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Abstract
Aim/hypothesis Abnormal activation of hepatic gluconeogen-
esis leads to hyperglycaemia. However, the molecular mech-
anisms underlying dysregulated hepatic gluconeogenesis re-
main to be fully defined. Here, we explored the physiological
role of Krüppel-like factor 10 (KLF10) in regulating hepatic
glucose metabolism in mice.
Methods Hepatic KLF10 expression in wild-type C57BL/6J
mice, the db/db mouse model of diabetes, the ob/ob mouse
model of obesity and high-fat-diet-induced obese (DIO) mice
was measured. Adenoviruses expressing Klf10 or Klf10-spe-
cific short-hairpin RNAwere injected into wild-type C57BL/
6J mice, db/db or DIO mice. Expression of gluconeogenic
genes in the liver and blood glucose levels were measured.
GTTs and pyruvate tolerance tests were performed. The

molecular mechanism by which KLF10 regulates hepatic glu-
cose metabolism was explored.
Results Hepatic KLF10 expression was regulated by nutri-
tional status in wild-type mice and upregulated in diabetic,
obese and DIO mice. Overexpression of KLF10 in primary
hepatocytes increased the expression of gluconeogenic genes
and cellular glucose output. C57BL/6J mice with KLF10
overexpression in the liver displayed increased blood glucose
levels and impaired glucose tolerance. Conversely, hepatic
KLF10 knockdown in db/db and DIO mice decreased blood
glucose levels and improved glucose tolerance. Furthermore,
luciferase reporter gene assay and chromatin immunoprecipi-
tation analysis indicated that KLF10 activates Pgc-1α (also
known as Ppargc1a) gene transcription via directly binding to
its promoter region.
Conclusions/interpretation KLF10 is an important regulator
of hepatic glucose metabolism and modulation of KLF10 ex-
pression in the liver may be an attractive approach for the
treatment of type 2 diabetes.
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Ad-shPgc-1α Adenovirus expressing
short-hairpin RNA against
peroxisome proliferator-activated
receptor, gamma,
coactivator 1, alpha

ChIP Chromatin immunoprecipitation
CREB Cyclic AMP response

element-binding protein
DIO Diet-induced obese
KLF Krüppel-like factor
PGC-1α Peroxisome proliferator-activated

receptor, gamma, coactivator 1α
PTT Pyruvate tolerance test
qPCR Quantitative PCR
shRNA Short-hairpin RNA
siRNA Small interfering RNA
SREBP Sterol regulatory element-binding

transcription factor

Introduction

In mammals, blood glucose levels are maintained within
a relatively narrow range through the regulation of glu-
cose production by the liver and glucose uptake by pe-
ripheral tissues. Maintenance of blood glucose homeo-
stasis protects the body against hyperglycaemia after
ingestion of a carbohydrate-rich meal and against
hypoglycaemia during fasting [1, 2]. Under fasting con-
ditions, circulating glucagon and glucocorticoid levels
increase to stimulate the expression of gluconeogenic
genes, which increase glucose secretion by the liver
[3]. However, the abnormal activation of hepatic gluco-
neogenesis contributes to hyperglycaemia in diabetes
[4]. Therefore, efforts to uncover the molecular mecha-
nisms that regulate hepatic gluconeogenesis are crucial
to the development of new therapeutic strategies for the
treatment of diabetes [1].

Peroxisome proliferator-activated receptor, gamma, coacti-
vator 1α (PGC-1α) is a transcriptional coactivator that plays a
central role in the regulation of cellular energy metabolism.
Hepatic expression of PGC-1α is elevated in type 1 and type 2
diabetes mellitus [1, 5, 6]. In the fasted state, PGC-1α expres-
sion is induced by increased circulating glucagon and cate-
cholamines via the cAMP and cAMP response element-
binding protein (CREB)/transducer of regulated CREB activ-
ity (TORC) pathways [5, 7]. In turn, PGC-1α stimulates the
expression of Pck1 and G6pc, two key gluconeogenic genes
encoding PEPCK and glucose-6-phosphatase (G6Pase), re-
spectively, through directly interacting with and coactivating
several transcription factors such as hepatic nuclear factor-4
(HNF4), glucocorticoid receptor (GR), and forkhead box O1

(FOXO1) [1, 8, 9]. In contrast, insulin/Akt suppresses PGC-
1α activity under feeding condition [10–13].

