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Background: Growth hormone (GH) is involved in hepatic glucose metabolism.
Results:GH increased hepatic gluconeogenesis through STAT5 transactivation, which was abolished by the metformin-ATM-
AMPK-SHP pathway.
Conclusion: The metformin-ATM-AMPK-SHP network prevents the increase of hepatic gluconeogenesis by the GH-depen-
dent pathway.
Significance: The ATM-AMPK-SHP pathway may provide a novel mechanism for regulating hepatic glucose homeostasis via
a GH-dependent pathway.

Growth hormone (GH) is a keymetabolic regulatormediating
glucose and lipid metabolism. Ataxia telangiectasia mutated
(ATM) is a member of the phosphatidylinositol 3-kinase super-
family and regulates cell cycle progression. The orphan nuclear
receptor small heterodimer partner (SHP: NR0B2) plays a piv-
otal role in regulatingmetabolic processes. Here, we studied the
role of ATM on GH-dependent regulation of hepatic gluconeo-
genesis in the liver. GH induced phosphoenolpyruvate carboxy-
kinase (PEPCK) and glucose 6-phosphatase gene expression in
primary hepatocytes. GH treatment and adenovirus-mediated
STAT5 overexpression in hepatocytes increased glucose pro-
duction, which was blocked by a JAK2 inhibitor, AG490, domi-
nant negative STAT5, and STAT5 knockdown. We identified a
STAT5 binding site on the PEPCK gene promoter using

reporter assays and point mutation analysis. Up-regulation of
SHP bymetformin-mediated activation of the ATM-AMP-acti-
vated protein kinase pathway led to inhibition of GH-mediated
induction of hepatic gluconeogenesis, which was abolished by
an ATM inhibitor, KU-55933. Immunoprecipitation studies
showed that SHP physically interacted with STAT5 and inhib-
ited STAT5 recruitment on the PEPCK gene promoter. GH-
induced hepatic gluconeogenesis was decreased by either met-
formin or Ad-SHP, whereas the inhibition by metformin was
abolished by SHP knockdown. Finally, the increase of hepatic
gluconeogenesis following GH treatment was significantly
higher in the liver of SHP null mice compared with that of wild-
type mice. Overall, our results suggest that the ATM-AMP-ac-
tivated protein kinase-SHP network, as a novel mechanism for
regulating hepatic glucose homeostasis via a GH-dependent
pathway, may be a potential therapeutic target for insulin
resistance.

Growth hormone (GH)2 binds to its cognate receptor and
regulates a number of transcription factors, including STAT5
through recruitment of intracellular activation of JAK2 (1, 2).
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GH causes STAT5 phosphorylation and nuclear translocation,
leading to transcriptional activation of a wide range of target
genes, including cell cycle regulators, anti-apoptotic genes,
insulin-like growth factor-I, suppressor of cytokine signaling 2,
and several hepatocyte nuclear factors (HNFs) (3, 4). GH is
known to play a role in the regulation of body growth, differen-
tiation, aging, and metabolism (5). Moreover, GH antagonizes
insulin action on glucose and lipid homeostasis in diverse tis-
sues (6, 7). In this respect, elevated GH may promote insulin
resistance and diabetes by increasing hepatic glucose produc-
tion, triglyceride storage, and antagonizing insulin action in
human and animal models (8). The molecular mechanism of
GH regulation of hepatic gluconeogenesis has not been fully
elucidated.
Metformin is an anti-diabetic agent that ameliorates hyper-

