bisphosphate
(F26P,), which in turn activates 6-phosphofructo-1-kinase
(6PFK1) to enhance glycolysis (29, 30). This effect is involved in
adipocyte lipogenesis and triglyceride synthesis (28). However,
it is unknown whether the metabolic properties of PFKFB3/
iPFK2 are related to the regulation of adipose tissue function, in
particular adipose tissue inflammatory response. The present
study provides evidence to support a novel role for PFKFB3/
iPFK2 in regulating diet-induced systemic insulin resistance
and adipose tissue inflammatory response in a manner inde-
pendent of adiposity.

EXPERIMENTAL PROCEDURES

Animal Experiments—Homozygous disruption of PFKFB3/
iPFK?2 is embryonic lethal (31). Thus, PEKFB3"/~ mice, gener-
ated as previously described (31), were used in the present
study. Wild-type littermates (C57BL/6] background) were used
as the control. All mice were maintained on a 12:12-h light-dark
cycle (lights on at 06:00). At the age of 5— 6 weeks, mice were fed
an HFD (60% fat calories, 20% protein calories, and 20 carbo-
hydrate calories) or low-fat diet (LFD) (10% fat calories, 20%
protein calories, and 70 carbohydrate calories) for 12 weeks.
Both diets are products of Research Diets, Inc (New Brunswick,
NJ) and contain the same of amount of casein, L-cysteine, cel-
lulose, soybean oil, and minerals. However, the HFD contains
much more lard and maltodextrin but much less sucrose and no
corn starch compared with the LFD. During the 12-week feed-
ing period, body weight, and food intake of the mice were
recorded every 4 days. After the feeding regimen, mice were
fasted for 4 h before sacrifice for collection of blood and tissue
samples (32-34). After anesthesia with pentobarbital (50 mg/kg
body weight) via intraperitoneal injection, the abdomen was
quickly opened. Epididymal, mesenteric, and perinephric fat
depots were dissected and weighed as visceral fat content (33).
After weighing, adipose tissue samples were either fixed and
embedded for histological and immunohistochemical analyses
or frozen in liquid nitrogen and then stored at —80 °C for fur-
ther analyses. Some mice were fasted similarly and used for
insulin and glucose tolerance tests and insulin signaling analy-
ses. All study protocols were reviewed and approved by the
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Institutional Animal Care and Use Committees of Texas A&M
University and the University of Minnesota.

Determination of PFKFB3 mRNA, iPFK2 Amount, and F26P,
Level—PFKFB3 mRNA and iPFK2 amount in the adipose tissue
were determined using real-time RT-PCR and Western blot,
respectively, as described below. Similarly, the amount of iPFK2
in the brown adipose and liver tissues was determined using
Western blot. The levels of F26P, were measured using the
6PFK1 activation method (32).

Measurement of Adipose Tissue Lipolysis—Assays were con-
ducted in the same ways as described by Berger (35) and Haem-
merle (36). Briefly, freshly isolated adipose tissue samples were
washed several times with phosphate-buffered saline and incu-
bated in a final volume of 1 ml of high glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 2% fatty acid-free
bovine serum albumin with or without 10 uMm isoproterenol at
37 °C for 3 h. Aliquots of the medium were collected hourly to
quantify glycerol content using metabolic kits (BioVision,
Mountain View, CA). Lipolysis was estimated as the efflux of
glycerol.

Insulin and Glucose Tolerance Tests—Mice were fasted for
4 h and received an intraperitoneal injection of insulin (1 unit/
kg) or p-glucose (2 g/kg). For insulin tolerance tests, blood sam-
ples (5 ul) were collected from the tail vein before and at 15, 30,
45, and 60 min after the bolus insulin injection. Similarly, for
glucose tolerance tests, blood samples were collected from the
tail vein before and at 30, 60, 90, and 120 min after the glucose
bolus injection (34).

Measurement of Plasma Metabolic Parameters—The levels
of plasma glucose, triglycerides, and free fatty acids were mea-
sured using metabolic assay kits (Sigma and BioVision, Moun-
tain View, CA). The levels of plasma insulin and leptin were
measured using ELISA Kkits (Crystal Chem Inc., Downers
Grove, IL).

Histological and Immunohistochemical Analyses of Adipose
Tissue—The paraffin-embedded adipose tissue blocks were cut
into sections of 5-um thickness and stained with hematoxylin
and eosin. In addition, the sections were stained for the expres-
sion of F4/80 with rabbit anti-F4/80 (1:100) (AbD Serotec,
Raleigh, NC) as previously described (17, 37). The fraction of
F4/80-expressing cells for each sample is calculated as the sum
of the number of nuclei of F4/80-expressing cells divided by the
total number of nuclei in sections of a sample. Six fields per slide
were included, and a total of 4 — 6 mice per group were used.

