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Krüppel-like factor 15 (KLF15), a member of the Krüppel-like
factor familyof transcriptionfactors,hasbeenfoundtoplaydiverse
roles in adipocytes in vitro.However, little is knownof the function
ofKLF15 inadipocytes invivo.Wehavenowfoundthat theexpres-
sion of KLF15 in adipose tissue is down-regulated in obese mice,
and we therefore generated adipose tissue-specific KLF15 trans-
genic (aP2-KLF15Tg)mice to investigate thepossiblecontribution
of KLF15 to various pathological conditions associated with obe-
sity in vivo. The aP2-KLF15 Tg mice manifest insulin resistance
and are resistant to thedevelopment of obesity inducedbymainte-
nance on a high fat diet. However, they also exhibit improved glu-
cose tolerance as a result of enhanced insulin secretion. Further-
more, this enhancement of insulin secretion was shown to result
from down-regulation of the expression of stearoyl-CoA desatu-
rase 1 (SCD1) in white adipose tissue and a consequent reduced
level of oxidative stress. This is supported by the findings that res-
toration of SCD1 expression in white adipose tissue of aP2-KLF15
Tgmiceexhibited increasedoxidative stress inwhiteadipose tissue
and reduced insulin secretion with hyperglycemia. Our data thus
provide an example of cross-talk betweenwhite adipose tissue and
pancreatic � cells mediated through modulation of oxidative
stress.

Obesity is characterized by an increased amount of adipose
tissue and is associated with various complications, including
insulin resistance, type 2 diabetes, dyslipidemia, and athero-
sclerosis (1, 2). Mammals possess two types of adipose tissue,
white adipose tissue (WAT)3 and brown adipose tissue (BAT).
White adipocytes play an important role in obesity by secreting
numerous bioactive substances known as adipocytokines (or
adipokines) as well as by storing energy in the form of triglyc-
eride. Through the secretion of adipokines, white adipocytes
affect other tissues, including the liver, skeletal muscle, � cells
of the pancreas, and the central nervous system. Brown adi-
pocytes, which contain abundant mitochondria, also play an
important role in obesity by dissipating energy through adapt-
ive thermogenesis. Bothwhite and brown adipocytes thus influ-
ence systemic energy metabolism (3).
Krüppel-like factor 15 (KLF15), a member of the Krüppel-

like factor family of transcription factors, was first identified as
a molecule that binds to the promoter of the gene for CLC-K1,
a kidney-specific CLC chloride channel (4).We and others sub-
sequently showed that KLF15 regulates gene expression in var-
ious cell types, including adipocytes (5–7), myocytes (7, 8), and
hepatocytes (9, 10). Characterization of mice lacking KLF15
implicated this protein in the regulation of gluconeogenesis
with amino acids as substrates (11). However, little is known of
the role of KLF15 in adipose tissue in vivo.
Stearoyl-CoA desaturase 1 (SCD1), a member of the fatty

acid desaturase family, has recently been associated with obe-
sity, diabetes, immune disorders, and inflammation (12, 13).
Mice deficient in SCD1 either globally (14) or specifically in the
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liver and adipose tissue (15, 16) are resistant to the development
of obesity induced by a high fat diet. However, mice with liver-
specific ablation of SCD1 are not protected from high fat diet-
induced obesity (17), suggesting that SCD1 in adipose tissue
plays a key role in the development of obesity.
We have now investigated the role of KLF15 in adipose tissue

(WATandBAT) in vivo by generating transgenicmice inwhich
KLF15 is overexpressed specifically in white and brown adi-
pocytes. Our observations indicate that KLF15 suppresses the
expression of SCD1 in adipose tissue. Moreover, this effect
appears to influence pancreatic � cells, resulting in increased
insulin secretion. Such signaling from adipose tissue to pancre-
atic � cells may contribute to the pathogenesis of type 2 diabe-
tes induced by obesity.

EXPERIMENTAL PROCEDURES

Antibodies and Other Reagents—Antibodies to p42/44
MAPK, to phosphorylated Akt (Ser473), to Akt, to �-tubulin,
and to �-actin were obtained from Cell Signaling (Beverly,
MA); those to SCD1 and those to KLF15 for immunoprecipita-
tion were from Santa Cruz Biotechnology (Santa Cruz, CA);
those to insulin receptor substrate-1 (IRS-1) and to phosphoty-
rosine were from Upstate Biotechnology, Inc. (Lake Placid,
NY); and those to KLF15 for immunoblot analysis were gener-
ated as described previously (10). Adenoviruses encoding rat
KLF15 or �-galactosidase were generated as described previ-
ously (5).
Generation of Adipose Tissue-specific KLF15 or SCD1 Trans-

genic Mice—We obtained a cDNA for rat KLF15 as described
previously (5) and a cDNA for mouse SCD1 from Invitrogen.
These cDNAs were subcloned separately and consecutively
into the plasmids pCMV5-aP2 (kindly provided by B. M.
Spiegelman, Dana-Farber Cancer Institute, Boston) and
pBST-N (kindly provided by J. Miyazaki, Osaka University,
Osaka, Japan). The final transgene constructs contained a
5.4-kb promoter-enhancer fragment of themouse aP2 gene, the
second intron of the rabbit �-globin gene, rat KLF15 or mouse
SCD1 cDNA, and polyadenylation signals of the rabbit�-globin
gene and SV40 early gene (18). These constructs were linear-
ized and microinjected into pronuclear oocytes of C57BL/6
mice for the generation of chimeric mice. The resulting off-
spring were screened for transgene transmission by PCR anal-
ysis and Southern blot hybridization.
Animal Studies, Including Glucose and Insulin Tolerance

