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6-Phosphofructo-2-kinase in Adipose Tissue Increases Fat
Deposition but Protects against Diet-induced Insulin
Resistance and Inflammatory Responses™

Received for publication, April 9, 2012, and in revised form, May 3,2012 Published, JBC Papers in Press, May 3, 2012, DOI 10.1074/jbc.M112.370379

Yuging Huo*'?, Xin Guo®', Honggui Li*', Hang Xu®, Vera Halim®, Weiyu Zhang", Huan Wang", Yang-Yi Fan®,
Kuok Teong Ong/, Shih-Lung Woo®, Robert S. Chapkin®, Douglas G. Mashek!, Yanming Chen**, Hui Dong**,

Fuer Lu*, Lai Wei®®, and Chaodong Wu**

From the *Department of Cellular Biology and Anatomy, Georgia Health Sciences University, Augusta, Georgia 30912, the
§/m‘ercollegiate Faculty of Nutrition, Department of Nutrition and Food Science, Texas A&M University, College Station, Texas
77843, the '"Department of Medicine, University of Minnesota, Minneapolis, Minnesota, the HDepart“ment of Food Science and
Nutrition, University of Minnesota, St. Paul, Minnesota, the **Department of Endocrinology, Third Affiliated Hospital of Sun Yat-sen
University, Guangzhou 510630, Guangdong, China, the *Institute of Integrated Chinese and Western Medicine, Tongji Hospital,
Huazhong University of Science and Technology Tongji Medical College, Wuhan 430030, HuBei, China, and the *%Institute of
Hepatology, Peking University Health Science Center, Beijing 100044, China

responses in both adipose and liver tissues.

\_

(Bacl(ground: Inducible 6-phosphofructo-2-kinase links metabolic and inflammatory responses.
Results: Adipose overexpression of inducible 6-phosphofructo-2-kinase increases fat deposition, suppresses inflammatory
responses, and improves insulin sensitivity in both adipose and liver tissues.

Conclusion: Inducible 6-phosphofructo-2-kinase in adipocytes uniquely dissociates diet-induced inflammatory and metabolic

Significance: Adipocyte-inducible 6-phosphofructo-2-kinase may underlie healthy obesity.
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Increasing evidence demonstrates the dissociation of fat dep-
osition, the inflammatory response, and insulin resistance in the
development of obesity-related metabolic diseases. As a regula-
tory enzyme of glycolysis, inducible 6-phosphofructo-2-kinase
(iPFK2, encoded by PFKFB3) protects against diet-induced adi-
pose tissue inflammatory response and systemic insulin resist-
ance independently of adiposity. Using aP2-PFKFB3 transgenic
(Tg) mice, we explored the ability of targeted adipocyte
PFKFB3/iPFK2 overexpression to modulate diet-induced
inflammatory responses and insulin resistance arising from fat
deposition in both adipose and liver tissues. Compared with
wild-type littermates (controls) on a high fat diet (HFD), Tg
mice exhibited increased adiposity, decreased adipose inflam-
matory response, and improved insulin sensitivity. In a parallel
pattern, HFD-fed Tg mice showed increased hepatic steato-
sis, decreased liver inflammatory response, and improved
liver insulin sensitivity compared with controls. In both adi-
pose and liver tissues, increased fat deposition was associated
with lipid profile alterations characterized by an increase in
palmitoleate. Additionally, plasma lipid profiles also dis-
played an increase in palmitoleate in HFD-Tg mice compared
with controls. In cultured 3T3-L1 adipocytes, overexpression
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of PFKFB3/iPFK2 recapitulated metabolic and inflammatory
changes observed in adipose tissue of Tg mice. Upon treat-
ment with conditioned medium from iPFK2-overexpressing
adipocytes, mouse primary hepatocytes displayed metabolic
and inflammatory responses that were similar to those
observed in livers of Tg mice. Together, these data demon-
strate a unique role for PFKFB3/iPFK2 in adipocytes with
regard to diet-induced inflammatory responses in both adi-
pose and liver tissues.

Obesity is an ongoing epidemic worldwide. During obesity,
fat deposition, chronic low grade inflammation, and insulin
resistance are the common events that may interact with each
other and bring about dysregulation of glucose and lipid metab-
olism in key metabolic tissues such as adipose and liver tissues
(1-4). On the one hand, increased adiposity in high fat diet
(HFD)*-fed mice is associated with adipose tissue inflammation
(5, 6), which in turn contributes to the development of systemic
insulin resistance. Similarly, fat deposition in hepatocytes is
sufficient to trigger inflammatory responses (7, 8) and to induce
liver insulin resistance by activating protein kinase Ce (9),
whose inhibition leads to correction of liver insulin resistance

“The abbreviations used are: HFD, high fat diet; iPFK2, inducible 6-phospho-
fructo-2-kinase; ACC1, acetyl-CoA carboxylase 1; FAS, fatty-acid synthase;
CPT1a, carnitine palmitoyltransferase 1a; PPARy, peroxisome proliferator-
activated receptor +y; 6PFK1, 6-phosphofructo-1-kinase; NF-kB, nuclear
factor B; LFD, low fat diet; iPFK2-OX, PFKFB3/iPFK2-overexpressing; CM,
conditioned medium; SCD1, stearoyl-CoA desaturase 1; SREBP1c, sterol-
regulatory element-binding protein 1¢; TG, triglyceride; FFA, free fatty acid;
ROS, reactive oxygen species.
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and improvement of insulin-stimulated adipose tissue glucose
uptake (10). On the other hand, inflammation and insulin
resistance are known to bring about fat deposition in hepato-
cytes (hepatic steatosis) (3, 11, 12), likely by increasing liver
expression of genes for lipogenic enzymes such as acetyl-CoA
carboxylase 1 (ACC1) and fatty-acid synthase (FAS) and
decreasing liver expression of genes for fatty acid oxidation,
including carnitine palmitoyltransferase 1a (CPT1a).