glycemia by decreasing hepatic glucose production (9, 10).
Liver kinase B1 is a downstream effector ofmetformin and acti-
vates AMP-activated protein kinase (AMPK) in the liver,
thereby regulating glucose homeostasis (10, 11). AMPK is a
conserved serine/threonine protein kinase that functions as a
major intracellular energy sensor and a master regulator of
metabolic homeostasis, including glucose and lipidmetabolism
(11, 12). AMPK is activated in response to a variety of physio-
logical stimuli such as exercise, hypoxia, and the action of sev-
eral pharmacological agents and hormones, including met-
formin, leptin, and adiponectin (13). Previous studies from our
group have shown that metformin inhibits hepatic gluconeo-
genesis by up-regulating the AMPK-dependent pathway in
vitro and in vivo (14, 15). The ataxia telangiectasia mutated
(ATM) gene encodes a 350-kDa protein that is a serine/threo-
nine protein kinase, which belongs to the superfamily of phos-
phatidylinositol 3-kinase-related kinase (16). The ATM gene is
well characterized in autosomal recessive diseases (e.g., cerebel-
lar ataxia), immunodeficiency, radiation sensitivity, and growth
retardation (17). ATM is a regulator of cell cycle progression by
activating p53, Brca1, Chk2, and Smc1 in response to general
toxic agents, ionizing radiation, DNA damage, and cell cycle
arrest (16, 18). Previous studies have demonstrated that 5-ami-
noimidazole-4-carboxamide ribotide (AICAR), an AMPK acti-
vator, induces AMPK phosphorylation in an ATM-dependent
manner (19, 20). ATM null mice displayed glucose intolerance
and hyperglycemia, leading to deteriorating insulin secretion
and elevated blood glucose levels (21). AlthoughATMactivates
AMPK in vitro and the loss of ATM leads to diabetes, the pos-
sible role forATM in hepatic gluconeogenesis has yet to be fully
elucidated.
The small heterodimer partner (SHP; NR0B2) is an atypical

orphan nuclear receptor that functions as a co-repressor of
transcription factors, including HNF-3�, HNF-4�, and FoxO1
(22). SHP plays a critical role in the maintenance of metabolic
homeostasis, such as glucose, lipid, and bile acid metabolism
(23). Previous reports from our group have demonstrated that
pharmacological agents that activate AMPK, such as met-
formin, sodium arsenite, and hepatocyte growth factor, induce
SHP to hepatic gluconeogenesis (14, 24, 25). However, a critical
role for the ATM-AMPK pathway in SHP gene expression and
its subsequent role inmediatingGH-mediated up-regulation of
hepatic gluconeogenesis have not been fully elucidated.

In this study, we demonstrated that GH is a key regulator of
hepatic gluconeogenic gene expression and glucose production
in hepatocytes. GH induced STAT5 occupancy of the gluco-
neogenic gene promoter, and this stimulatory effect of GH was
abolished by either a JAK2 inhibitor or DN-STAT5. Induction
of SHP by ATM effectively blocked GH-mediated induction of
hepatic gluconeogenic genes and glucose production, which
was abolished by KU-55933 (an ATM inhibitor) treatment.
Overall, these observations suggest that the ATM-AMPK-SHP
pathwaymay confer a novelmechanism for regulating the path-
ological processes of hepatic glucose homeostasis via a GH-de-
pendent pathway and provide a potential therapeutic strategy
for modulating hepatic gluconeogenesis.

EXPERIMENTAL PROCEDURES

Chemicals—Metformin (1,1-dimethylbiguanide hydrochlo-
ride; Sigma), recombinant human growth hormone (ProSpec),
forskolin (Calbiochem), the JAK2 inhibitor AG490 (Sigma),
and the ATM inhibitor KU-55933 (Calbiochem) were pur-
chased from the indicated companies and dissolved in the rec-
ommended solvents.
Plasmids—The reporter plasmids encoding PEPCK-Luc and

G6Pase-Luc were prepared as described previously (14). Plas-
mids encoding the constitutively active form of AMPK (CA-
AMPK) and the dominant negative mutant of AMPK (DN-
AMPK)were prepared as described previously (14). SHP cDNA
and siRNAs were prepared as described previously (14, 24).
CA-STAT5a and DN-STAT5a/b were generously provided by
Dr. Toshio Kitamura (26) and Dr. Michael J. Waters (27),
respectively. The point mutant form of PEPCK-Luc was gener-
ated using a site-directed mutagenesis kit (Stratagene, La Jolla,
CA) and the following primers: forward, 5�-CAATTAAGG-
GTTGAGCCTATA-3�, and reverse, 5�-TATAG-GCTCAAC-
CCTTAATTG-3�. All of the plasmids were confirmed by
sequencing analysis.
Preparation of Recombinant Adenovirus—Adenoviruses

encoding full-length human SHP, siRNA SHP, GFP, c-Myc-
tagged DN-AMPK, and CA-AMPK have been described previ-
ously (14, 15, 24). Briefly, the cDNA encoding CA-STAT5 and
DN-STAT5 was inserted into pAdTrack-CMV shuttle vector.
This vector was electroporated into the AdEasy adenoviral vec-
tor to generate the recombinant adenoviral plasmid. The
viruses were amplified in HEK293 cells and titrated using
Adeno-XTM Rapid titer according to the manufacturer’s
instructions.
Cell Culture and Transient Transfection Assays—HepG2