Isolation of Stromal Vascular Cells (Macrophages) and Adi-
pocytes from Adipose Tissue—Stromal vascular cells (SVCs) and
adipocytes were isolated using the collagenase digestion
method as previously described (13). After digestion and cen-
trifugation, the pelleted cells were collected as SVCs, and the
floating cells were harvested as adipocytes.

Cell Culture and Treatment—3T3-L1 cells were maintained
in high glucose DMEM supplemented with 10% fetal bovine
serum, 100 units/ml penicillin and 100 pg/ml streptomycin. To
differentiate 3T3-L1 cells, the 2-day post-confluent cells were
incubated in growth medium supplemented with 10 ug/ml
insulin, 1 uMm dexamethasone, and 0.5 mwm 3-isobutyl-1-meth-
ylxanthine for 48 h, followed by incubation for an additional
6—8 days in growth medium supplemented with 10 ug/ml
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insulin. To knock down PFKFB3/iPFK2, predifferentiated
3T3-L1 cells were transfected with the plasmid containing
shRNA against mouse PFKFB3 (iPFK2-KD) (OriGene, Rock-
ville, MD) with Lipofectamine™ 2000 Transfection Reagent
(Invitrogen, Carlsbad, CA) following the manufacturer’s proto-
col. Similarly, predifferentiated 3T3-L1 cells were transfected
with shRNA vector (iPFK2-Ctrl) and served as the control.
After transfection for 24 h, the cells were induced for differen-
tiation for 6—8 days. Thereafter, iPFK2-KD adipocytes and
iPFK2-Ctrl adipocytes, as well as un-transfected adipocytes
were used for the following assays. Some transfected prediffer-
entiated 3T3-L1 cells were selected with puromycin (5 pg/ml)
to establish stable iPFK2-KD and iPFK2-Ctrl cell lines for fur-
ther analyses.

To verify PFKFB3/iPFK2 knockdown, cell lysates were pre-
pared and used to determine iPFK2 amount using Western
blot. To determine the rate of glucose incorporation into lipid,
each well (6-well plate) of the cells was incubated with DMEM
supplemented with 1 uCi of [U-"*C]-glucose for 24 h as previ-
ously described (38). After sequential extraction with 30%
KOH, 95% ethanol, 9 m H,SO,, and petroleum ether, the
amount of '*C lipids was quantified using a Beckman liquid
scintillation counter. To quantify adipocyte lipid content, the
cells were stained with Oil Red O. The lipid-associated dye was
extracted with isopropanol for 15 min. The optical density
(OD) of the extraction solution was measured using spectro-
photometer at 510 nm (9). To determine the status of adipocyte
oxidative stress, the cells were treated with palmitate (250 wm)
or vehicle for 24 h and used to measure the production of reac-
tive oxygen species (ROS) using the nitroblue tetrazolium
(NBT) assay as previously described (39). Additionally, after
differentiation, stable iPFK2-KD and iPFK2-Ctrl adipocytes
were treated with or without palmitate (250 um) for 24 h. In the
last hour of treatment, 100 um etomoxir (an inhibitor of carni-
tine palmitoyltransferase-1, CPT1) or 10 mm N-acetyl-L-cys-
teine (an antioxidant) was added, and the production of ROS
was determined. To determine adipocyte expression of adipo-
kines and proinflammatory cytokines, the total RNA of the cells
was prepared and used for real-time RT-PCR. To determine
changes in inflammatory signaling, the cells were treated with
or without lipopolysaccharides (LPS, 100 ng/ml) for 1 h prior to
harvest. Cell lysates were prepared and used to measure the
levels and phosphorylation states of JNK and NF«B p65 using
Western blots. 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
thelevels and phosphorylation state of Akt using Western blots.

RNA Isolation, Reverse Transcription, Real-time PCR, and
Microarray—The total RNA was isolated from frozen tissue
samples and cultured/isolated cells. RNA isolation and real-
time RT-PCR were conducted as previously described (34). The
mRNA levels were analyzed for PFKFB3, F4/80, TNFq, IL-6,
resistin, adiponectin, peroxisome proliferator-activated recep-
tor a (PPAR«a), PPARYy co-activator 1 (PGC1), and CPT1 in
adipose tissue samples and/or cell samples. Additionally, the
RNA of adipose tissue samples from HFD-fed PFKFB3 ™/~ mice
and wild-type littermates were used for mouse Agilent 44K
microarray using methods as previously described (40, 41).
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Western Blots—Lysates were prepared from frozen tissue
samples and cultured cells. Western blots were conducted as
previously described (33, 34). The levels of iPFK2, Aktl/2,
phospho-Akt (Serd73), JNK, phospho-JNK, NF«kB p65, and
phospho-p65 were analyzed.

Statistical Methods—Numeric data are presented as
means * S.E. Statistical significance was assessed by unpaired,
two-tailed analysis of variance or Student’s ¢ test. Differences
were considered significant at the two-tailed p < 0.05.