Recent evidence also demonstrates that fat deposition is not
necessarily associated with increased insulin resistance and
inflammatory responses. In female mice, elevating endogenous
circulating levels of adiponectin brings about an increase in
body fat and improves glucose tolerance (13). As additional
evidence, treatment of HFD-fed wild-type mice with rosiglita-
zone, a peroxisome proliferator-activated receptor y (PPARY)
agonist, increases adiposity but decreases adipose tissue proin-
flammatory response (14), supporting the dissociation of adi-
posity and adipose tissue inflammatory response. Similarly, the
dissociation of hepatic steatosis and liver inflammatory
response and insulin sensitivity is observed in genetically mod-
ified mice. Upon targeted overexpressing human acyl-CoA:dia-
cylglycerol acyltransferase in the liver, the transgenic mice
exhibit an increase in hepatic steatosis, yet display normal glu-
cose tolerance and systemic insulin sensitivity and normal liver
inflammatory response (15). When malonyl-CoA-insensitive
CPT1la (mCPT1a) is overexpressed in the liver in both diet-
induced and genetically obese mice, the liver inflammatory
response decreases independently of hepatic steatosis (16). Pre-
cisely how fat deposition alters inflammatory responses and
insulin signaling in both adipose and liver tissues in opposite
ways is not fully understood, but it may be attributable to the
composition of fat deposited rather than the amount of fat dep-
osition (16).

PFKFB3 encodes for inducible 6-phosphofructo-2-kinase
(iPFK2), whose product fructose 2,6-bisphosphate is the most
powerful activator of glycolytic enzyme 6-phosphofructo-1-ki-
nase (17-19). Recent evidence demonstrates that global disrup-
tion of PFKFB3/iPFK2 blunts diet-induced adiposity but exac-
erbates adipose tissue inflammatory response and systemic
insulin resistance (20). Additionally, PFKFB3/iPFK2 is involved
in the anti-inflammatory and anti-diabetic effects of PPAR7y
activation likely by promoting fat synthesis in adipose tissue
(21). At the cellular level, PFKFB3/iPFK2 increases adipocyte
glycolysis and glycolysis-driven lipogenesis. This in turn sup-
presses oxidative stress by channeling fatty acids from excessive
oxidation to fat synthesis, thereby inhibiting inflammatory sig-
naling from the nuclear factor-«B (NF-kB) and c-Jun N-termi-
nal kinase 1 (JNK1) pathways. However, the role of PFKFB3/
iPFK2 in adipocytes in dissociating fat deposition, inflammation,
and insulin resistance at the systemic level in mice is not known.
It is also not clear if adipocyte PFKFB3/iPFK2 influences adi-
pose tissue to alter liver metabolic and inflammatory responses.
This study provides evidence supporting a unique role for
PFKFB3/iPFK2 in adipocytes in the dissociation of diet-in-
duced inflammatory responses and fat deposition in both adi-
pose and liver tissues.
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EXPERIMENTAL PROCEDURES

Animal Experiments—Mice (C57BL/6] background) that
selectively overexpressed PFKFB3/iPFK2 in adipose tissue
(Adi-PFKFB3TG, Tg) were generated using aP2-PFKFB3
c¢DNA transgene based on published literature (22, 23). Wild-
type (WT) littermates were used as controls. All mice were
maintained on a 12:12-h light/dark cycle (lights on at 06:00). At
5—6 weeks of age, male mice were fed an HFD (60% fat calories,
20% protein calories, and 20 carbohydrate calories) or a low fat
diet (LFD) (10% fat calories, 20% protein calories, and 70 car-
bohydrate calories) for 12 weeks as described previously (20,
21). After the feeding regimen, mice were fasted for 4 h before
sacrifice for collection of blood and tissue samples (24—26).
Epididymal, mesenteric, and perinephric fat depots were dis-
sected and weighed as visceral fat content (25). After weighing,
adipose tissue and liver samples were either fixed and embed-
ded for histological and immunohistochemical analyses or fro-
zen in liquid nitrogen and stored at —80 °C for further analyses.
Some mice were fasted similarly and used for insulin and glu-
cose tolerance tests, very low density lipoprotein (VLDL)-trig-
lyceride secretion assay, and insulin signaling analyses. All
study protocols were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Texas A&M
University.

Confirmation of PFKFB3/iPFK2 Overexpression—Genomic
DNA was prepared from mouse tail samples and subjected to
PCR analyses using primers located within the aP2 promoter
and PFKFB3 exon 2 (aP2-PFKFB3) or primers for casein. The
amount of iPFK2 in white adipose tissue, liver, muscle, and
bone marrow samples was determined using Western blot anal-
yses (20, 21).

Insulin and Glucose Tolerance Tests—Mice were fasted for
4 h and intraperitoneally injected with insulin (0.5 units/kg for
LFD-fed mice and 1 unit/kg for HFD-fed mice) or p-glucose (2
g/kg). For insulin tolerance tests, blood samples (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 (20,
21).