Tests, and Dissections—Male mice were used for experiments.
For examination of the effects of a high fat diet, mice were fed
from 6 weeks of age with such a diet as described previously
(19). Mice were deprived of food for 16 h before intraperitoneal
injection of glucose (2 g/kg of body mass) for a glucose toler-
ance test, with blood samples being collected at various times
(0–120 min) during the test. An insulin tolerance test was per-
formed with mice in the randomly fed state; plasma glucose
concentration was determined at various times (0–60 min)
after intraperitoneal injection of human regular insulin (1.5
units/kg). For immunoprecipitation and immunoblot analysis
of insulin-induced tyrosine phosphorylation of IRS-1 and ser-
ine phosphorylation ofAkt, tissueswere isolated frommice that
had been deprived of food for 16 h and then stimulated with

human regular insulin (0.5 units/kg) for 2 min. Tissue lysates
were subjected to immunoprecipitation followed by immuno-
blot analysis as described previously (20). All experimental pro-
tocols with mice were approved by the animal ethics commit-
tees of Kobe University Graduate School of Medicine and the
National Center for Global Health and Medicine. We carried
out the sampling of fat depots as described previously (21). Spe-
cific definitions of dissected fat depots are as follows: epididy-
malWAT, prominent bilateral intra-abdominal visceral depots
in male mice attached to the epididymides; subcutaneous
WAT, bilateral superficial subcutaneousWAT depots between
the skin and muscle fascia just anterior to the lower segment of
the hind limbs; BAT, most prominent depot of classic brown
adipocytes in rodents, found as bilobed tissue between the
scapulae.
Measurement of Oxygen Consumption, Daily Food Intake,

and Locomotor Activity—Formeasurement ofO2 consumption
in mice, each animal was monitored individually in a metabolic
cage (Oxymax; Columbus Instruments, Columbus, OH) with
free access to food and drinking water. Each cage was moni-
tored for both O2 consumption and CO2 production at 10-min
intervals. Oxygen consumption and CO2 production were
expressed as milliliters of O2 or CO2/kg of body mass/h. For
measurement of food intake and locomotor activity, mice were
monitored individually in a cage with the ACTIMO system
(Shinfactory, Fukuoka, Japan). This system measures locomo-
tor activity with the use of infrared beams as well as food intake
at 30-min intervalswith the use of a top-loader balance.Oxygen
consumption by isolated adipocytes wasmeasured as described
previously (22).
Analysis ofMetabolic Parameters—Plasma glucose and insu-

lin as well as serum leptin concentrations were measured as
described previously (19). Serum levels of adiponectin, nones-
terified fatty acids, and triglyceride were also measured as
described previously (22). We extracted hepatic triglycerides
using chloroform/methanol and determined levels by colori-
metric assay as described above.
Isolation of Total RNA, RT-PCR Analysis, Northern Hybridiza-

tion, and Quantification of Mitochondrial Copy Number—
Total RNAwas isolated from tissues and cells with the use of an
RNeasy kit (Qiagen, Valencia, CA) andwas subjected to reverse
transcription using a high capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA). The resulting cDNA
was subjected to real time PCR analysis with a StepOnePlus
instrument and SYBRGreenMasterMix (Applied Biosystems).
The relative abundance of mRNAs was calculated with 18 S
rRNA as the invariant control. Northern blot analysis was per-
formed as described previously (5) with a full-length mouse
KLF15 cDNAor a fragment ofmouse SCD1 cDNAas the probe.
A probe for 28 S rRNA was used as a loading control. Quanti-
fication of mitochondrial copy number was performed as
described previously (23, 24). In brief, DNA was isolated from
whole tissue lysates and then subjected to real time PCR analy-
sis with primers targeted to the mitochondrial gene for cyto-
chrome c oxidase subunit I (COXI) and to the nuclear gene for
18 S rRNA. The ratio of the number of DNA copies for the
COXI gene to that for the 18 S rRNA gene represents the rela-

Cross-talk between Adipocytes and Pancreatic � Cells in Mice

OCTOBER 28, 2011 • VOLUME 286 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 37459



tive mitochondrial copy number. Primers for all PCR analyses
are listed in supplemental Table 1.
Cell Culture andMeasurement of Insulin Secretion—3T3-L1

preadipocytes were maintained and induced to differentiate
into white adipocytes as described previously (5). HB2 cells
(kindly provided by M. Saito, Tenshi College, Sapporo, Japan)
were also maintained and induced to differentiate into brown
adipocytes as described previously (22).MIN6 cells (kindly pro-
vided by S. Seino, Kobe University, Kobe, Japan) were main-
tained as described previously (25). 3T3-L1 adipocytes were
infected with recombinant adenoviruses at 5 days after the
induction of differentiation, and themediumwas changed daily
until the initiation of coculture with MIN6 cells at 7 days after
the induction of differentiation. The two cell types in the cocul-
ture were separated by a nylon filter with a pore size of 3 �m.
After coculture for 2 days, the cells were incubated at 37 °C first
for 30 min in HEPES-buffered Krebs-Ringer solution (119 mM

NaCl, 1.19 mM KH2PO4, 1.19 mM MgSO4, 2.54 mM CaCl2, and
10mMHEPES (pH7.4)) supplementedwith 2%BSAand 2.8mM

glucose and then for 2 h in the same solution supplemented
with 2%BSA and either 2.8 or 16.8mM glucose. Insulin released
into the medium by MIN6 cells was measured as described
above and was normalized by the cellular protein content.
Measurement of Oxidative Stress—The nitro blue tetrazo-

lium (NBT) assay was performed as described previously (26).
The levels of lipid peroxidation in plasma and in tissue homo-
genates were measured with a TBARS Assay kit (Cayman, Ann
Arbor, MI). Urinary 8-hydroxy-2�-deoxyguanosine (8-OHdG)
excretion was measured with an ELISA kit (Japan Institute for
the Control of Aging, Shizuoka, Japan). Experiments with the
reactive oxygen species (ROS)-sensitive fluorescent dye 5-(and-
6)-chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA), were performed essentially as
described previously (27). Hydroperoxy forms of triglyceride
and phosphatidylcholine were quantitated with the use of
reversed-phase liquid chromatography and electrospray ion-
ization-MS as described previously (28).
Immunoblot Analysis, Immunoprecipitation, and ChIP—Im-