RESULTS

Disruption of PFKFB3/iPFK2 Decreases iPFK2 Expression
and Activity in Adipose Tissue—The expression profile of
PFKFB3/iPFK2 was determined in various tissues in wild-type
mice. Among the key tissues that are involved in the regulation
of systemic insulin sensitivity and metabolic homeostasis,
PFKFB3/iPFK2 is expressed at high levels in the adipose tissue
and expressed at very low levels in the liver and muscle (Fig.
1A). These data suggest that PFKFB3/iPFK2-associated meta-
bolic changes are due primarily to alteration of PEKFB3/iPFK2
in the adipose tissue. In this regard, PFKFB3*/~ mice were used
to examine changes in PFKFB3 mRNA and iPFK2 amount and
activity in the adipose tissue. Disruption of PFKFB3/iPFK2 was
confirmed using PCR (Fig. 1B). This resulted in decreased
PFKFB3/iPFK2 expression at both the mRNA and protein levels
(Fig. 1, Cand D). Because PFKFB3/iPFK2 determines the produc-
tion of F26P,,, the levels of adipose tissue F26P,, were quantified as
a direct indicator of iPFK2 activity. In PFKFB3™/~ mice, the levels
of adipose tissue F26P,, were significantly lower than those in wild-
type littermates (Fig. 1E). Since the PFKFB3 mRNA was also
expressed in both the liver and brown adipose tissue, the amount
of iPFK2 in these two tissues was determined. Compared with that
in epididymal adipose tissue, the amount of iPFK2 was less abun-
dant in the brown adipose tissue (Fig. 1D). Additionally, the
amount of iPFK2 was undetectable in the liver (Fig. 1F).

Disruption of PFKFB3/iPFK2 Blunts HFD-induced
Adiposity—Feeding an HFD to mice induces adiposity (2, 16).
To determine the effect of PFKFB3/iPFK2 disruption on diet-
induced adiposity, PEKFB3*/~ mice and wild-type littermates
were started on an HFD. As the control, PEKFB3*/~ mice and
wild-type littermates were fed a LED. Following the diet feeding
for a period of 12 weeks, PFKFB3"/~ mice weighed only slightly
lesser than wild-type littermates on a LFD. However, on an
HFD, PFKFB3*/~ mice exhibited a much smaller gain in body
weight than did wild-type littermates (Fig. 24). This was attrib-
uted, at least in part, to a smaller increase in visceral fat content
(Fig. 2, B-D). Consistently, the adipocytes in PFKFB3*/~ mice
were markedly less enlarged than in wild-type littermates in
response to HFD feeding as determined by histology (Fig. 2E).
To determine the possible contribution of food intake to the
difference in body weight and adiposity, food intake of the mice
was also monitored. However, there was no difference in food
intake (data no shown).

Disruption of PFKFB3/iPFK2 Exacerbates HFD-induced Adi-
pose Tissue Dysfunction and Systemic Insulin Resistance—Feeding
an HFD to mice leads to adipose tissue dysfunction, which con-
tributes to the development of systemic insulin resistance (42,
43). To determine the effect of PFKFB3/iPFK2 disruption on
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FIGURE 1. Disruption of PFKFB3/iPFK2 decreases iPFK2 expression and activity in adipose tissue. A, wild-
type C57BL/6J mice were used for analyses. PFKFB3 is abundantly expressed in epididymal (Epi) and inguinal
(Ing) white adipose tissue. BAT, brown adipose tissue. Data are means = S.E,, n = 4. 11, p < 0.01 versus liver.
B, PCR analyses of mouse genomic DNA using an exon 2-specific primer with a neomycin-specific primer (+/—,
heterozygous) or an exon 3-specific primer (+/+, wild-type). For Cand E, dataare means = S.E,.n = 4-6.**,p <
0.01 PFKFB3*/~ versus wild-type. C, levels of PFKFB3 mRNA in epididymal adipose tissue were quantified using