Krüppel-like factor 10 (KLF10), which was originally
named TGF-β inducible early gene-1 (TIEG1), is a member
of Krüppel-like family of transcription factors (KLFs). The
KLFs belong to a subclass of Cys2/His2 zinc-finger DNA-
binding proteins and are critical regulators of cellular homeo-
stasis, with roles in growth, development and programmed
cell death [14, 15]. KLF10 plays important roles in TGF-β-
mediated cell growth, apoptosis and differentiation [16].
KLF10 is ubiquitously expressed, with high expression levels
in the liver, and its gene variants may correlate with the devel-
opment of type 2 diabetes [17–19]. Recently, KLF10 has been
reported to be associated with non-alcoholic steatohepatitis
(NASH) [20].

In the present study, we investigated the role of KLF10 in
the regulation of hepatic glucose metabolism.

Methods

Animals and experimental design Male db/db, db/m (het-
erozygotes for leptin receptor-deficient mice, littermate con-
trolmice of db/db), ob/ob andC57BL/6Jmice aged 6–8weeks
were purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China) and housed and main-
tained in 12 h light/dark photoperiod with unrestricted water
and food. In order to establish a DIO model and a normal diet
control model, wild-type C57BL/6J mice were fed either ad
libitum or a high-fat diet (45% fat; Research Diets, New
Brunswick, NJ, USA) with free access to water. All animal
experiments were carried out under protocols approved by the
Animal Research Committee of the Institute of Laboratory
Animals, Chinese Academy of Medical Sciences and Peking
Union Medical College. For fasting experiments, food was
removed for 6 h before the mice were killed. Mice were
injected i.v. through the tail vein with adenovirus expressing
green fluorescent protein (Ad-gfp), adenovirus expressing
KLF10 (Ad-Klf10), control adenovirus expressing short-
hairpin (sh)RNA against luciferase (Ad-shCtrl) or adenovirus
expressing shRNA against KLF10 (Ad-shKlf10) (0.5–
1.5 × 109 active viral particles in 200 μl saline [54 mmol/l
NaCl]). At 7–9 days after infection, mice were fasted for 6 h
and then killed. Their livers and plasma were collected for
further analysis. For animal experiments, all mice were
grouped randomly, and experimenters were blind to group
assignment and outcome assessment. No data, samples or an-
imals were excluded.

Preparation of recombinant adenoviruses and expression
plasmids The full-length mouse Klf10 gene was amplified by
PCR from C57BL/6J mouse liver cDNA, and myc-tagged
Klf10 was cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA,
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USA) using the following PCR primer pairs: 5′-CGCC
GGTACCATGCTCAACTTCGGCGCT TCTCTCC-3′
(forward) and 5′-CGCGCTCGAGTCACAGATCCTCTTCT
GAGATGAGTTTTTGTTCCTGTGCGGAAGCAGGGGT-
3′ (reverse). Adenovirus expressing vectors were purchased
from Promega (Madison, WI, USA). Recombinant Ad-Klf10
was generated as previously described [21]. The mouse Pgc-
1α gene promoter (−2525 to +82 bp) was amplified by PCR
using mouse genomic DNA and inserted into a pGL3-basic
luciferase reporter vector (−2525Luc). A series of 5′ truncated
constructs of the Pgc-1α gene promoter (−729Luc, −171Luc,
−34Luc) were prepared by PCR using −2525Luc as a tem-
plate. The primers are shown in electronic supplementary ma-
terial (ESM) Table 1.

RNA interference shRNA-encoding DNA sequences were
synthesised by Invitrogen and constructed into adenovirus
plasmids (pAdTrack-U6 vectors), and adenoviruses were gen-
erated according to previously described procedures [21]. The
sequence of small interfering (si)RNA against luciferase
(siControl) was 5′-CTTACGCTGAGTACTTCGA-3′, and
the sequence of siRNA against Klf10 (siKlf10) was 5′-
GTCCTAAGGCTCAAGCCACC-3′. The sequence of
siRNA against Pgc-1α (siPgc-1α) was generated as previous-
ly described [22].