Very Low Density Lipoprotein (VLDL)-Triglyceride Release—
After the feeding regimen, HFD-fed mice were fasted for 5 h and
injected with tyloxapol (500 mg/kg, i.v.). Plasma levels of trig-
lycerides were measured in blood samples taken at 20, 40, 60,
and 80 min after the injection (27).

Measurement of Metabolic Parameters—The levels of
plasma glucose, triglycerides, and free fatty acids, as well as
hepatic triglycerides, were measured using metabolic assay kits
(Sigma and BioVision, Mountain View, CA). The levels of
plasma insulin and leptin were measured using ELISA kits
(Crystal Chem Inc., Downers Grove, IL).

Histological and Immunohistochemical Analyses—The par-
affin-embedded adipose tissue and liver blocks were cut into
sections of 5 um thickness and stained with H&E. In addition,
sections were stained for the expression of cell (macrophage)
surface marker (F4/80) with rabbit anti-F4/80 (1:100) (AbD
Serotec, Raleigh, NC) as described previously (20, 21). The frac-
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tion of F4/80-expressing cells for each sample was calculated as
the sum of the number of nuclei of F4/80-expressing cells
divided by the total number of nuclei in sections of each sample.
Six fields per slide were included, and a total of 4—6 mice per
group were examined.

Cell Culture and Treatment—Stable PFKFB3/iPFK2-overex-
pressing (iPFK2-OX) adipocytes and green fluorescent protein
(GFP)-expressing adipocytes (control) were established and
maintained as described previously (21). Adipocyte-condi-
tioned medium was collected at 8 —10 days post-differentiation
and used to treat mouse primary hepatocytes as described
below. To determine rates of [**C]glucose incorporation into
lipid, each well (6-well plate) of differentiated adipocytes was
incubated with DMEM supplemented with 1 uCi of [U-'*C]-
glucose for 24 h (20). To examine the status of adipocyte oxida-
tive stress, cells were treated with palmitate (250 um) or bovine
serum albumin (BSA) for 24 h and used to measure the produc-
tion of reactive oxygen species (ROS) using the nitro blue tet-
razolium assay as described previously (20, 21). To quantify
adipocyte gene expression, total RNA of the cells was prepared
and used for real time RT-PCR. To determine changes in
inflammatory signaling, cells were treated with or without
palmitate (250 um) for 24 h prior to harvest. Cell lysates were
prepared and used to measure the levels of NF-«B p65 and
phospho-p65 (Ser-468) using Western blots. To determine
changes in insulin signaling, cells were treated with or without
insulin (100 nMm) for 30 min prior to harvest. Cell lysates were
prepared and used to measure the levels of Akt1/2 and phos-
pho-Akt (Ser-473) using Western blots.

Mouse primary hepatocytes were isolated as described pre-
viously (25, 28). To address direct effects of adipocyte factors
generated in response to PFKFB3/iPFK2 action, isolated W'T
hepatocytes were treated with iPFK2-OX-adipocyte-condi-
tioned medium (iPFK2-OX-CM) or GFP-expressing adi-
pocyte-conditioned medium (GFP-CM, control) in M199
medium at a 1:1 ratio for 48 h in the presence or absence of
palmitate (250 um) for the last 24 h. Hepatocyte lipid accumu-
lation was analyzed using Oil Red O staining and the colorimet-
ric assay to quantify triglyceride content. Hepatocyte ROS pro-
duction, gene expression, inflammatory, and insulin signaling
were analyzed as described above.

Lipid Profiling—Total lipids from adipose and liver tissue, as
well as plasma and adipocyte-conditioned medium were
extracted using chloroform/methanol (2:1, v/v) and separated
by thin layer chromatography. Lipid fractions were analyzed by
capillary gas chromatography (28, 29).

RNA Isolation, Reverse Transcription, Real Time PCR, and
Microarray—Total RNA was isolated from frozen tissue sam-
ples and cultured/isolated cells. RNA isolation and real time
RT-PCR were conducted as described previously (20, 21). The
mRNA levels were analyzed for ACC1, FAS, stearoyl-CoA
desaturase 1 (SCD1), sterol-regulatory element-binding protein 1c
(SREBP1c), PPARY, hormone-sensitive lipase, IL-6, TNFe, carbo-
hydrate-responsive element-binding protein, CPT1a, liver fatty
acid-binding protein, VLDL receptor, and/or apoB.

Western Blots—Lysates were prepared from frozen tissue
samples and cultured cells. Western blots were conducted as
described previously (25, 26). The levels of iPFK2, Aktl/2,
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FIGURE 1. Selective overexpression of PFKFB3/iPFK2 in adipose tissue
protects mice from diet-induced insulin resistance. A, genomic DNA was
prepared from Adi-PFKFB3TG (Tg) mice and wild-type littermates and used
for PCR analyses of aP2-PFKFB3 transgene. B, iPFK2 (encoded by PFKFB3)
abundance in white adipose tissue (WAT), liver, skeletal muscle, and bone
marrow (BM) was measured using Western blots. C, insulin tolerance tests. D,
glucose tolerance tests. Cand D, male Tg mice and WT mice, at 5- 6 weeks of
age, were fed an HFD for 12 weeks. After the feeding regimen, HFD-fed mice
were fasted for 4 h and received an intraperitoneal injection of insulin (1
unit/kg) (C) or glucose (2 g/kg) (D). Data are means + S.E, n = 6-10.7, p <
0.05; ', p < 0.01 Tg versus WT at the same time point.

phospho-Akt (Ser-473), NF-kB p65, and phospho-p65 (Ser-
468) were quantified.