real-time RT-PCR. D, amount of iPFK2

in both epididymal adipose tissue and brown adipose tissue was

measured using Western blot. E, levels of F26P, in epididymal adipose tissue were determined using the
6PFK1 activation method. F, amount of iPFK2 in the liver was determined using Western blot.
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FIGURE 2. Disruption of PFKFB3/iPFK2 blunts HFD-induced adiposity. At the age of 5- 6 weeks, PFKFB3 ¥/~
mice and wild-type littermates were fed an HFD or LFD for 12 weeks. For A, C,and D, data are means * S.E.,.n =
6.% p < 0.05and **, p < 0.01 HFD-PFKFB3 ™/~ versus HFD-wild-type; 1, p < 0.05 LFD-PFKFB3 ™/~ versus LFD-
wild-type. A, changes in body weight. B-D, changes in visceral fat content. The sum of epididymal, mesenteric,
and perinephric fat mass was estimated as visceral fat content. E, adipose tissue histology. The sections of
epididymal fat pad were stained with hematoxylin and eosin.
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HFD-induced adipose tissue dys-
function, changes in adipose tissue
lipolysis, adipokine expression, and
adipose tissue insulin signaling were
analyzed. Compared with those in
HFD-fed wild-type littermates, the
rates of adipose tissue lipolysis were
significantly higher in HFD-fed
PFKFB3 "/~ mice under both basal
and isoproterenol-stimulated con-
ditions (Fig. 34). When the expres-
sion of adipokines was measured,
the mRNA levels of resistin were
increased, and the mRNA levels of
adiponectin were decreased in
the adipose tissue in HFD-fed
PFKFB3*/~ mice compared with
their respective levels in HFD-fed
wild-type littermates (Fig. 3B). When
insulin signaling was measured, HFD-
fed PFKFB3*/~ mice exhibited a
marked decrease in insulin-stimu-
lated Akt phosphorylation (Fig. 3C),
indicating exacerbation of adipose tis-
sue insulin resistance. In combina-
tion, these data suggest that disrup-
tion of PFKFB3/iPFK2 increases the
severity of HFD-induced adipose tis-
sue dysfunction.

To determine changes in sys-
temic insulin sensitivity, insulin and
glucose tolerance tests were con-
ducted. On an HFD, insulin resis-
tance and glucose intolerance were
more severe in PFKFB3"/~ mice
than in wild-type littermates (Fig. 3,
D and E), which were correlated
with adipose tissue dysfunction
well. Additionally, the levels of
plasma glucose were significantly
higher in PEKFB3 "/~ mice than in
wild-type littermates on both a LFD
and HFD (Table 1). Consistent with
changes in adiposity, the levels of
plasma leptin were lower in
PFKFB3*/~ mice than in wild-type
littermates on an HFD (Table 1).
This may also contribute to exacer-

bation of insulin resistance in
PFKFB3™/~ mice.
Disruption of PFKFB3/iPFK2

Exacerbates HFD-induced Adipose
Tissue Inflammatory Response and
Increases Adipose Expression of
Genes Involved in Fatty Acid
Oxidation—Feeding an HFD to
mice induces adipose tissue inflam-
mation, which is characterized by
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C termates (Fig. 4, A and B). Addition-
ally, HED feeding did not increase
adipose tissue mRNA levels of F4/80
in PFKFB3™/~ mice as did in wild-
type mice (Fig. 4C), which is consis-
tent with changes in macrophage
infiltration in the adipose tissue. In
contrast, the mRNA levels of TNFa
and IL-6 in adipose tissue were
higher in HFD-fed PFKFB3*/~
mice than in HFD-fed wild-type lit-
termates (Fig. 4D). Furthermore,
o similar trends were also observed in

b the mRNA levels of TNFa and IL-6
in macrophages and adipocytes iso-
lated from the adipose tissue
(Fig. 4, E and F). These data suggest
that disruption of PFKFB3/iPFK2
increases HFD-induced adipose

Wild-type PFKFB3*-

Insulin - + - +

ke

0 15 30 45 60 min

intraperitoneal injection of insulin (1 units/kg) (D) or p-glucose (2 g/kg) (E).

TABLE 1
Changes in the levels of plasma metabolites and insulin

At the age of 5-6 weeks, PEKFB3*/~ mice and wild-type littermates were fed an
HED or LED for 12 weeks. After the feeding regimen, mice were fasted for 4 h before
collection of plasma samples. Data are means = S.E., n = 6.

Wild-type PFKFB3*/~

Glucose (mg/dl)

LFD 156 + 16 202 = 11“

HFD 238 = 6° 308 =+ 8~¢
Insulin (ng/ml)

LFD 21*03 32*13

HFD 53+ 1.6% 8.1 +0.8%°
Leptin (ng/ml)

LFD 42+ 1.3 2.0 £0.7

HFD 65.0 = 6.6” 43.8 = 3.7%"
Free fatty acids (mm)

LFD 01*0 0.2 = 0¢

HFD 0.2 +0.14 0.3 =07
Triglycerides (mg/dl)

LFD 34+ 1 40 = 3¢

HFD 48 + 4 51 + 24

“p < 0.05 PFKFB3™/~ vs. wild-type on the same diet.
? p < 0.01 HED vs. LFD for the same genotype.
€p < 0.01 PFKFB3"/~ vs. wild-type on the same diet.
@ p < 0.05 HED vs. LED for the same genotype.