munoblot analysis was performed as described previously (5).
For immunoprecipitation, tissue lysates were assayed for pro-
tein content with a BCA protein assay kit (Thermo Scientific,
Rockford, IL), and equal amounts of lysate protein (480 �g)
were then incubated overnight at 4 °C in a total volume of 400
�l with 1 �g of antibodies to KLF15 that had been bound to
protein G-Sepharose beads (GE Healthcare). The resulting
immunoprecipitates were washed three times with wash buffer
(50 mM Tris-HCl (pH 7.5), 1% Nonidet P-40, 150 mM NaCl, 2
mM EGTA), suspended in SDS sample buffer, boiled for 4 min,
and subjected to SDS-PAGE on a 10% gel followed by immuno-
blot analysis. ChIP analysis was performed with the use of a
ChIP assay kit (Upstate Biotechnology, Inc.). In brief, cells were
incubated for 30 min at room 37 °C with 1% formaldehyde in
culture medium, washed with ice-cold PBS, and subjected to
ultrasonic treatment in SDS lysis buffer (kit component) con-
taining aprotinin (1 �g/ml) and leupeptin (1 �g/ml). The cell
lysates were incubated overnight at 4 °C with antibodies to
KLF15 or normal goat IgG, after which protein A-agarose was
added, and each mixture was incubated for an additional 1 h.

The precipitated DNA-protein complexes were washed, eluted
from the agarose beads, and dissociated. DNA was then
extracted with phenol/chloroform and used as a template for
PCR analysis with the primers 5�-GGAATCACGTTATC-
CTGC-3� (sense) and 5�-GCTAATGTGCCTCCTGTG-3�
(antisense).
Luciferase Reporter Assays—3T3-L1 adipocytes or HB2 cells

in 10-cm dishes were transfected with 1�g of pGL3-basic (Pro-
mega, Madison, WI) containing (or not) a fragment of the
mouse SCD1 gene promoter (nucleotides �669 to �157 rela-
tive to the transcription initiation site), 2 �g of pcDNA3.1 con-
taining rat KLF15 cDNA (pcDNA3.1/KLF15) or the empty vec-
tor, and 0.3 �g of pRL-TK (Promega) by electroporation as
described previously (5). After 48 h, the cells were lysed in Pas-
sive Lysis Buffer (Promega), and portions of the lysates were
assayed for firefly and Renilla luciferase activities with the use
of a Dual-Luciferase assay system (Promega). Promoter activity
was determined as the ratio of firefly to Renilla luciferase
activities.
Determination of Adipocyte Size and�Cell Area—Adipocyte

size was determined with a Coulter counter as described previ-
ously (19). The area of � cells was determined by hematoxylin-
eosin staining of pancreatic sections as described previously
(29).
Statistical Analysis—Data are presented asmeans� S.E. Dif-

ferences between two groups were evaluated by Student’s
unpaired two-tailed t test as performed with StatView software
(SAS Institute, Cary, NC). A p value of �0.05 was considered
statistically significant.

RESULTS

Down-regulation of KLF15 in WAT and BAT of Obese Mice
and Generation of Adipose Tissue-specific KLF15 Transgenic
Mice—We first examined the expression of KLF15 in (epididy-
mal)WAT and BAT of obesemice. In both C57BL/6mice fed a
high fat diet and genetically obese diabetic (db/db) mice, the
expression of KLF15 inWAT and BATwas reduced at both the
mRNAand protein levels comparedwith controlmice (Fig. 1,A
and B). To investigate the role of KLF15 in adipose tissue in
vivo, we next generated adipose tissue-specific KLF15 trans-
genic (aP2-KLF15 Tg) mice in which KLF15 is expressed under
the control of a 5.4-kb promoter-enhancer fragment of the
mouse aP2 gene. We obtained three lines of such transgenic
mice, two of which (1Tg and 3Tg) were examined further.
Northern blot and RT and real time PCR analyses confirmed
that both 1Tg and 3Tg lines expressed the transgene almost
exclusively in adipose tissue (Fig. 1C and supplemental Fig. 1).
The abundance of KLF15 mRNA in WAT of the 1Tg and 3Tg
lines fed normal chow was 1.4 and 2.4 times, respectively, that
inWT littermates (supplemental Fig. 2). However, for mice fed
a high fat diet, the amount of KLF15mRNA inWAT of the 1Tg
and 3Tg lines was increased to a greater extent (3.7- and 22.6-
fold, respectively, compared with WT controls) (supplemental
Fig. 2). The amount of KLF15 mRNA in BAT of the 1Tg and
3Tg lines was increased 2.9 and 3.6 times, respectively, for mice
fed normal chow and 7.4 and 16.4 times, respectively, for those
fed a high fat diet (supplemental Fig. 2).
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Resistance to Diet-induced Obesity, Insulin Resistance, and
Improved Glucose Tolerance in aP2-KLF15 Tg Mice—Animals
of both lines (1Tg and 3Tg) of aP2-KLF15 Tgmice were born in
a Mendelian ratio and appeared physically normal at birth.
Body mass also did not differ between aP2-KL15 Tg and WT
littermates maintained on normal chow (Fig. 2A). However,
when fed a high fat diet, aP2-KLF15 Tg mice were significantly
leaner than WT littermates in a manner dependent on trans-
gene dosage (Fig. 2A). We therefore performed subsequent
examinations with mice fed a high fat diet. The mass of WAT
was also reduced in aP2-KLF15 Tg mice in a transgene dosage-
dependentmanner, whereas themass of the liver was increased
(supplemental Fig. 3A). Consistent with the observed decrease
in WAT mass, the size of white adipocytes was smaller in aP2-
KLF15 Tg mice of both lines than in WT littermates (supple-
mental Fig. 3B).
We next investigated glucose metabolism in aP2-KLF15 Tg

mice. The plasma insulin concentration in the fed state was
increased in these animals, whereas the plasma glucose concen-
tration did not differ from that in WT controls (Table 1). Fur-
thermore, plasma glucose levels during an intraperitoneal insu-
lin tolerance test were significantly higher in aP2-KLF15 Tg