Statistical Methods—Data are presented as means = S.E. Sta-
tistical significance was assessed by unpaired two-tailed analy-
sis of variance or Student’s ¢ test. Differences were considered
significant at the two-tailed p < 0.05.

RESULTS

Overexpression of PFKFB3/iPFK2 in Adipose Tissue Protects
against HFD-induced Insulin Resistance—PFKFB3/iPFK2 dis-
sociates insulin resistance from diet-induced adiposity and is
involved in the anti-diabetic effect of PPARy activation (20, 21).
To address a direct role for the PFKFB3/iPFK2 in adipocytes,
we analyzed aspects of diet-induced inflammatory and metabolic
responses in Tg mice (Fig. 1A4). In confirmatory experiments,
PFKFB3/iPFK2 overexpression was targeted to adipose tissue, but
not in liver, muscle, or bone marrow (Fig. 1B). Thus, Tg mice used
herein overexpressed PFKFB3 selectively in adipose tissue. On an
LFD, Tg mice did not differ significantly from WT mice in major
metabolic parameters (Table 1), although a slight increase in body
weight was observed (data not shown). In contrast, on an HFD, Tg
mice displayed a much smaller increase in the severity of HFD-
induced systemic insulin resistance and glucose intolerance (Fig. 1,
Cand D), as well as hyperglycemia and hyperinsulinemia (Table 1).
Therefore, selective overexpression of PFKFB3/iPFK2 in adipose
tissue protects mice from diet-induced systemic insulin resistance
and metabolic dysregulation.

Overexpression of PFKFB3/iPFK2 in Adipose Tissue Dissoci-
ates Adipose Tissue Inflammatory Response and Insulin Resist-
ance from Diet-induced Adiposity—Feeding an HFD to mice
induces adiposity and adipose tissue inflammation (3, 30),
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TABLE 1
Plasma parameters in Tg and WT mice

Male Adi-PFKFB3TG (Tg) mice and wild-type (WT) littermates, at 5—6 weeks of
age, were fed an HFD or LFD for 12 weeks. After the feeding regimen, mice were
fasted for 4 h before collection of blood samples. Data are means * S.E., n = 6-10.

WT Tg
Glucose (mg/dl)

LFD 177 =5 153 =10

HFD 264 = 9¢ 208 * 15%¢
Insulin (ng/ml)

LFD 2604 22+0.2

HFD 4.7 £0.6° 2.7 +04°
Leptin (ng/ml)

LFD 5309 267 *127

HFD 58.6 £ 10.191.6 *= 8.5*¢
Free fatty acids (mm)

LFD 04*0 0.5+ 0.1

HFD 0.6 +0.1” 05=*0.1
Triglycerides (mg/dl)

LFD 39+0 38+1

HFD 42+ 10 41+ 1

“ p < 0.01 HFD versus LFD for the same genotype.
? p < 0.05 HED versus LED for the same genotype.
€ p <0.05 Tg versus WT for the same diet.
4 p < 0.01 Tg versus WT for the same diet.

which are considered to be critical factors contributing to sys-
temic insulin resistance. On an HFD, Tg mice exhibited a sig-
nificant increase in body weight but showed no difference in
food intake compared with WT littermates (data not shown). In
addition, Tg mice exhibited a greater increase in fat mass and
adiposity (Fig. 2, A and B). Consistently, adipocytes in Tg mice
were much enlarged compared with WT mice (Fig. 2C). Com-
pared with controls, adipose tissue of HFD-fed Tg mice accu-
mulated more macrophages (Fig. 2, D and E) but showed a
significant decrease in NF-kB p65 (Ser-468) phosphorylation
(Fig. 2F), indicating a decrease in adipose tissue inflammatory
response. In parallel, adipose tissue expression of genes for lipid
accumulation was increased, whereas adipose tissue expression
of proinflammatory cytokines was decreased (Fig. 2G). When
insulin signaling was analyzed, insulin-stimulated Akt (Ser-
473) phosphorylation was increased in adipose tissue of Tg
mice compared with WT mice (Fig. 2H). Together, these results
suggest that overexpression of PEKFB3/iPFK2 in adipose tissue
suppresses diet-induced adipose tissue inflammatory response
and insulin resistance while promoting fat deposition in adi-
pose tissue.