macrophage infiltration and increased proinflammatory cyto-
kine expression (17, 18). These indicators were determined to
analyze the effect of PFKFB3/iPFK2 disruption. Compared with
LFD-fed mice, HFD-fed PEKFB3 /™ mice, and wild-type litter-
mates both revealed macrophage infiltration into the adipose
tissue (data of LFD-fed mice not shown). However, PFKFB3 "/~
mice exhibited a smaller increase in HFD-induced macrophage
infiltration in the adipose tissue compared with wild-type lit-
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FIGURE 3. Disruption of PFKFB3/iPFK2 exacerbates HFD-induced adipose tissue dysfunction and sys-
temic insulin resistance. At the age of 5- 6 weeks, PFKFB3 ™/~ mice and wild-type littermates were fed an HFD
for 12 weeks. For A, B, D, and E, data are means *+ S.E, n = 6.%,p < 0.05 and **, p < 0.01 HFD-PFKFB3 "/~ versus
HFD-wild-type. A, rates of adipose tissue lipolysis were measured under both basal and isoproterenol-stimu-
lated conditions. B, changes in the mRNA levels of adipose tissue resistin and adiponectin. C, adipose tissue
insulin signaling. After anesthesia by an intraperitoneal (i.p.) injection of pentobarbital (50 mg/kg body
weight), mice were injected with insulin (1 units/kg) or PBS into the inferior vena cava (i.v.) and epididymal
adipose tissue samples were collected 5-min later. For D and E, mice were fasted for 4 h and received an

tissue inflammatory response al-
though it causes less macrophage
infiltration. Consistent with in-
creased adipose tissue inflamma-
tory response, HFD-fed PFKFB3 ™/~
mice showed a greater increase in
the severity of adipose tissue dys-
function (see above). Given that
HFD-fed PFKFB3*/~ mice exhib-
ited alesser increase in adiposity than did HFD-fed wild-type
littermates, disruption of PFKFB3/iPFK2 appears to increase
HFD-induced adipose tissue inflammatory response in a
manner independent of adiposity.

To explore the role played by PEKFB3/iPFK2 in linking nutri-
ent metabolism and the inflammatory response, the adipose
tissue of HFD-fed mice was used for microarray analyses. Com-
pared with wild-type littermates, PEKFB3 "/~ mice exhibited
changes in the expression of 495 genes from a total of 23694
genes (p < 0.01). Of interest, PFKFB3"/~ mice showed an
increase in the expression of PPAR«a and PGC1, two master
regulators that stimulate fatty acid oxidation (44 —47), as well as
an increase in the expression of oxidative-stress responsive 1
(Table 2). Using real-time RT-PCR, the increase in the mRNA
levels of PPAR« and PGC1 was confirmed (Fig. 4G). Further-
more, the mRNA levels of CPT1, a key enzyme that controls the
rate-limiting step of fatty acid oxidation (48, 49), was markedly
increased in PFKFB3 "/~ mice (Fig. 4G). These data, in combi-
nation with those obtained from iPFK2-KD adipocytes, suggest
that PFKFB3/iPFK2 controls the status of adipocyte oxidative
stress by regulating the balance between glycolysis and fatty
acid oxidation.

Knockdown of PFKFB3/iPFK2 Suppresses Adipocyte Lipid
Accumulation, Impairs Adipocyte Function, and Increases the
Adipocyte Inflammatory Response—The direct role of PEKFB3/
iPFK2 in regulating adipocyte metabolic and inflammatory
responses was explored in 3T3-L1 adipocytes that were treated
with shRNA against PFKFB3. As expected, knockdown of
PFKFB3/iPFK2 was evidenced by a decrease in iPFK2 amount
(Fig. 5A). This resulted in a decrease in the incorporation of
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0 W iype PEKFES™ of ROS in cultured 3T3-L1 cells was

determined to further illustrate

the underlying mechanisms. Com-

pared with iPFK2-Ctrl adipocytes,

G iPFK2-KD adipocytes produced

4.0 | MHFD-Wild-type much more ROS under both basal
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2 >0 tions (Fig. 5F), indicating an

% 5 4 increase in the status of oxidative
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duction was examined in the
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FIGURE 4. Disruption of PFKFB3/iPFK2 exacerbates HFD-induced adipose tissue inflammatory response

and increases adipose expression of genes involved in fatty acid oxidation. At the age of 5-6 weeks,
PFKFB3*/~ mice and wild-type littermates were fed an HFD for 12 weeks. A, macrophage infiltration in adipose
tissue. The sections of epididymal fat pad were immunostained for F4/80. For B-G, data are means = S.E., n =
4-6.% p < 0.05and** p < 0.01 HFD-PFKFB3*/~ versus HFD-wild-type (in B and D-G) or PFKFB3™/~ versus
wild-type on the same diet (in C); t, p < 0.05 and tt, p < 0.01 HFD versus LFD for the same genotype (in C).
B, fraction of adipose tissue macrophages. C-G, mRNA levels of inflammatory markers and genes involved in
fatty acid oxidation were quantified using real-time RT-PCR. C, mRNA levels of F4/80 in adipose tissue. D-F,
mMRNA levels of TNFa and IL-6 in adipose tissue (D), as well as in macrophages (E) and adipocytes (F) isolated
from adipose tissue. G, mMRNA levels of genes involved in fatty acid oxidation in adipose tissue.