mice than in WT littermates (Fig. 2B), indicative of insulin
resistance in the former animals. We therefore examined insu-
lin signaling in the liver and skeletal muscle of aP2-KLF15 Tg
mice. The phosphorylation of IRS-1 on tyrosine residues and
that of Akt on Ser473, both of which are key events in insulin
signaling,was attenuated in both the liver and skeletalmuscle of
aP2-KLF15 Tgmice, whereas the total abundance of these pro-
teins did not differ between the two genotypes (Fig. 2C). Con-
sistent with the increased livermass and impaired hepatic insu-
lin resistance, hepatic triglyceride accumulation is more severe
in 3Tg mice compared with controls (Fig. 2D). Unexpectedly,
despite their insulin resistance, an intraperitoneal glucose tol-
erance test revealed that aP2-KLF15 Tg mice were more glu-
cose tolerant than wereWT littermates (Fig. 2E). Insulin secre-
tion during the glucose tolerance test was more pronounced in
aP2-KLF15 Tg mice than in the WT controls (Fig. 2F). Exami-
nation of islet morphology also revealed that the area occupied
by� cells in the pancreaswas significantly greater in aP2-KLF15
Tg mice than in WT littermates (supplemental Fig. 4). These
various observations thus suggested that aP2-KLF15 Tg mice
show improved glucose tolerance as a result of increased insulin
secretion. Also of note, the serum adiponectin level was signif-

FIGURE 1. Down-regulation of KLF15 expression in adipose tissue of obese mice and generation of adipose tissue-specific KLF15 transgenic mice.
A, amount of KLF15 mRNA in (epididymal) WAT or BAT of 23-week-old C57BL/6 mice fed normal chow (NC) or a high fat diet (HFD) (left panel) as well as in
23-week-old db/�m (control) and db/db (genetically obese diabetic) mice (right panel) was examined by RT and real time PCR analysis. Quantitative data are
normalized by the abundance of 18 S rRNA, are expressed relative to corresponding value for control mice, and are means � S.E. for five mice. **, p � 0.01 versus
control mice. B, whole lysates of WAT or BAT of mice as in A were subjected to immunoprecipitation and immunoblot analysis with antibodies to KLF15 or to
direct immunoblot analysis with antibodies to p42/44 MAPK (loading control). C, Northern blot analysis of KLF15 mRNA (endogenous and transgene-derived)
in various fat depots of aP2-KLF15 Tg mice (1Tg and 3Tg lines) at 23 weeks of age. Data in B and C are representative of at least three independent experiments.
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icantly lower in aP2-KLF15 Tg mice than in WT littermates
(Table 1), despite the relative leanness of the former animals.
Increased O2 Consumption in aP2-KLF15 Tg Mice—Given

that aP2-KLF15 Tg mice remained relatively lean on a high fat
diet, we measured O2 consumption, the respiratory quotient,
food intake, and locomotor activity for these animals. Oxygen

consumption by aP2-KLF15 Tg mice was significantly
increased compared withWT littermates, whereas the respira-
tory quotient, food intake, and locomotor activity did not differ
between the two genotypes (Fig. 3A). Furthermore, O2 con-
sumption under both basal and epinephrine-stimulated condi-
tions was increased for white and brown adipocytes isolated

FIGURE 2. Metabolic characteristics of adipose tissue-specific KLF15 transgenic mice. A, time course of body mass for WT and aP2-KLF15 Tg (1Tg and 3Tg)
mice fed normal chow (NC) or a high fat diet (HFD). Data are means � S.E. for 15 mice. *, p � 0.05; **, p � 0.01. B, glucose clearance during an insulin tolerance
test in 17-week-old WT and aP2-KLF15 Tg mice fed a high fat diet. Plasma glucose concentration is expressed relative to the initial value. Data are means � S.E.
for 8 –12 mice. *, p � 0.05. C, insulin-induced tyrosine phosphorylation of IRS-1 and Ser473 phosphorylation of Akt in the liver and skeletal muscle of 17-week-old
WT and aP2-KLF15 Tg mice fed a high fat diet. Immunoprecipitates prepared with antibodies to IRS-1 or to Akt were subjected to immunoblot analysis with
antibodies to phosphotyrosine and to IRS-1 or with those to Ser473-phosphorylated or total forms of Akt, respectively. D, hepatic triglyceride contents in
23-week-old WT and aP2-KLF15 Tg mice fed a high fat diet. Data are means � S.E. for 8 mice. *, p � 0.01. E and F, plasma glucose (E) and plasma insulin (F)
concentrations during an intraperitoneal glucose tolerance test in 21-week-old WT and aP2-KLF15 Tg mice fed a high fat diet. Data are means � S.E. for 8 –12
mice. *, p � 0.05; **, p � 0.01. Data in E are representative of at least three independent experiments.

TABLE 1
Metabolic parameters of WT and aP2-KLF15 Tg mice
The plasma concentrations of glucose and insulin as well as the serum concentrations of leptin, adiponectin, nonesterified fatty acids (NEFA), and triglyceride were
determined in 23-week-old WT and aP2-KLF15 Tg (1Tg and 3Tg) mice maintained on a high fat diet in the randomly fed state. Data are means � S.E. for 10 mice.

Parameter WT/HFD 1Tg/HFD 3Tg/HFD

Glucose 165.0 � 6.9 mg/dl 173.5 � 8.2 mg/dl 184.5 � 18.0 mg/dl
Insulin 6.1 � 1.2 ng/ml 17.0 � 9.6 ng/ml 39.9 � 14.9 ng/mla
Leptin 117.6 � 14.9 ng/ml 84.2 � 8.6 ng/mla 14.7 � 2.3 ng/mla
Adiponectin 23.8 � 1.4 �g/ml 19.9 � 1.8b 5.81 � 0 �g/mla
NEFA 1.021 � 0.082 mEq/liter 0.879 � 0.077 mEq/liter 0.757 � 0.062 mEq/literb
Triglyceride 76.3 � 8.2 mg/dl 73.8 � 9.4 mg/dl 81.1 � 13.9 mg/dl