Cell culture Primary mouse hepatocytes were obtained from
the livers of male C57BL/6J mice (8 weeks of age) and cul-
tured as previously reported [23]. Mouse hepatocytes were
infected with Ad-Klf10, Ad-gfp, Ad-shCtrl or Ad-shKlf10.
for 36–48 h, and cells were then harvested for further analysis.
For co-infection experiments, 24 h after infection with adeno-
virus expressing shPgc-1α (Ad-shPgc-1α), cells were co-
infected with Ad-Klf10 or Ad-gfp for another 24 h. Cells were
then harvested for further analysis.

RNA extraction and quantitative (q) real-time PCR Total
RNA was extracted with TRIzol (Invitrogen) from cells or
pulverised liver tissues, and then reverse-transcribed to
cDNA using a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Carlsbad, CA, USA). qPCR was per-
formed as previously described [23]. mRNA levels for specif-
ic genes were normalised by β-actin mRNA levels. All
primers are listed in ESM Table 2.

Western blot analysis Proteins were extracted from
pulverised livers or cultured hepatocytes in cell lysis buffer,
40–80 μg of protein was resolved using 10% SDS–polyacryl-
amide gel and separated proteins were eletrotransferred to
polyvinylidene difluoride membranes. Western blot assays
were performed using antibodies specific for rabbit anti-
PGC-1α (Cell Signaling Technology, Boston, MA, USA),
rabbit anti-KLF10 (Cell Signaling Technology), mouse anti-

sterol regulatory element binding transcription factor
(SREBP)-1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and mouse anti-β-tubulin (Beijing ComWin Biotech
Co, Beijing, China). See ESM Table 3 for antibody details.

Glucose output assay Primary mouse hepatocytes were seed-
ed in 6-well plates and then infected with the indicated ade-
novirus. At 36 h after infection, cells were washed three times
with PBS and maintained in 2 ml/well of phenol-red-free,
glucose-free DMEM containing 1 μmol/l dexamethasone,
2 mmol/l pyruvate, 20 mmol/l lactate and 10 μmol/l forskolin
for 3–6 h. The glucose concentration in the medium was mea-
sured using an Amplex Red Glucose/Glucose Oxidase Assay
Kit (Applygen Technologies, Beijing, China). Cells were
lysed, and the protein concentration was determined (Bio-
Rad, Hercules, CA, USA) for each lysate. The glucose output
rate was normalised by the cellular protein content.

Analytical procedures and chemicals Serum concentrations
of glucose, triacylglycerol, total cholesterol, NEFA, alanine
transaminase and aspartate aminotransferase were determined
using an automated Monarch device (Instrumentation
Laboratory, Lexington, MA, USA) at the clinical laboratory
of Peking Union Medical College Hospital, Beijing, China.
Hepatic concentrations of triacylglycerol and total cholesterol
were measured using a colorimetric diagnostic kit (Applygen
Technologies).

GTT and pyruvate tolerance test (PTT) For in vivo infec-
tions, the indicated adenoviruses were delivered by tail-vein
injection into C57BL/6J, db/db or DIO mice. Five days after
injection, mice were i.p. injected with D-glucose (1–2 g/kg) or
pyruvate sodium (0.5–1.5 g/kg) after 16 h fasting. Blood glu-
cose levels were measured from the tail vein using a glucose
monitor (OneTouch Ultra; LifeScan, Milpitas, CA, USA) at 0,
15, 30, 45, 60, 90 and 120 min.

Luciferase reporter gene assay HepG2 cells (American
Type Culture Collection, Manassas, VA, USA) were grown
in 24-well plates using Dulbecco′s Modified Eagle Medium
containing 10% (vol./vol.) FBS (Invitrogen). Luciferase re-
porter genes were then cotransfected into cells, together with
the indicated expression plasmids. The Ramlila luciferase ex-
pression vector pCMV-RL-TK (Promega) was used as an in-
ternal control. After 48 h, cells were harvested and assessed
for luciferase activity using the Dual Luciferase Reporter
Assay System (Promega). Relative luciferase activity was
corrected for Renilla luciferase activity of pCMV-RL-TK,
and normalised to the activity of the control.