TABLE 2

Selected adipose genes that are altered by disruption of
PFKFB3/iPFK2

Adipose mRNA transcriptome was analyzed in HFD-fed PFKFB3"/~ mice and wild-

type littermates using a microarray approach. Changes in the mRNA levels of adi-
pose genes were expressed as the PFKFB3 ™/~ /wild-type ratios, n = 4.

Gene symbol Gene name Fgld of
change
Gegr Glucagon receptor 2.56%
Retn Resistin 2.15¢
Ppara Peroxisome proliferator-activated receptor « 1.68
Ptprb Protein-tyrosine phosphatase, receptor type, B 1.63“
Ppargcla Peroxisome proliferative-activated receptor, gamma,  1.56
coactivator 1 o
Rbp4 Retinol-binding protein 4 1.54%
Ptprm Protein-tyrosine phosphatase, receptor type, M 1.52%
Oxidative-stress responsive 1 1.24%
Tnfrsflb Tumor necrosis factor receptor superfamily, 0.67¢
member 1b
Stat3 Signal transducer and activator of transcription 3 0.66*
Ilirn Interleukin 1 receptor antagonist 0.65*
Srxnl Sulfiredoxin 1 homolog (S. cerevisiae) 0.64“
Tnfrsflla Tumor necrosis factor receptor superfamily, 0.60*
member 11a
Acsld Acyl-CoA synthetase long-chain family member 4 0.60*
Timpl Tissue inhibitor of metalloproteinase 1 0.44%

“p < 0.05 PFKFB3 ™/~ versus wild-type.

glucose into lipid (Fig. 5B) and adipocyte lipid accumulation
compared with iPFK2-Ctrl adipocytes (Fig. 5C), suggesting that
knockdown of PFKFB3/iPFK2 decreases glycolysis and glycol-
ysis-derived lipogenesis and triglyceride synthesis. Addition-
ally, the metabolic changes in iPFK2-KD adipocytes were
accompanied by an increase in the mRNA levels of resistin and
a decrease in the mRNA levels of adiponectin, as well as a
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stable iPFK2-KD and iPFK2-Ctrl
adipocytes. Treatment with eto-
moxir lowered down the produc-
tion of ROS in palmitate-stimu-
lated iPFK2-KD adipocytes to the
level comparable with those
brought about by treatment with
N-acetyl-L-cysteine, a compound
that inhibits most general pathways for ROS production (Fig.
5@G). These data suggest that elevated fatty acid oxidation is the
major cause of the increased production of ROS when PFKFB3/
iPFK2 is disrupted. Considering the role of increased oxidative
stress in impairing insulin signaling and triggering inflamma-
tory signaling through JNK and/or NF«B pathways (50, 51),
changes in the levels and phosphorylation states of JNK and
NF«B p65 were determined. Compared with iPFK2-Ctrl adipo-
cytes, iPFK2-KD adipocytes showed an increase in the phos-
phorylation states of JNK and NF«B p65 under both basal and
LPS-stimulated conditions (Fig. 5H). Additionally, the mRNA
levels of TNFa and IL-6 were higher in iPFK2-KD adipocytes
than in iPFK2-Ctrl adipocytes (Fig. 5I). In combination,
these data indicated that the inflammatory response in
iPFK2-KD adipocytes was increased compared with iPFK2-
Ctrl adipocytes. To determine whether the observed changes
in the adipocyte inflammatory response were associated
with possible alterations in adipocyte differentiation, the
expression of CCAAT/enhancer-binding protein a, PPARY,
and aP2, all of which are determinants of adipocyte differen-
tiation (52), was measured and showed no difference (data
not shown). Furthermore, because changes in the metabolic
and inflammatory parameters of adipocytes were nearly
identical to those observed in PFKFB3*/~ mice, disruption
of PFKFB3/iPFK2 in adipocytes was likely responsible, to a
large extent, for adipose tissue dysfunction in HFD-fed
PFKFB3™'~ mice.
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FIGURE 5. Knockdown of PFKFB3/iPFK2 suppresses adipocyte lipid accumulation, impairs adipocyte function, and increases the adipocyte inflam-
matory response. Predifferentiated 3T3-L1 cells were transfected with the plasmid containing shRNA against PFKFB3/iPFK2 (iPFK2-KD) or shRNA vector
(iPFK2-Ctrl) for 24 h and induced for differentiation for 6 -8 days. Untransfected cells were differentiated similarly and used as the untreated control. Some
transfected 3T3-L1 cells were selected by puromycin (5 ng/ml) to establish stable iPFK2-KD or iPFK2-Ctrl cell lines. A, Western blot for iPFK2. For B-D, F, G, and
I, data are means = S.E.n = 4.%, p < 0.05 and **, p < 0.01 iPFK2-KD versus iPFK2-Ctrl in B-D, and /, and in F and G for the same treatment (palmitate or vehicle
in F and palmitate or vehicle with or without etomoxir or Nac in G); 1, p < 0.05 and t1, p < 0.01 palmitate versus vehicle in F and palmitate in the presence of
etomoxir or Nac versus palmitate alone in G under the same condition (iPFK2-KD or iPFK2-Ctrl). B, changes in the rates of glucose incorporation into lipid.
C, changes in adipocyte lipid accumulation (arbitrary unit). D, changes in the mRNA levels of adipokines were quantified using real-time RT-PCR. £, adipocyte
insulin signaling was analyzed using Western blot. Before harvest, the cells were incubated with or without insulin (100 nm) for 30 min. F and G, the production
of ROS was measured using the NBT assay. F, after differentiation, iPFK2-KD and iPFK2-Ctrl adipocytes were treated with or without palmitate (250 um) for 24 h.
G, after differentiation, the stable cell lines were treated with or without palmitate (250 um) for 24 h. In the last hour of treatment, 100 um etomoxir (an inhibitor
of carnitine palmitoyltransferase-1, CPT1) or 10 mm N-acetyl-L-cysteine (an antioxidant) was added. H, adipocytes were incubated with or without LPS (100
ng/ml) for 1 h prior to harvest. The levels and phosphorylation states of JNK and NFkB p65 were determined using Western blots. ,, mRNA levels of proinflam-
matory cytokines were quantified using real-time RT-PCR.