a p � 0.01 versusWTmice.
b p � 0.05 versusWTmice.
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from aP2-KLF15 Tg mice compared white and brown adi-
pocytes isolated from WT controls (Fig. 3B). However, mito-
chondrial copy number was reduced in bothWAT and BAT of
aP2-KLF15 Tg mice (supplemental Fig. 5), suggesting that the
increased O2 consumption by white and brown adipocytes of
these mice results from increased mitochondrial function or
peroxisomal �-oxidation. To investigate these possibilities, we
examined the expression of various genes in WAT and BAT of
aP2-KLF15 Tg and WT mice. We found that the amounts of
mRNAs for carnitine palmitoyltransferase 1 (CPT1), which
controls the entry of long chain fatty acyl-CoA into mitochon-
dria, and for acyl-CoA oxidase, a key enzyme of �-oxidation in
peroxisomes, were increased in WAT of aP2-KLF15 Tg mice
(Fig. 3C).Moreover, the amounts ofmRNAs encoding enzymes
for lipid synthesis such as elongation of long chain fatty acids
family member 6 (Elovl6) and fatty-acid synthase were
decreased inWAT of aP2-KLF15 Tg mice (Fig. 3C). The abun-
dance of themRNA for uncoupling protein 2, themajor uncou-
pling protein inWAT, was increased inWAT of aP2-KLF15 Tg
mice (Fig. 3C), although the mRNA expression of UCP1 and
PGC1�, two representative genes abundant in BAT, was not
up-regulated, suggesting no conversion of the WAT to BAT

(supplemental Fig. 6). With regard to BAT, the amounts of
mRNAs for CPT1 and acyl-CoA oxidase were also increased in
aP2-KLF15 Tg mice compared with WT littermates (Fig. 3C).
These data thus suggested that overexpression of KLF15 in
white and brown adipose tissue affects the expression of genes
important for mitochondrial function and peroxisomal �-oxi-
dation and thereby increases O2 consumption by white and
brown adipocytes.
Down-regulation of SCD1 in Adipocytes Overexpressing

KLF15—To identify other genes regulated by KLF15 in adi-
pocytes, we analyzed total RNA isolated fromWAT or BAT of
both aP2-KLF15 Tg mice and WT littermates with mouse oli-
gonucleotide microarrays. We searched for genes related to
glucose metabolism whose expression was increased or
decreased in a manner dependent on transgene dosage in mice
maintained on a high fat diet. Such analysis revealed that
expression of the SCD1 gene was decreased in a transgene dos-
age-dependentmanner (data not shown). RT and real timePCR
analysis confirmed that the amount of SCD1 mRNA in WAT
and BAT of aP2-KLF15 Tg mice fed a high fat diet was
decreased in a manner dependent on transgene dosage (Fig.
4A). The abundance of SCD1 mRNA in the liver (another

FIGURE 3. Increased O2 consumption by adipocytes overexpressing KLF15. A, total O2 consumption (VO2), respiratory quotient, daily food intake, and
locomotor activity in the light (12 h) and dark (12 h) phases for 23-week-old WT and aP2-KLF15 Tg (3Tg) mice fed a high fat diet (HFD). Data are means � S.E.
for five mice. **, p � 0.01 versus WT controls; NS, not significant. B, oxygen consumption by adipocytes isolated from WAT or BAT of 23-week-old WT and
aP2-KLF15 Tg mice fed a high fat diet. The isolated adipocytes were incubated in the absence or presence of epinephrine (100 nM). Data are means � S.E. for
four mice. *, p � 0.05. C, RT and real time PCR analysis of mRNAs for the indicated proteins in WAT and BAT of 23-week-old WT and aP2-KLF15 Tg mice fed a high
fat diet. �3-AR, �3-adrenergic receptor. Data are normalized by the abundance of 18 S rRNA, are expressed relative to the corresponding value for WT mice, and
are means � S.E. for five mice. **, p � 0.01 versus WT controls.
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important site of SCD1 expression) did not differ significantly
between aP2-KLF15 Tg mice and WT littermates (Fig. 4A).
The transgene expression in aP2-KLF15 Tg mice was

detected not only in adipose tissues, but also in macrophage
(supplemental Fig. 1). To confirm that these changes in gene
expression in adipocytes overexpressingKLF15 in vivowere cell
autonomous, we infected 3T3-L1 adipocytes and HB2 cells,
which are mouse white and brown adipocyte cell lines, respec-
tively, with a recombinant adenovirus encoding KLF15. The
expression of SCD1was decreased at both themRNAand protein
levels in both 3T3-L1 adipocytes and HB2 cells overexpressing
KLF15 (Fig. 4, B and C). The expression of genes related to mito-
chondrial function or peroxisomal �-oxidation in 3T3-L1 adi-
pocytes and HB2 cells was affected by KLF15 overexpression in a
manner similar to thatobservedwithWATandBAT, respectively,
in vivo. In addition, KLF15 inhibited the activity of the SCD1 gene

promoter in both cell lines (Fig. 4D). Furthermore, ChIP analysis
revealed that endogenous KLF15 was bound to the promoter
region of the SCD1 gene in both 3T3-L1 adipocytes andHB2 cells
(Fig. 4E). These data thus suggested that KLF15 binds to the pro-
moter of the SCD1 gene and thereby represses its transcription in
white and brown adipocytes.
Decreased Oxidative Stress in Adipocytes Overexpressing

KLF15—We next examined themechanism responsible for the
increased insulin secretion observed in aP2-KLF15 Tgmice. To
determine whether this increased secretion might reflect a
direct effect of adipocytes on � cells, we performed coculture
experiments. Glucose-stimulated insulin secretion fromMIN6
cells (mouse � cell line) cocultured with 3T3-L1 adipocytes
infected with an adenovirus encoding KLF15 was significantly
increased compared with cells cocultured with 3T3-L1 adi-
pocytes infected with a control adenovirus (Fig. 5A), suggesting