Chromatin immunoprecipitation (ChIP) assay Pulverised
liver tissues from C57BL/6J, db/m or db/db mice were lysed
and sonicated as previously described [24]. The protein–DNA
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complexes were immunoprecipitated with mouse IgG anti-
body (control) or anti-KLF10 antibody. The promoter region
of Pgc-1α was amplified by PCR or qPCR using the follow-
ing primer pair: 5′-TGTTGCCTTCAAACACTCCTCT-3′ as
a forward primer and 5′-ACACAGTAACTACACCCTTG
CC-3′ as a reverse primer.

Statistical analysis Data are presented as means ± SEM of
more than three independent experiments. Statistical analysis
was performed using Student’s t test (*p < 0.05, **p < 0.01,
***p < 0.001).

Results

Nutritional regulation of Klf10 gene expression in mouse
livers To identify novel transcriptional factors involved in
dysfunctional hepatic glucose and lipid metabolism in obesity
and diabetes, we performedmRNAmicroarray analysis on the
livers of db/db mice. Interestingly, our preliminary mRNA
microarray data indicated that hepatic Klf10 expression levels
are increased in db/db mice compared with control wild-type
C57BL/6J mice. We further detected hepatic expression of
Klf10 by real-time PCR in different mouse models, including
db/db, DIO and ob/ob mice. We found that hepatic Klf10
expression levels in these mice with metabolic disease were
higher than those in their respective control mice (Fig. 1a–c).

Next, we investigated whether hepatic Klf10 expression
could be regulated by nutritional status in wild-type mice.
We found that prolonged fasting (24 h) induced hepatic

Klf10 gene expression in wild-type C57BL/6J mice (Fig.
1d). Meanwhile, we also observed that the expression levels
of genes involved in gluconeogenesis, including Pgc-1α,
Pck1 and G6pc, were markedly upregulated under prolonged
fasting conditions (Fig. 1d). Taken together, these findings
imply a strong correlation between Klf10 expression and glu-
coneogenesis in the liver.

KLF10 regulates a cellular gluconeogenic programme in
primary hepatocytes To explore the functional importance of
KLF10 expression in the gluconeogenic programme in vitro,
we generated recombinant Ad-Klf10. Overexpression of
KLF10 in primary mouse hepatocytes induced by Ad-Klf10
treatment markedly increased the expression of Pgc-1α, Pck1
andG6pc (Fig. 2a). Correspondingly, the forced expression of
KLF10 significantly stimulated glucose production in primary
hepatocytes (Fig. 2b). In the fasted state, glucagons are secret-
ed to stimulate hepatic gluconeogenesis. To test whether
KLF10 is required for glucagon induction of gluconeogenic
genes, we infected primary hepatocytes with Ad-shKlf10 ex-
pressing Klf10-specific shRNA and then treated the cells with
forskolin, which mimics the effect of glucagon on increasing
cellular cAMP levels. KLF10 knockdown was found to sig-
nificantly decrease the expression of gluconeogenic genes and
the stimulatory effects of forskolin on gluconeogenic genes,
including Pgc-1α, Pck1 and G6pc (ESM Fig. 1a, Fig. 2c).

Since both Pck1 and G6pc are downstream target genes of
PGC-1α, we next explored whether the effects of KLF10 on
the expression of Pck1 and G6pc are dependent on PGC-1α.
We treated hepatocytes with Ad-Klf10 and Ad-shPgc-1α,

Fig. 1 Hepatic Klf10 gene expression is regulated by nutritional status in
wild-type C57BL/6J mice and upregulated in diabetic, DIO and obese
mice. (a–c) qPCR analysis and western blot analysis of hepatic Klf10
expression in (a) db/m control mice (white bar) and diabetic db/db mice
(black bar), (b) C57BL/6J mice fed normal chow (control mice, white
bar) or a high-fat diet for 16 weeks (HFD; DIO mice, black bar) and (c)

C57BL/6J control mice (white bar) and obese ob/obmice (black bar). (d)
qPCR analysis ofKlf10, Pgc-1α, Pck1 andG6pcmRNA expression in 8-
week-old male C57BL/6J mice fed ad libitum (white bars) or fasted for
24 h (black bars). n = 4mice per group. Data aremeans ± SEM. *p < 0.05,
**p < 0.01, ***p < 0.001
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which effectively expresses PGC-1α-specific shRNA. We
found that knockdown of PGC-1α almost abolished the ef-
fects of KLF10 on the expression of gluconeogenic genes
(ESM Fig. 1b, Fig. 2d).