Overexpression of PFKFB3/iPFK2 in Adipose Tissue Dissoci-
ates Liver Inflammatory Response and Insulin Resistance from
Diet-induced Hepatic Steatosis—Feeding an HFD to mice also
induces hepatic steatosis, as well as liver inflammatory response
and insulin resistance (3, 30, 31). To determine the role of
PFKFB3/iPFK2 in adipocytes with respect to the regulation of
diet-induced liver metabolic and inflammatory response,
aspects of liver responses were analyzed. Consistent with
increased adiposity (Fig. 2), Tg mice exhibited a greater
increase in liver weight and in the severity of diet-induced
hepatic steatosis than controls (Fig. 3, A-C). Additionally, the
expression of liver genes for lipogenesis, including ACC1, FAS,
SREBPIc, and carbohydrate-responsive element-binding pro-
tein in HFD-fed Tg mice, was increased compared with con-
trols (Fig. 3D). In contrast, hepatic expression of key genes
involved in fatty acid oxidation, fatty acid uptake, and VLDL-
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triglyceride secretion in HFD-fed Tg mice did not differ from
that in WT mice. Additionally, rates of VLDL-triglyceride
release in HFD-fed Tg were comparable with those in WT mice
(Fig. 3E). Thus, selective overexpression of PFKFB3/iPFK2 in
adipose tissue promotes fat deposition in the liver, due largely
to an increase in hepatic lipogenesis. When liver inflammatory
response was assessed, livers in HFD-fed Tg mice accumulated
fewer macrophages/Kupffer cells than controls (Fig. 3, Fand G).
Additionally, HFD-fed Tg mice exhibited a slight but significant
decrease in liver NF-«kB p65 (Ser-468) phosphorylation (Fig.
3H), which was accompanied by a greater decrease in liver pro-
inflammatory cytokine expression (Fig. 3]). In contrast, HFD-
fed Tg mice showed a marked increase in liver Akt (Ser-473)
phosphorylation at both basal and insulin-stimulated condi-
tions compared with WT mice (Fig. 2/). Together, these results
indicate that selective overexpression of PFKFB3/iPFK2 in adi-
pose tissue protects mice from diet-induced liver inflammatory
response and insulin resistance while promoting hepatic
steatosis.

Overexpression of PFKFB3/iPFK2 in Adipose Tissue Alters
Tissue and Plasma Lipid Profiles—Given that PFKFB3/iPFK2
overexpression in adipose tissue promotes fat deposition and
that fat composition but not fat content determines tissue pro-
inflammatory status and insulin sensitivity (16, 32), the lipid
profiles in both adipose and liver tissues were analyzed. Com-
pared with controls, the levels of palmitoleate, a putative anti-
inflammatory unsaturated fatty acid (32), were increased in
both TG and FFA isolated from HFD-fed Tg mouse adipose
tissue (Fig. 4, A and B). Interestingly, the levels of palmitate
were increased in adipose tissue TGs (Fig. 44). Similarly, the
levels of palmitoleate were increased in both TG and FFA iso-
lated from livers of HFD-fed Tg mice compared with HFD-fed
WT mice (Fig. 4, C and D). Compared with controls, the levels
of oleate, another monounsaturated fatty acid, were also
increased in both liver TG and FFA fractions in HFD-fed Tg
mice (Fig. 4, C and D). Consistent with an increase in the levels
of palmitoleate, the expression of SCD1 along with the expres-
sion of other key lipogenic genes, including FAS and SREBP1c,
were increased in both adipose and liver tissues (Fig. 2G and Fig.
3D). Because PFKFB3/iPFK2 overexpression did not occur in
livers, plasma lipid profile was also analyzed to address a poten-
tial link between adipose and liver tissues. Compared with con-
trols, only the levels of palmitoleate in HFD-fed Tg mice were
increased (Fig. 4E). In combination, these results suggest that
selective overexpression of PFKFB3/iPFK2 in adipose tissue
promotes deposition of unsaturated fatty acids.

PFKFB3/iPFK2 Overexpression Dissociates Adipocyte In-
flammatory Response and Insulin Resistance from Fat Depo-
sition—To verify a direct role for PEKFB3/iPFK2 in dissociating
the inflammatory response and insulin resistance linked to fat
deposition, stable adipocytes overexpressing PFKFB3/iPFK2
(iPFK2-OX) were established (Fig. 54). Compared with GFP-
expressing adipocytes (control), iPFK2-OX adipocytes exhib-
ited an increase in rates of glucose incorporation into lipid (Fig.
5B). Consistently, the expression of key lipogenic genes, includ-
ing FAS, SCD1, and SREBP1c, was increased in iPFK2-OX adi-
pocytes compared with controls (Fig. 5C). While accumulating
more lipids (data not shown), iPFK2-OX showed a decrease in
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FIGURE 2. Overexpression of PFKFB3/iPFK2 in adipose tissue decreases diet-induced adipose tissue inflammatory response and improves insulin
signaling while increasing adiposity. At 5-6 weeks of age, male Tg and WT mice were fed an HFD for 12 weeks. A, changes in fat mass. Visceral fat content
was estimated from the sum of epididymal, perinephric, and mesenteric fat mass. B, changes in adiposity. C, adipose tissue histology. The sections of
epididymal fat pad were stained with hematoxylin and eosin (10X). D, macrophage infiltration in adipose tissue. The sections of epididymal fat pad were
immunostained for F4/80. E, fraction of adipose tissue macrophages. F, adipose tissue inflammatory signaling. The levels of NF-«B p65 and phospho-p65
(Ser-468) were examined using Western blot analyses. G, adipose tissue gene expression was quantified using real time RT-PCR. H, adipose tissue insulin
signaling. Tissue samples of HFD-fed mice were collected at 5 min after a bolus injection of insulin (1 unit/kg) or PBS into the portal vein. The levels of Akt1/2
and phospho-Akt (Ser-473) were examined using Western blot analyses. A, B, E, and G, data are means = S.E, n = 6-10.7,p < 0.05; ™", p < 0.01 Tg versus WT (8

and E) for the same fat pad (A) and for the same gene (G for an increase); *, p < 0.05; **, p < 0.01 Tg versus WT for the same gene (G for a decrease).