FIGURE 4. Down-regulation of SCD1 expression in adipocytes overexpressing KLF15. A, RT and real time PCR analysis of SCD1 mRNA in WAT, BAT, and the
liver of 23-week-old WT and aP2-KLF15 Tg (1Tg and 3Tg) mice fed a high fat diet. Data are normalized by the abundance of 18 S rRNA, are expressed relative to
the corresponding value for WT mice, and are means � S.E. for five mice. *, p � 0.05; **, p � 0.01; NS, not significant. B, RT and real time PCR analysis of mRNAs
for the indicated proteins in 3T3-L1 adipocytes and HB2 cells infected with adenoviruses encoding either KLF15 or �-galactosidase (LacZ) at a multiplicity of
infection of 10 pfu/cell. The cells were infected with adenoviruses at 5 days after the induction of differentiation and were analyzed 48 h later. Data are
normalized by the abundance of 18 S rRNA, are expressed relative to the corresponding control value, and are means � S.E. from three independent
experiments. *, p � 0.05; **, p � 0.01 versus control (LacZ). C, immunoblot analysis of SCD1 and �-actin (loading control) in 3T3-L1 adipocytes and HB2 cells
infected with adenoviruses at the indicated multiplicities of infection as in B. D, 3T3-L1 adipocytes and HB2 cells at 5 days after the induction of differentiation
were transfected with a luciferase reporter plasmid containing a fragment of the SCD1 gene promoter (pGL3-SCD1) or the corresponding empty vector
(pGL3-basic), with pRL-TK, and with an expression vector for KLF15 or the corresponding empty vector (pcDNA3.1, Mock). After 48 h, the cells were assayed for
luciferase activities, and firefly luciferase activity was normalized by Renilla luciferase activity. Data are expressed relative to the value for cells transfected with
pGL3-basic and pcDNA3.1 and are means � S.E. of triplicates from an experiment that was repeated a total of three times with similar results. **, p � 0.01. E, ChIP
assay of the binding of KLF15 to the SCD1 gene promoter in 3T3-L1 adipocytes and HB2 cells. The cells were subjected to immunoprecipitation (IP) with
antibodies to KLF15 or with control IgG at 7 days after the induction of differentiation. The resulting immunoprecipitates as well as total cell lysates (Input) were
then processed for PCR analysis. Data in C and E are representative of three independent experiments.
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that adipocytes overexpressing KLF15 are able to increase insu-
lin secretion from � cells.
Pancreatic � cells are more sensitive to oxidative stress com-

pared with other tissues and cells (30–34), and oxidative stress is
increased in the obese state, with the major source of oxidative
stress associated with obesity being WAT (26). We therefore
measured oxidative stress in adipocytes overexpressing KLF15.
Oxidative stress, as reflected by the reduction of NBT, was signif-
icantly decreased in 3T3-L1 adipocytes infected with an adenovi-
rus encoding KLF15 compared with 3T3-L1 adipocytes infected
with a control adenovirus (Fig. 5B). In coculture experiments,
oxidative stress, as evaluated with the ROS-sensitive dye
CM-H2DCFDA, was decreased in MIN6 cells cultured with
KLF15-overexpressing 3T3-L1 adipocytes compared with MIN6
cells cultured with control 3T3-L1 adipocytes (Fig. 5C).

Wenext examinedoxidative stress in vivo. Oxidative stress as
reflected by the amount of urinary 8-OHdG, a biological
marker of oxidative damage to DNA, was decreased in aP2-
KLF15 Tg mice fed a high fat diet compared with WT litter-
mates (Fig. 5D). Plasma lipid peroxidation, a biological marker

of oxidative injury, was evaluated from the formation of TBARS
andwas also decreased in aP2-KLF15Tgmice fed a high fat diet
compared withWT littermates (Fig. 5E). To determine the site
responsible for the reduced level of whole body oxidative stress
in aP2-KLF15 Tg mice, we measured lipid peroxidation in
WAT, BAT, and the liver. Lipid peroxidation in WAT was sig-
nificantly decreased, whereas that in BAT was increased, and
that in the liver was unaffected in aP2-KLF15 Tgmice on a high
fat diet comparedwithWT controls (Fig. 5E).Moreover, exam-
ination of WAT by reversed-phase liquid chromatography and
electrospray ionization-MS analysis revealed that the amount
of hydroperoxy forms of triglyceride and phosphatidylcholine
was decreased in amanner dependent on transgene dosage (Fig.
5F). These data thus suggested that a reduced level of oxidative
stress inWAT results in a reduced level of whole body oxidative
stress and thereby increases insulin secretion frompancreatic�
cells in aP2-KLF15 Tg mice maintained on a high fat diet.
Restoration of SCD1 Expression inWhite Adipocytes Attenuates

the Increased Insulin Secretion in aP2-KLF15 Tg Mice—
The expression of SCD1 was down-regulated in WAT of aP2-