In addition, we found that KLF10 overexpression in pri-
mary mouse hepatocytes also increased cellular triacylglycerol
concentration and induced the expression of lipogenic genes,
including Srebp-1c (also known as Srebf1), Fas and Acc1
(also known as Acaca) (ESM Fig. 2).

Hepatic overexpression of KLF10 in wild-type C57BL/6J
mice increases blood glucose levels and impairs glucose
tolerance Based on the above results, it is reasonable to spec-
ulate that KLF10 might affect hepatic gluconeogenesis. To
investigate the effect of KLF10 on glucose metabolism
in vivo, we injected Ad-Klf10 into C57BL/6J mice via the tail
vein. The injection of Ad-Klf10 significantly increased hepatic
expression of KLF10 (Fig. 3a), but did not affect KLF10 ex-
pression in the muscle or white adipose tissue examined (data
not shown). Consistent with the above results, hepatic over-
expression of KLF10 increased the expression levels of
gluconeogenic genes, including Pgc-1α, Pck1 and G6pc
(Fig. 3a). Furthermore, fasting blood glucose levels in Ad-
Klf10-infected mice were higher than those of Ad-gfp-infected
control mice (Fig. 3b). We also performed GTTs to determine
the effect of hepatic KLF10 overexpression on glucose toler-
ance. The GTT experiments indicated that overexpression of
KLF10 in the liver impaired glucose tolerance (Fig. 3c). PTT

experiments confirmed that the stimulation of gluconeogene-
sis in the liver by hepatic KLF10 overexpression contributed
to the high glucose levels (Fig. 3d).

In addition, we also investigated the influence of hepatic
KLF10 overexpression in C57BL/6J mice on lipogenesis,
since KLF10 was found to induce the expression of lipogenic
genes in primary hepatocytes (ESM Fig. 2). We found that
Ad-Klf10-infected mice had increased expression of Srebp-
1c, Fas and Acc1 (ESM Fig. 3). Correspondingly, KLF10
overexpression in the liver of C57BL/6J mice increased he-
patic and serum triacylglycerol levels, but was not associated
with significant changes in body weight, liver/body-weight
ratio or serum cholesterol levels (ESM Table 4).

Taken together, these data suggest that upregulation of
KLF10 expression in the liver of C57BL/6J mice induces
hepatic gluconeogenesis, resulting in hyperglycaemia and glu-
cose intolerance.

Hepatic silencing of KLF10 ameliorates hyperglycaemia
and glucose intolerance in db/db diabetic and DIO mice
To further confirm the physiological roles of KLF10 in hepatic
glucose metabolism, we injected Ad-shKlf10 into db/db mice
via the tail vein. The injection of Ad-shKlf10 significantly
reduced the hepatic expression of KLF10 compared with in-
jection of Ad-shCtrl (Fig. 4a), without affecting KLF10 ex-
pression in skeletal muscle and abdominal white adipose tis-
sue (data not shown). Consistent with observations in primary
hepatocytes, knockdown of KLF10 markedly inhibited the

Fig. 2 KLF10 regulates a cellular gluconeogenic programme in primary
hepatocytes. (a) qPCR analysis of Pgc-1α, Pck1 andG6pcmRNA levels
and western blot analysis of KLF10 and PGC-1α protein levels in mouse
primary hepatocytes infectedwith Ad-gfp (white bars) or Ad-Klf10 (black
bars). (b) Glucose production (glucose output) in primary hepatocytes
treated as in (a). (c) qPCR analysis of mRNA levels of Pgc-1α, Pck1
andG6pc inmouse primary hepatocytes infected with Ad-shCtrl (control)
or Ad-shKlf10 in the presence or absence of forskolin (white bars, Ad-