the generation of reactive oxygen species (ROS) under both
basal (BSA) and palmitoleate-stimulated conditions (Fig. 5D),
indicating decreased the status of oxidative stress. Additionally,
iPFK2-OX adipocytes showed a decrease in NF-«B p65 (Ser-
468) phosphorylation (Fig. 5E), as well as IL-6 expression in
both basal (PBS) and TNFa-stimulated conditions compared
with controls (Fig. 5F). When insulin signaling was analyzed,
iPFK2-OX adipocytes showed an increase in Akt (Ser-473)
phosphorylation at both basal and insulin-stimulated condi-
tions compared with control adipocytes (Fig. 5G). Thus,
PFKFB3/iPFK2 has direct effects on decreasing adipocyte
inflammatory response and on improving insulin signaling
while increasing fat deposition.

To verify if PFKFB3/iPFK2 overexpression directly stimu-
lates adipocyte production of palmitoleate, the lipid profile of
adipocyte-CM was analyzed. Compared with controls, the lev-
els of palmitoleate in iPFK2-OX-CM were significantly
increased (Fig. 5H). This increase was associated with the
increased adipocyte expression of SCD1 in iPFK2-OX adi-
pocytes (Fig. 5C) and is consistent with increased levels of
palmitoleate in plasma isolated from HFD-fed Tg mice (Fig.
4E). Together, these data provide the first evidence in support
of a role for PFKFB3/iPFK2, a regulator of adipocyte glycolysis,
in stimulating adipocyte production of palmitoleate.

Adipocyte-derived Factors Dissociate Hepatocyte Inflamma-
tory Response and Insulin Resistance from Fat Deposition—To
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address the direct effects of adipocyte factors generated in
response to PEKFB3/iPFK2 overexpression on hepatocyte met-
abolic and inflammatory responses, adipocyte-conditioned
medium was used to treat WT mouse primary hepatocytes as
described previously (11, 33, 34). Palmitate was supplemented
into hepatocyte medium to induce fat deposition and inflam-
matory responses. Compared with controls, treatment with
iPFK2-OX-CM markedly increased hepatocyte fat deposition
(Fig. 6A) but decreased hepatocyte production of ROS at both
basal and palmitate-stimulated conditions (Fig. 6B). Addition-
ally, NF-kB p65 (Ser-468) phosphorylation in hepatocytes
treated with iPFK2-OX-CM was much lower than in hepato-
cytes treated with control medium (Fig. 6C). Consistent with
changes in hepatocyte fat deposition and inflammatory
responses, the expression of FAS and SREBP1c was increased,
whereas the expression of IL-6 and TNF« was decreased in
hepatocytes treated with iPFK2-OX-CM compared with hepa-
tocytes treated with control medium (Fig. 6D). When insulin
signaling was analyzed, hepatocytes treated with iPFK2-
OX-CM showed a significant increase in Akt (Ser-473) phos-
phorylation at both basal and insulin-stimulated conditions
compared with control hepatocytes (Fig. 6E). In combination,
these results suggest that adipocyte-derived factors generated
in response to PFKFB3/iPFK2 overexpression directly dissoci-
ate hepatocyte inflammatory response and insulin resistance
from fat deposition.
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FIGURE 3. Overexpression of PFKFB3/iPFK2 in adipose tissue decreases
diet-induced liver inflammatory response and improves insulin signal-
ing while increasing hepatic steatosis. At 5-6 weeks of age, male Tg and
WT mice were fed an HFD for 12 weeks. A, changes in liver weight. B, liver
histology. Liver sections were stained with hematoxylin and eosin (10X). C,
levels of hepatic triglycerides were quantified using the biochemical assay. D,
liver gene expression was quantified using real time RT-PCR. E, VLDL-triglyc-
eride secretion. HFD-fed mice were fasted for 5 h and injected with tyloxapol
(500 mg/kg, i.v.). Plasma levels of triglycerides were measured in blood sam-
ples taken at the indicated time points after the injection. F, liver macro-
phages/Kupffer cells. Liver sections were immunostained for F4/80. G, frac-
tion of liver macrophages/Kupffer cells. H, liver inflammatory signaling. The
levels of NF-«kB p65 and phospho-p65 (Ser-468) were examined using West-
ern blot analyses. /, liver expression of proinflammatory cytokines was quan-
tified using real time RT-PCR. J, liver insulin signaling. Tissue samples of HFD-
fed mice were collected at 5 min after a bolus injection of insulin (1 unit/kg) or
PBS into the portal vein. The levels of Akt1/2 and phospho-Akt (Ser-473) were
examined using Western blot analyses. A, C-E, G, and /, data are means = S.E.,
n=6-10.T,p <0.05;™,p <0.01 Tg versus WT (A, C, and G) for the same gene
(Dand ).