FIGURE 5. Decreased oxidative stress in adipocytes overexpressing KLF15. A, MIN6 cells cocultured with 3T3-L1 adipocytes were assayed for insulin
secretion in the presence of 2.8 or 16.8 mM glucose. The two cell types were separated by a nylon filter with a pore size of 3 �m. Before coculture, the 3T3-L1
adipocytes were infected with adenoviruses encoding KLF15 or �-galactosidase (LacZ). Data are expressed as fold increase relative to the value for MIN6 cells
cocultured with LacZ-expressing 3T3-L1 adipocytes and exposed to 2.8 mM glucose, and they are means � S.E. of triplicates from an experiment that was
repeated a total of three times with similar results. **, p � 0.01. B, oxidative stress in 3T3-L1 adipocytes infected with adenoviruses encoding KLF15 or
�-galactosidase. Oxidative stress was measured with the NBT assay, in which NBT (yellow) is reduced by superoxide to formazan (dark blue). Cells treated with
NBT are shown in the left panel, and the absorbance of the dissolved formazan product at 560 nm was measured (right panel). Quantitative data are means �
S.E. of triplicates from an experiment that was repeated a total of three times with similar results. **, p � 0.01. C, oxidative stress in MIN6 cells and 3T3-L1
adipocytes. MIN6 cells were cocultured for 48 h with 3T3-L1 adipocytes infected with adenoviruses encoding KLF15 or �-galactosidase, after which oxidative
stress in the two cell types was evaluated with the ROS-sensitive fluorescent dye CM-H2DCFDA. Representative fluorescence images of MIN6 cells and 3T3-L1
adipocytes are shown in the left panel, and a representative histogram for flow cytometric analysis of fluorescence in MIN6 cells (red line, LacZ; blue line, KLF15)
is shown in the right panel. Data are representative of three independent experiments. D, urinary 8-OHdG excretion by 23-week-old WT and aP2-KLF15 Tg (3Tg)
mice fed a high fat diet (HFD). Data are means � S.E. for five mice. **, p � 0.01. E, plasma and tissue levels of lipid peroxidation evaluated from the formation
of TBARS for 23-week-old WT and aP2-KLF15 Tg mice fed a high fat diet. Data are means � S.E. for five mice. *, p � 0.05; **, p � 0.01 versus WT mice; NS, not
significant. F, reversed-phase liquid chromatography and electrospray ionization-MS analysis of hydroperoxy (OOH) forms of triglyceride and phosphatidyl-
choline with the indicated fatty acid compositions in WAT of 23-week-old WT and aP2-KLF15 Tg (1Tg and 3Tg) mice fed a high fat diet. Data are expressed
relative to the corresponding value for WT mice and are means � S.E. for three mice. *, p � 0.05.
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KLF15 Tg mice compared with WT littermates. To investigate
whether this down-regulation of SCD1 was responsible for the
reduced levels of oxidative stress inWATand the entire body as
well as for the increased insulin secretion in aP2-KLF15 mice,
we generated adipose tissue-specific SCD1 transgenic mice
(SCD1 Tg mice). To obtain adipose tissue-specific expression
of the SCD1 transgene, we used the same promoter-enhancer
fragment of the mouse aP2 gene as that used in the generation
of aP2-KLF15 Tg mice. Northern blot analysis confirmed that
SCD1 Tg mice expressed the transgene almost exclusively in
WATandBAT (Fig. 6A and supplemental Fig. 7). To restore the
expression of SCD1 in adipose tissue of aP2-KLF15Tgmice, we

crossed aP2-KLF15 Tg (3Tg) mice with SCD1 Tg mice and
obtained double transgenic (double Tg) mice. RT and real time
PCR analysis as well as immunoblot analysis revealed that the
amounts of SCD1mRNA and protein inWAT of the double Tg
mice maintained on a high fat diet were restored to the levels
observed in WT littermates (Fig. 6B). However, the expression
of SCD1 in BAT of double Tg mice fed a high fat diet remained
lower than that in WT mice (Fig. 6B). The amounts of KLF15
mRNA in WAT and BAT of double Tg mice fed a high fat diet
were similar to those apparent in 3Tgmice (Fig. 6C). These data
thus indicated that the expression of SCD1was restored only in
WAT (not in BAT) of double Tg mice on a high fat diet.

FIGURE 6. Effects of transgenic restoration of SCD1 expression in adipocytes of aP2-KLF15 Tg mice. A, Northern blot analysis of SCD1 mRNA (endogenous
and transgene-derived) in various tissues of SCD1 Tg mice at 23 weeks of age. B, RT and real time PCR analysis of SCD1 mRNA (upper panel) as well as
immunoblot analysis of SCD1 and of �-tubulin and p42/44 MAPK as loading controls (lower panels) in WAT and BAT of 23-week-old WT, aP2-KLF15 Tg (3Tg),
SCD1 Tg, and double Tg mice fed a high fat diet (HFD). The mRNA data are normalized by the abundance of 18 S rRNA, are expressed relative to the
corresponding value for WT mice, and are means � S.E. for five mice. **, p � 0.01. NS, not significant. C, RT and real time PCR analysis of KLF15 mRNA in WAT
and BAT of 23-week-old mice of the indicated genotypes fed a high fat diet. Data are normalized by the abundance of 18 S rRNA, are expressed relative to the
corresponding value for WT mice, and are means � S.E. for five mice. D, time course of body mass for mice of the indicated genotypes fed a high fat diet. Data
are means � S.E. for 10 mice. *, p � 0.05. E, glucose clearance during an insulin tolerance test in 17-week-old mice of the indicated genotypes maintained on
a high fat diet. Plasma glucose concentration is expressed relative to the initial value. Data are means � S.E. for eight mice. *, p � 0.05; **, p � 0.01. Data in A
and B (lower panels) are representative of at least three independent experiments.
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There were no significant differences in body mass (Fig. 6D),
in WAT mass (supplemental Fig. 8A), in white adipocyte size
(supplemental Fig. 8B), in the serum concentration of adi-
ponectin (supplemental Fig. 8C), or in plasma glucose levels
during an intraperitoneal insulin tolerance test (Fig. 6E)
between double Tgmice and 3Tgmicemaintained on a high fat
diet. However, plasma glucose levels during an intraperitoneal
glucose tolerance test were higher in double Tg mice than in
3Tgmice (Fig. 7A). Insulin secretion during the intraperitoneal
glucose tolerance test in double Tg mice was also lower than in
3Tgmice andwas similar toWT littermates (Fig. 7B). Isletmass
(� cell area) in double Tg mice was smaller than in 3Tg mice,
again being similar to WT littermates (Fig. 7C). Furthermore,
lipid peroxidation evaluated on the basis of the formation of
TBARS was increased in plasma and WAT, but not in BAT or
the liver, of double Tg mice compared with 3Tg mice (Fig. 7D).
These data thus suggested that oxidative stress is reduced in
WAT and plasma of aP2-KLF15 Tg mice as a consequence of
the down-regulation of SCD1 expression in WAT, resulting in
an increase in pancreatic � cell mass. The amounts of mRNAs
for UCP2 and CPT1 in WAT of double Tg mice were reduced

compared with 3Tg mice and were similar to WT littermates
(Fig. 7E), suggesting that these changes might be related to the
increase in the level of oxidative stress in WAT of double Tg
mice compared with 3Tg mice.