shCtrl; black bars, Ad-shKlf10; light grey bars, Ad-shCtrl + forskolin;
dark grey bars, Ad-shKlf10 + forskolin). (d) qPCR analysis of mRNA
levels of Pck1 and G6pc in mouse primary hepatocytes infected with the
indicated adenovirus (white bars, Ad-gfp + Ad-shCtrl; black bars, Ad-
Klf10 + Ad-shCtrl; grey bars, Ad-Klf10 + adenovirus expressing shPgc-
1α). Data are means ± SEM of three or four replicates. *p < 0.05,
**p < 0.01, ***p < 0.001
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hepatic expression of gluconeogenic genes (Fig. 4a). Ad-
shKlf10-infected mice displayed significantly decreased
fasting blood glucose levels compared with Ad-shCtrl-
infected control mice (Fig. 4b). Subsequent GTT experiments
showed that hepatic KLF10 knockdown improved glucose

intolerance (Fig. 4c), while PTT experiments confirmed that
the inhibition of gluconeogenesis by hepatic KLF10 knock-
down resulted in decreased blood glucose levels in db/dbmice
(Fig. 4d). Moreover, we also found that hepatic knockdown of
KLF10 in db/db mice inhibited the expression of lipogenic

Fig. 3 Overexpression of KLF10 in C57BL/6J mice increases blood
glucose levels and impairs glucose tolerance. Male C57BL/6J mice were
injected with Ad-gfp (white bars/black circles) or Ad-Klf10 (black
bars/squares). Five to eight days after infection, the mice were killed for
further analysis. (a) qPCR analysis of mRNA levels and western blot
analysis of protein levels of hepatic KLF10 and gluconeogenic genes/

proteins in Ad-gfp- or Ad-Klf10-injected C57BL/6J mice. (b) Blood glu-
cose levels of 6 h-fasted C57BL/6J mice on day 8 after injection with the
indicated adenovirus. (c, d) Blood glucose concentrations during (c) the
GTT and (d) PTT in C57BL/6J mice infected with the indicated adeno-
virus. n = 4–6 mice per group. Data are means ± SEM. *p < 0.05,
**p < 0.01, ***p < 0.001

Fig. 4 Knockdown of KLF10 in db/db mice decreases blood glucose
levels and improves glucose tolerance. Male db/db mice were injected
with Ad-shCtrl (white bars/black circles) or Ad-shKlf10 (black
bars/squares). Five to eight days after infection, the mice were killed for
further analysis. (a) qPCR analysis of mRNA levels and western blot
analysis of protein levels of KLF10 and gluconeogenic genes/proteins

in the livers of db/db mice injected with Ad-shCtrl or Ad-shKlf10. (b)
Blood glucose levels of 6 h-fasted db/db mice on day 8 after injection
with the indicated adenovirus. (c, d) Blood glucose concentrations during
(c) the GTT and (d) PTT in db/db mice infected with the indicated ade-
novirus. n = 4–5 mice per group. Data are means ± SEM. *p < 0.05,
**p < 0.01
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genes (ESM Fig. 4) and reduced hepatic triacylglycerol levels,
although serum triacylglycerol levels, liver weight/body-
weight ratio, and serum and hepatic cholesterol levels
remained similar to those in control mice (ESM Table 5).

Similar results were observed in DIO mice (Fig. 5, ESM
Fig. 5, ESM Table 6). Hepatic knockdown of KLF10 in DIO
mice suppressed the expression of gluconeogenic genes, de-
creased blood glucose levels and improved glucose tolerance
(Fig. 5). KLF10 knockdown also inhibited the expression of
lipogenic genes (ESM Fig. 5), leading to reduced hepatic and
serum triacylglycerol levels (ESM Table 6). These data indi-
cated that KLF10 exerts a critical regulatory effect on glucose
and lipid metabolism.

KLF10 activates transcription of Pgc-1α, a gluconeogenic
gene, via binding to its promoter The above data suggest
that KLF10 is an important regulator of gluconeogenic genes,
including Pgc-1α and its downstream target genes Pck1 and
G6pc. Since KLF10 is a transcription factor, we wondered
whether KLF10 protein binds to the Pgc-1α gene promoter.
The promoter region of thePgc-1α gene (2525 bp) was cloned
and fused to a luciferase reporter gene (−2525Luc). In addi-
tion, we generated a series of luciferase reporter constructs
containing shorter fragments of the Pgc-1α gene promoter
(−729Luc, −171Luc and −34Luc). The luciferase reporter
gene assay showed that overexpression of KLF10 activated
transcription of −2525Luc, −729Luc and −171Luc in HepG2
cells (Fig. 6a). However, the stimulatory effects of KLF10
were abolished when the promoter region was further

truncated to −34 bp (−34Luc) (Fig. 6a), suggesting the se-
quence between −171 and −34 bp mediates the effects of
KLF10 on Pgc-1α gene transcription.