DISCUSSION

Feeding an HFD to mice induces adiposity, which is associ-

mulation and an increase in the status of oxidative stress, which
were accompanied by enhanced inflammatory signaling,

ated with adipose tissue dysfunction, a key contributor of sys-
temic insulin resistance (42, 43). This is the case in wild-type
littermates. However, in PEKFB3 "/~ mice, although bringing
about a much smaller increase in adiposity, feeding an HFD
caused a much greater increase in the severity of HFD-induced
adipose tissue dysfunction and systemic insulin resistance than
in wild-type littermates. These changes were attributed, at least
in part, to the increased adipose tissue inflammatory response,
which was evidenced by higher levels of proinflammatory cyto-
kines in both isolated adipose tissue macrophages and adipo-
cytes in PEKFB3 /™ mice. Consistently, in cultured adipocytes,
knockdown of PFKFB3/iPFK2 caused a decrease in lipid accu-
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increased mRNA levels of TNFa and IL-6, and decreased insu-
lin signaling. Together, these data argue in favor of a novel and
unique role for PEKFB3/iPFK2 in regulating HFD-induced adi-
pose tissue dysfunction and systemic insulin resistance in a
manner independent of adiposity.

The unique role of PFKFB3/iPFK2 in dissociating HFD-in-
duced adiposity and adipose tissue dysfunction is attributed, at
a large extent, to the metabolic properties of PFKFB3/iPFK2.
Notably, PFKFB3/iPFK2 stimulates adipocyte glycolysis (28).
An increase in PFKFB3/iPFK2-stimulated glycolysis not only
provides lactate and pyruvate (which are converted into acetyl-
CoA and used for lipogenesis to provide free fatty acids), but
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also increases the production of dihydroxyacetone phosphate,
which is converted into glycerol-3-phosphate as a required sub-
strate for adipocyte triglyceride synthesis. Upon disruption of
PFKFB3/iPFK2, both glycolysis and glycolysis-derived lipogen-
esis and triglyceride synthesis are impaired, which is supported
by the data that PFKFB3/iPFK2-knockdown adipocytes exhib-
ited a decrease in the incorporation of glucose into lipid, and
thereby adipocyte lipid accumulation. This contributes to a
smaller gain in adiposity in PFKFB3*/~ mice after HFD feeding.
Importantly, the impairment in using glucose as a fuel due to
disruption of PFKFB3/iPFK2 likely causes a compensatory
increase in fatty acid oxidation, which is supported by increased
expression of CPT1, as well as PPAR« and PGCI1 in adipose
tissue of PFKFB3"/~ mice. The compensatory increase in fatty
acid oxidation not only contributes to a smaller gain in adipos-
ity in PFKFB3"/~ mice after HFD feeding, but more impor-
tantly, appears to trigger oxidative stress. In support of this
concept, PFKFB3/iPFK2-knockdown adipocytes exhibited an
increase in the production of ROS under both basal and palmi-
tate-stimulated conditions. Furthermore, inhibition of fatty
acid oxidation by etomoxir caused a marked decrease in palmi-
tate-stimulated production of ROS in PFKFB3/iPFK2-knock-
down adipocytes. In agreement with the role oxidative stress in
disturbing adipokine expression and initiating the inflamma-
tory response in adipocytes (15), the increased production of
ROS in PFKFB3/iPFK2-knockdown adipocytes was associated,
on the one hand, with inappropriately altered expression of
resistin and adiponectin, and on the other hand, with increased
phosphorylation states of JNK and NFkB p65 and increased
mRNA levels of TNFa and IL-6 in PFKFB3/iPFK2-knockdown
adipocytes. Apparently, PFKFB3/iPFK2 links nutrient metabo-
lism and adipocyte function.