DISCUSSION

Our previous observations suggested that KLF15 plays an
essential role in adipogenesis in 3T3-L1 cells (5). However, it
remained unclear whether KLF15 might play a similar role in
adipose tissue in vivo. In this study, we first found that the
expression of KLF15 is decreased in adipose tissue of obese
mice. We then generated adipose tissue-specific KLF15 trans-
genic (aP2-KLF15 Tg) mice to investigate whether KLF15 con-
tributes to various pathological conditions associatedwith obe-
sity. These transgenic mice were found to manifest a complex
phenotype characterized by increased insulin secretion from
pancreatic � cells, leanness, and insulin resistance.
Our observation that the increased insulin secretion from

pancreatic� cells in aP2-KLF15 Tgmice was normalized by the
transgenic expression of SCD1 in WAT, with a concomitant
increase in oxidative stress, suggested that the increased insulin

FIGURE 7. Glucose metabolism and oxidative stress in double Tg mice. A and B, plasma glucose (A) and plasma insulin (B) concentrations during an
intraperitoneal glucose tolerance test in 21-week-old WT, aP2-KLF15 Tg (3Tg), SCD1 Tg, and double Tg mice maintained on a high fat diet (HFD). Data are
means � S.E. for 8 to 12 mice. *, p � 0.05; **, p � 0.01; NS, not significant. C, quantitation of � cell area as a percentage of total pancreatic area in 23-week-old
mice of the indicated genotypes fed a high fat diet. Data are means � S.E. for five mice. **, p � 0.01. D, plasma and tissue levels of lipid peroxidation evaluated
from the formation of TBARS in 23-week-old mice of the indicated genotypes fed a high fat diet. Data are means � S.E. for five mice. **, p � 0.01. E, RT and real
time PCR analysis of mRNAs for the indicated proteins in WAT and BAT of 23-week-old mice of the indicated genotypes fed a high fat diet. Data are normalized
by the abundance of 18 S rRNA, are expressed relative to the corresponding value for WT mice, and are means � S.E. for five mice. **, p � 0.01. ACO, acyl-CoA
oxidase.
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secretion in aP2-KLF15Tgmice fed a high fat dietmight be due
to the reduced level of oxidative stress in these animals. Inhibi-
tion of SCD1 activity has previously been shown to lower oxi-
dative stress (35, 36). We found that expression of the UCP2
gene was increased in WAT of aP2-KLF15 Tg mice compared
withWT littermates. Furthermore, this increased expression of
UCP2 inWAT and the reduced level of oxidative stress in aP2-
KLF15mice were abolished byWAT-specific expression of the
SCD1 transgene. Given thatUCP2 is themajor uncoupling pro-
tein in WAT and that it reduces the mitochondrial production
of ROS (35, 36), the increased expression of UCP2 in WAT of
aP2-KLF15 Tg mice might contribute to the reduced level of
oxidative stress in these animals. The increased insulin secre-
tion from pancreatic � cells in aP2-KLF15 Tgmice was accom-
panied by an increase in � cell mass, with this latter effect also
being eliminated in the double Tg mice. A similar increase in
pancreatic � cell mass, accompanied by suppression of apopto-
sis without an effect on � cell proliferation, was previously
shown to be induced in mice by antioxidant treatment (32).
Pancreatic � cell failure, characterized by the inability of the
cells to secrete sufficient amounts of insulin, is an important
feature of type 2 diabetes. Oxidative stress is one of the many
factors that have been found to contribute to � cell failure (30).
Given that themajor source of oxidative stress in the obese state
isWAT (26), down-regulation of KLF15 expression inWAT of
obese mice might be responsible, at least in part, for � cell
failure as a result of the consequent up-regulation of SCD1
expression in WAT.
The aP2-KLF15 Tg mice manifested insulin resistance

despite their resistance to diet-induced obesity. The reduced
serum level of adiponectin in aP2-KLF15 Tg mice might be
responsible for this insulin resistance. The serum adiponectin
level is also decreased in mice lacking SCD1 specifically in adi-
pose tissue as a result of gene deletionmediated by theCre/loxP
system (37). However, in this study, the serumadiponectin level
was still decreased in double Tg mice, in which the expression
of SCD1 in WAT is similar to that in WT littermates. Further-
more, the serum adiponectin level was decreased in aP2-KLF15
Tg mice fed a normal chow diet, even though there was no
difference in the expression of SCD1 in WAT between aP2-
KLF15 Tg and WT mice on this diet (data not shown). These
observations thus suggest that the down-regulation of SCD1
expression in WAT is not responsible for the reduced serum
level of adiponectin in aP2-KLF15 Tg mice. In addition, given
that KLF15 did not inhibit the activity of the adiponectin gene
promoter (data not shown), the reduced level of serum adi-
ponectin in aP2-KLF15 Tg mice might be an indirect effect of
KLF15 overexpression. Increased fat accumulation in the liver
of KLF15 transgenics might also contribute to the hepatic insu-
lin resistance as we observed increased TG levels concomitant
with impaired insulin resistance in the liver of aP2-KLF15 Tg
mice.
Increased O2 consumption and resistance to diet-induced

obesity were observed in aP2-KLF15 Tg mice and resistance to
diet-induced obesity remained apparent in double Tg mice.
Given that O2 consumption was increased despite the reduced
number of mitochondria in both BAT andWAT of aP2-KLF15
Tg mice, the up-regulation of proteins that contribute to mito-

chondrial function (such as CPT1) or to peroxisomal �-oxida-
tion (such as acyl-CoA oxidase) in WAT or BAT might be
responsible for these phenotypes.
Our in vitro analysis, including coculture experiments, sup-

ports that the metabolic phenotype seen in aP2-KLF15 trans-
genic mice is accounted for by the adipocytes, even if aP2 pro-
moter-driven transgene expression was detected in both fat
depots and macrophages (supplemental Fig. 1). However, we
could not rule out the involvement of macrophage in vivo. It is
a future direction to determine the relative contribution of
macrophage using myeloid-specific KLF15 transgenic mice.
In summary, we have shown that overexpression of KLF15 in

WAT and BAT resulted in increased insulin secretion from
pancreatic � cells, the development of insulin resistance, and
resistance to diet-induced obesity in mice. Furthermore, the
down-regulation of SCD1 expression in WAT and the subse-
quent reduced level of oxidative stress appear to account for the
increase in insulin secretion in aP2-KLF15 Tg mice. Our data
thus provide an example of cross-talk between WAT and pan-
creatic� cells that ismediated throughmodulation of oxidative
stress.
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