Next, we performed ChIP assays to investigate whether
endogenous KLF10 protein could directly bind to the Pgc-
1α promoter in vivo. We found that the Pgc-1α promoter
fragment containing a KLF10 binding site (from −21 bp to
−182 bp) could be amplified from the precipitates obtained
when using anti-KLF10 antibody, but not when using normal
rabbit IgG (negative control) in the liver tissue lysate of
C57BL/6J mice (Fig. 6b). In addition, ChIP–qPCR analyses
confirmed the presence of a greater amount of endogenous
KLF10 protein associated with the Pgc-1α promoter in the
liver of db/db mice compared with db/m mice (Fig. 6c).
These observations suggested that KLF10 increases the tran-
scription of Pgc-1α via direct binding to its promoter region.

Discussion

KLFs have been shown to be involved in the regulation of
critical cellular processes, including cell proliferation, devel-
opment, apoptosis and differentiation [14, 15]. In the past few
years, accumulating evidence has suggested that multiple
KLFs are involved in hepatic or systemic glucose metabolism
[15]. For example, overexpression of KLF7 has been reported
to inhibit the expression and glucose-induced secretion of in-
sulin in a pancreatic beta-cell line [25]. KLF15 regulates he-
patic gluconeogenesis and is an important target of metformin

Fig. 5 Knockdown of KLF10 in DIO mice decreases blood glucose
levels and improves glucose tolerance. Male DIOmice were injected with
Ad-shCtrl (white bars/circles) or Ad-shKlf10 (black bars/squares). Five to
eight days after infection, the mice were killed for further analysis. (a)
qPCR analysis of mRNA levels and western blot analysis of protein
levels of hepatic KLF10 and gluconeogenic genes/proteins in Ad-

shCtrl- or Ad-shKlf10-injected DIO mice. (b) Blood glucose levels of
6 h-fasted DIO mice on day 8 after injection with the indicated adenovi-
rus. (c, d) Blood glucose concentrations during (c) the GTT and (d) PTT
in DIO mice infected with the indicated adenovirus. n = 4–5 mice per
group. Data are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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[26, 27]. In addition, we have previously demonstrated that
hepatic KLF11 expression is regulated by nutritional states,
and that KLF11 is an important regulator of hepatic lipid and
glucose metabolism [23, 28].

KLF10 is highly expressed in the liver, and its expres-
sion is regulated by nutritional signals (high glucose
levels) and the transcription factor carbohydrate-
responsive e lement-b inding pro te in (ChREBP).
Consistent with our data, a previous report also showed
that hepatic expression of KLF10 is higher in ob/ob mice
compared with C57BL/6J mice [18, 29]. In muscle,
KLF10 expression is regulated by insulin [30].
Moreover, Klf10 gene variants have been associated with
susceptibility to type 2 diabetes [17, 18]. These studies
suggest that KLF10 might regulate systemic metabolism.

In the current study, hepatic KLF10 expression was
regulated by nutritional status in wild-type C57BL/6J
mice. The secretion of glucagon and glucocorticoids in-
creases to activate hepatic gluconeogenesis under fasting
conditions, while insulin levels drop [1, 31]. Thus, we
speculated that glucagon and glucocorticoids might in-
duce KLF10 in primary hepatocytes. We treated primary

hepatocytes with forskolin and dexamethasone, which
mimic the effects of glucagon and glucocorticoids, re-
spectively. Although the treatment of cells with these
compounds markedly induced the expression of
gluconeogenic genes such as Pck1 and G6pc, they did
not influence the expression of Klf10 (data not shown).
Additional studies are required to identify potential triggers of
KLF10 activation under fasting and pathophysio
logical conditions.