DISCUSSION

Although it is commonly accepted that a vicious cycle exists
within fat deposition, the inflammatory response, and insulin
resistance, increasing evidence also indicates that these meta-
bolic and inflammatory events can be dissociated (13-16, 35).
As additional evidence, global disruption of PFKFB3/iPFK2
blunts diet-induced adiposity but exacerbates adipose tissue
inflammatory response and systemic insulin resistance (20).
Given the important role for adipose tissue in regulating sys-
temic metabolic and inflammatory responses (23, 36), we
hypothesized that adipocyte PFKFB3/iPFK2 directs the disso-
ciation of the inflammatory response and insulin resistance
associated with fat deposition locally in adipose tissue and dis-
tally in the liver. To test this hypothesis, this study examined
HFD-induced metabolic and inflammatory events in Tg mice
and wild-type littermates. Upon treating mouse primary hepa-
tocytes with adipocyte-conditioned medium, the effects of adi-
pocyte factors generated in response to PEKFB3/iPFK2 overex-
pression on hepatocyte metabolic and inflammatory responses
were also determined.
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FIGURE 4. Overexpression of PFKFB3/iPFK2 in adipose tissue alters lipid
profiles in adipose, liver, and plasma. At 5- 6 weeks of age, male Tgand WT
mice were fed an HFD for 12 weeks. A, lipid profile in triglycerides fractionated
from adipose tissue samples. B, lipid profile in fatty acids fractionated from
adipose tissue samples. C, lipid profile in triglycerides fractionated from liver
samples. D, lipid profile in fatty acids fractionated from liver samples. E,
plasma lipid profile. A-E, data are means = SE., n =4-6.",p < 0.05; ", p <
0.01 Tg versus WT for the same fatty acid (A-E for an increase); *, p < 0.05 Tg
versus WT (C and D for a decrease).

As aresult of selective PEKFB3/iPFK2 overexpression in adi-
pose tissue, Tg mice exhibited a dissociation of fat deposition,
the inflammatory response, and insulin resistance. Locally, adi-
posity in HFD-fed T'g mice was greater than in wild-type litter-
mates, which is consistent with the role of PFKFB3/iPFK2 in
promoting glycolysis and glycolysis-derived lipogenesis as indi-
cated by the results from PFKFB3/iPFK2-overexpressing adi-
pocytes. However, while showing increased adiposity, HFD-fed
Tg mice exhibited a decrease in adipose tissue NF-«B p65 (Ser-
468) phosphorylation and proinflammatory cytokine expres-
sion while accumulating more macrophages. This phenotype
was nearly identical to that observed in adipose tissue of wild-
type mice upon treatment with rosiglitazone (14, 21). Because
aP2-PFKFB3 primarily elevated PFKFB3/iPFK2, it is postulated
that PFKFB3/iPFK2 is capable of mediating a dissociation of fat
deposition and the inflammatory response. In support of this
finding, PFKFB3/iPFK2 overexpression in adipocytes increased
fat accumulation but decreased adipocyte inflammatory
response. Previous evidence from rosiglitazone-treated adi-
pocytes suggests that PEKFB3/iPFK2 channels fatty acids from
excessive oxidation to synthesis, thereby reducing adipocyte
ROS production and the inflammatory response while increas-
ing fat accumulation. This is also the case in PFKFB3/iPFK2-
overexpressing adipocytes. Additionally, PFKFB3/iPFK2 over-
expression increased SCD1 expression in both adipose tissue
and adipocytes, which appeared to alter the lipid profile in adi-
pose tissue of Tg mice and in conditioned medium of PFKFB3/
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FIGURE 5. PFKFB3/iPFK2 overexpression decreases adipocyte inflammatory response and improves insulin signaling while increasing fat
deposition. Stable iPFK2-OX adipocytes and GFP-expressing adipocytes were established and subjected to metabolic and inflammatory assays. Each of
the assays was performed at least in quadruplicate. A, amounts of iPFK2 in cells lysates were examined using Western blot analyses. B, changes in the
rates of glucose incorporation into lipid. C, adipocyte gene expression was quantified using real time RT-PCR. D, production of ROS was measured using
the nitro blue tetrazolium (NBT) assay. E, adipocyte inflammatory signaling. The levels of NF-«B p65 and phospho-p65 (Ser-468) were examined using
Western blot analyses. F, adipocyte expression of IL-6. G, adipocyte insulin signaling. Prior to harvest, adipocytes were incubated with or without insulin
(100 nm) for 30 min. Phospho-Akt (Ser-473) to Akt1/2 ratios were calculated using densitometry and expressed as fold changes. D-G, adipocytes were
incubated with or without palmitate (250 um) for 24 h (D, E, and G) or TNFa (10 ng/ml) for 6 h (F). H, lipid profile of adipocyte-conditioned medium.
iPFK2-OX adipocytes and GFP-expressing 3T3-L1 were differentiated for 10 days before collection of conditioned medium. B-D, F, and H, t, p < 0.05; ¥,
p < 0.01 iPFK2-OX versus GFP (B) for the same gene (C) under the same condition (D and F) and for the same fatty acid (H). ¥, p < 0.05; **, p < 0.01 TNF«
versus PBS for the same cell line in F.
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FIGURE 6. Adipocyte factors generated in response PFKFB3/iPFK2 overexpression decrease hepatocyte inflammatory response and improve insulin
signaling while increasing hepatocyte fat deposition. Wild-type mouse primary hepatocytes were treated with adipocyte-CM in M199 medium ata 1:1 ratio
for 48 h in the presence or absence of supplemental palmitate (250 um) for the last 24 h. Each of the assays was performed at least in quadruplicate. A,
adipocyte-CM-treated mouse primary hepatocytes were stained with Oil Red O for 1 h (left four panels) and/or subjected to quantification of triglyceride
content (right panel). AU, arbitrary unit. B, hepatocyte ROS production. C, hepatocyte levels of NF-«B p65 and phospho-p65 (Ser-468). D, hepatocyte gene
expression. E, hepatocyte insulin signaling. A, B, and D, numeric data are means = S.E. T, p < 0.05; ™, p < 0.01 iPFK2-OX-CM versus GFP-CM under the same
condition (palmitate or BSA in A and B) and for the same gene (D). E, hepatocytes were incubated with or without insulin (100 nm) for 30 min prior to harvest.
Phospho-Akt (Ser-473) to Akt1/2 ratios were calculated using densitometry and expressed as fold changes. Pal, palmitate.
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iPFK2-overexpressing adipocytes in a manner that is anti-in-
flammatory and pro-lipogenic (see below and Refs. 15, 32).
Considering this, by altering lipid composition, PEKFB3/iPFK2
may dissociate adipose tissue/adipocyte fat deposition and the
inflammatory response. When the inflammatory response was
decreased, insulin signaling through Akt was improved in both
adipose tissue of Tg mice and in PFKFB3/iPFK2-overexpress-
ing adipocytes. These results further support a role for
PFKFB3/iPFK2 in regulating adipose tissue/adipocyte insulin
sensitivity in a manner dependent on the inflammatory status
but not fat deposition (20).