The role of adipose tissue dysfunction in causing systemic
insulin resistance has been well documented (17, 18). Indeed,
this role is illustrated by at least two plausible mechanisms (4,
15, 19, 20). In the first mechanism, adipose tissue dysfunction
causes an increase in the production of free fatty acids, resistin,
and retinol-binding protein 4 (RBP4) and a decrease in the pro-
duction of adiponectin. These factors are carried to the insulin-
sensitive tissues including the liver and skeletal muscle through
circulation to impair insulin signaling and ultimately bring
about systemic insulin resistance (24-26, 53). In the second
mechanism, adipose tissue-derived proinflammatory cytokines
are similarly carried to insulin-sensitive tissues through circu-
lation to directly impair insulin signaling in the tissues (22, 54,
55). In the present study, PFKFB3*/~ mice exhibited an
increase in the severity of HFD-induced systemic insulin resis-
tance and glucose intolerance. This was attributed, at least in
part, to increased adipose tissue dysfunction, as evidenced by
increased adipose tissue lipolysis, inappropriate adipokine
expression, and decreased insulin signaling, as well as increased
expression of proinflammatory cytokines including TNFa and
IL-6 in the adipose tissue. These data support a pivotal role for
PFKFB3/iPFK2 in protecting against HFD-induced adipose tis-
sue dysfunction, and thereby systemic insulin resistance. More-
over, because PFKFB3/iPFK2 disruption-associated changes in
adipose tissue dysfunction were nearly identical to those in
PFKFB3/iPFK2-knockdown adipocytes, PFKFB3/iPFK2 in adi-
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pocytes is thereby responsible largely for the regulation of adi-
pose tissue function. It should be pointed out that PFKFB3/
iPFK2 is also expressed in tissues other than adipose tissue (31).
Thus, a possible role for PFKFB3/iPFK2 in non-adipose tissue
in regulating systemic insulin sensitivity cannot be ruled out.
However, considering the profile of PFKFB3/iPFK2 expression,
the role of PFKFB3/iPFK2 in non-adipose tissue would not be as
important as that in adipose tissue. Additionally, in terms of
regulating systemic glucose homeostasis, dysregulated liver
glucose metabolism is thought to contribute to hyperglycemia
and glucose intolerance (32-34). Given that the amount of
iPFK2 was undetectable in the liver, dysregulated liver glucose
metabolism, if existed in PFKFB3"/~ mice, was likely due to a
secondary effect of PFKFB3 disruption in extrahepatic tissues,
in particular adipose tissue.

It is also a novel finding that disruption of PFKFB3/iPFK2
exacerbated HFD-induced adipose tissue inflammatory
response, which was also independent of adiposity. Addition-
ally, the increased adipose tissue inflammatory response was
independent of macrophage accumulation in adipose tissue. In
a generally accepted concept, HFD-induced adipose tissue
inflammatory is characterized by increased production of
proinflammatory cytokines, which is positively correlated with
macrophage infiltration (17, 18). However, several lines of new
evidence suggest that the inflammatory status of macrophages
is more important than the number of macrophages in terms of
controlling the production of proinflammatory cytokines in the
adipose tissue. For example, mice that lack PPARYy in macro-
phages exhibit fewer macrophages in adipose tissue but have
higher mRNA levels of IL-6 than wild-type control mice (56). In
contrast, treatment with rosiglitazone, a PPARYy agonist,
increases the abundance of macrophages in adipose tissue, but
decreases the production of proinflammatory cytokines such as
IL-18 (13). Considering this, disruption of PFKFB3/iPFK2
appears to increase the inflammatory activity of the infiltrated
macrophages. This notion is indeed supported by the data that
the mRNA levels of TNFa and IL-6 were higher in macro-
phages isolated from PFKFB3™/~ mice than in wild-type litter-
mates. Therefore, disruption of PFKFB3/iPFK2 exacerbates
HFD-induced adipose tissue inflammatory response in a man-
ner depending on increasing macrophage inflammatory status
rather than macrophage infiltration. However, further study is
required to elucidate the underlying mechanisms by which dis-
ruption of PFKFB3/iPFK2 blunts HFD-induced macrophage
infiltration into adipose tissue.

In summary, the present study demonstrates a novel and
unique role for PEKFB3/iPFK2 in regulating adiposity and adi-
pose tissue function, and thereby systemic insulin sensitivity.
This role is manifested by the fact that disruption of PFKFB3/
iPFK2 ameliorates HFD-induced adiposity, but exacerbates
HFD-induced adipose tissue dysfunction, in particular, adipose
tissue inflammatory response, which contributes to an increase
in the severity of systemic insulin resistance. Because of this, a
potential risk of inducing systemic insulin resistance and
enhancing adipose tissue inflammatory response should be
taken into account when inhibition of PFKFB3/iPFK2 is con-
sidered as therapeutic approach.
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