Guillaumond et al reported that male mice with global
knockout of Klf10 displayed postprandial and fasting
hyperglycaemia, whereas Klf10-deficient female mice
displayed higher plasma triacylglycerol concentrations [29].
Thus, the effects of KLF10 on metabolism are influenced by
sex. Possibly these different metabolic phenotypes might be
attributed to sex-specific hormones altered by KLF10 defi-
ciency in other tissues, since KLF10 is ubiquitously expressed
in multiple tissues, including the kidneys, heart, bone, muscle
and fat [29]. However, the exact molecular mechanism under-
lying this discrepancy remains unclear.

In the present study, we explored the role of KLF10 in
regulating hepatic glucose metabolism with Ad-Klf10 or
Ad-shKlf10, which led to an acute change in hepatic
KLF10 expression. We found that liver-specific overex-
pression of KLF10 increased Pgc-1α transcription, which
resulted in hyperglycaemia and impaired glucose toler-
ance in C57BL/6J mice. Knockdown of KLF10 in the
liver attenuated hyperglycaemia and glucose intolerance
in db/db or DIO mice. In addition, our ChIP data confirm
that endogenous KLF10 protein can directly bind to the
Pgc-1α promoter. Our data suggest that Klf10 is a
gluconeogenic gene. Notably, the metabolic phenotypes
observed in the present study resulted from short-term
alterat ions in KLF10 expression in l iver, while
hyperglycaemia in global Klf10-deficient male mice re-
sulted from long-term effects of KLF10 deficiency, which
may be attributed to its roles in other tissues.

In addition to glucose metabolism, we also studied the
role of KLF10 in regulating lipid metabolism in hepato-
cytes. We found that overexpression of KLF10 in mouse
primary hepatocytes increased lipogenesis. Consistently,
overexpression of KLF10 in the livers of normal (wild-
type) mice elevated hepatic and serum triacylglycerol con-
tent. However, hepatic knockdown of KLF10 decreased
hepatic and serum triacylglycerol in DIO mice.
Furthermore, our luciferase reporter gene assay suggests
that KLF10 does not activate transcription of the Srebp-1c
gene (data not shown), indicating that KLF10 affects the
expression of lipogenic genes via other mechanisms, such
as affecting mRNA stability or other factors influencing
Srebp-1c. Further studies are required to clarify this.

KLF15 has been reported to control gluconeogenesis by
regulating amino-acid-degrading enzymes to provide

Fig. 6 KLF10 stimulates transcription of the Pgc-1α gene by directly
binding to its promoter. (a) Luciferase reporter gene assay in HepG2 cells
transfected with the indicated plasmids. A series of truncated Pgc-1α
promoters fused to the luciferase reporter gene were cotransfected into
HepG2 cells, together with pcDNA3.1 (control, white bars) or KLF10-
expression plasmids (black bars). Luc, luciferase; RLA, relative luciferase
activity. (b) ChIP analysis on liver tissues of C57BL/6J mice to assess
endogenous KLF10 occupancy of the Pgc-1α promoter. DL2000, DNA
marker purchased from Takara Bio (Shiga, Japan). (c) ChIP analysis on
liver tissues of db/m (white bars) and db/db (black bars) mice, and qPCR
assessed for endogenous KLF10 occupancy of the Pgc-1α promoter.
n = 3mice per group. Results are means ± SEMof three or four replicates.
*p < 0.05, **p < 0.01, ***p < 0.001. IP, immunoprecipitation
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gluconeogenic substrate [26]. Considering that KLF10 and
KLF15 have similar structures and gluconeogenic func-
tions, we also examined the expression levels of alanine
transaminase 1 (ALT1), 4-hydroxyphenylpyruvic acid
dioxygenase (HPD) and proline dehydrogenase (ProDH),
which catabolise alanine, tyrosine and proline, respective-
ly. However, KLF10 overexpression did not markedly
stimulate the genes encoding these proteins (data not
shown), which differs from findings for KLF15 [27]. In
addition, KLF15 does not affect Pck1 expression [27],
which is different from KLF10 as shown in the present
study. Thus, it appears that these two transcription factors
regulate hepatic gluconeogenesis through different
mechanisms.

In summary, our study suggests that increased KLF10 ex-
pression might be an underlying factor for increased hepatic
gluconeogenesis in diabetic mice, contributing to the develop-
ment of diabetes. Thus, modulation of KLF10 may be a novel
therapeutic approach for the treatment of diabetes.
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