It also is a significant finding that in HFD-fed Tg mice the
degree of hepatic steatosis was greater, whereas the severity of
liver proinflammatory status and insulin resistance was lesser
than in controls. This distal dissociation is consistent with liver
phenotypes reported in mice in which the liver selectively over-
expresses human diacylglycerol acyltransferase (15) and in
mice that are treated with adenovirus to overexpress mCPT1a
(16). However, unlike the two studies in which the liver origi-
nates metabolic alternations (15, 16), the aP2-PFKFB3
approach of this study suggests that adipose tissue initiated a
dissociation of fat deposition and the inflammatory response,
and the liver responded in a similar pattern. As substantial evi-
dence, treatment of mouse primary hepatocytes with condi-
tioned medium of PFKFB3/iPFK2-overexpressing adipocytes
recapitulated liver phenotypes observed in HFD-fed Tg mice.
Of importance, palmitoleate levels were increased in condi-
tioned medium of PFKFB3/iPFK2-overexpressing adipocytes.
Palmitoleate was initially thought to be anti-lipogenic (37).
However, treatment of Huh7 hepatocytes with palmitoleate
increased steatosis but decreased the phosphorylation of
JNK1/2 (32). Furthermore, in this study, treatment of mouse
primary hepatocytes with conditioned medium of PFKFB3/
iPFK2-overexpressing adipocytes increased fat deposition but
decreased hepatocyte ROS production, NF-«B p65 phosphor-
ylation, and proinflammatory cytokine expression. Given this,
the composition of fat deposited but not fat content appears to
control the status of hepatic inflammatory response. In terms of
cross-talk between adipose and liver tissues, selective PFKFB3/
iPFK2 overexpression appears to alter the adipose tissue lipid
profile in a manner to cause a local dissociation of fat deposition
and the inflammatory response. Meanwhile, the unique prop-
erty of adipose tissue lipid profile was conveyed through the
circulation and resulted in a similar change in liver lipid profile.
The latter in turn accounted for, at least in part, a distal disso-
ciation of hepatic steatosis and the inflammatory response. In
this paradigm, the role of PFKFB3/iPFK2 is largely attributed to
increasing adipocyte production of palmitoleate. In agreement
with the inverse correlation between the status of proinflam-
matory response and insulin sensitivity observed in adipose tis-
sue of this study and as reported elsewhere (15, 16, 31), HFD-
fed Tg mice showed improvement in liver insulin sensitivity.
Given an increase in liver fat deposition in HFD-Tg mice,
hepatic steatosis is thus not necessarily a result of insulin
resistance.

In the presence of a similar decrease in the status of proin-
flammatory response, macrophage numbers were increased in
adipose tissue but decreased in livers in Tg mice compared with
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control mice in response to HED feeding. This is an interesting
observation for which the underlying mechanisms remain to be
explored. Nonetheless, similarities in adipose tissue inflamma-
tory events between HFD-fed Tg mice and HFD-fed and rosigli-
tazone-treated wild-type mice (14, 21) suggest that adipose tis-
sue macrophages in Tg mice were less activated in terms of
their proinflammatory status. A possible explanation is that
adipocyte factors generated in response to PFKFB3/iPFK2
overexpression suppressed macrophage proinflammatory
response in a manner similar to that was observed in hepato-
cytes treated with adipocyte-conditioned medium. Another
possible explanation is that PEKFB3/iPFK2 overexpression also
occurred in macrophages and suppressed macrophage pro-
inflammatory status as did PFKFB3/iPFK2 in adipocytes. At
this point, a direct role for the PFKFB3/iPFK2 in macro-
phages in regulating macrophage inflammatory status is
under investigation.

In summary, this study provides evidence to support a
unique role for the PFKFB3/iPFK2 in adipocytes in dissociating
inflammatory responses in both adipose and liver tissues fol-
lowing diet-induced fat deposition. Mechanistically, PFKFB3/
iPFK2 enhances adipocyte glycolysis and glycolysis-derived
lipogenesis, thereby generating a unique lipid profile that is
characterized by increased levels of palmitoleate. These events
contribute to both anti-inflammatory and insulin-sensitizing
outcomes in adipose and liver tissues. As such, PFKFB3 is likely
a gene that promotes “healthy obesity.”
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