(human hepatoma) cells were cultured in DMEM (Invitrogen)
supplemented with 10% FBS (Hyclone, Logan, UT) and antibi-
otics in a humidified atmosphere containing 5% CO2 at 37 °C.
AML-12 cells (immortalizedmouse hepatocytes) were cultured
in DMEM/F-12 medium (Invitrogen) supplemented with 10%
FBS, insulin-transferrin-selenium (Invitrogen), dexametha-
sone (40 ng/ml; Sigma), and antibiotics in a humidified atmo-
sphere containing 5% CO2 at 37 °C. Transient transfection
assays were carried out as described previously (14).
siRNA Experiments—The siRNAs for STAT5 were chemi-

cally synthesized (Cell Signaling Technology, Danvers, MA)
and transfected according to the manufacturer’s instructions.
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HepG2 cellswere transfectedwith siRNAusingOligofectamine
reagent (Invitrogen). Efficiency of knockdown was performed
through Western blot analyses.
Isolation and Culture of Primary Rat Hepatocytes—Rat pri-

mary hepatocytes (RPHs) were isolated from the livers of
7-week-old male Sprague-Dawley rats. The hepatocytes were
isolated by the collagenase perfusionmethod, as described pre-
viously (14).
Primary Human Hepatocyte Culture—Human primary

hepatocytes (HPHs) were obtained through the Liver Tissue
and Cell Distribution System of the National Institutes of
Health (S. Strom, University of Pittsburgh, PA). HPHs were
cultured as described previously (25).
Animal Experiments—Male wild-type C57BL/6J (WT) and

SHP null mice (SHP KO) were used for this experiment. As for
GH stimulation experiment, bothmice were injected intraperi-
toneally with or without GH for 3 h. The mice were sacrificed,
and their liver tissues were harvested. All animal studies and
protocols were approved and carried out by the institutional
animal use and care committee of Korea Research Institute of
Bioscience and Biotechnology.
RNA Isolation and Analysis—Total RNAwas extracted from

either RPH or HPH under various conditions with TRIzol rea-
gent (Invitrogen) according to the manufacturer’s protocol.
qPCR analysis using a SYBR Green PCR kit was conducted
using PEPCK, G6Pase, SHP, and �-actin primers, as described
previously (15, 25).
Western Blot Analysis—RPHs were isolated and processed

according to amethod described previously (14, 25). Themem-
branes were probed with antibody against phospho-ATM,
ATM, phospho-AMPK, AMPK, phospho-STAT5 (Tyr-694;
Cell Signaling Technology), STAT5, SHP (H-160), PEPCK
(H-300), G6Pase (C-14), and �-actin (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and then developed using an ECL West-
ern blot detection kit (Amersham Biosciences).
Co-immunoprecipitation Assay—Total protein was extracted

from RPH treated with either GH for 1 h or metformin for 6 h.
The cells were immunoprecipitated using STAT5 antibody
(Santa Cruz Biotechnology) and then blotted with SHP anti-
body (SantaCruz Biotechnology). Signals were developed using
the ECLWestern blot Detection kit.
Chromatin Immunoprecipitation Assay—36 h after infection

with adenoviral siRNA SHP (Ad-si SHP) and control siRNA
(Ad-Scram), RPHs were treated with metformin (2 mM) for 6 h
and with GH (500 ng/ml) for 1 h. The cells were subsequently
harvested, and ChIP assays were conducted using STAT5 and
SHP antibodies as described previously (16, 24). After purifica-
tion, PCRs were performed using two pairs of primers encom-
passing proximal (�472/�265 bp) or distal (�1245/�1026 bp)
regions of the PEPCK promoter. The specific primers used for
PCR were: proximal, forward 5�-AGAGCTGAATTCCCTTC-
TCA-3� and reverse 5�-TTTGACCGT-GACTGTTGCTG-3�;
distal, forward 5�-CCTCGAATCTGTCACACGTC-3� and
reverse 5�-ACACAGACCTTCACGCCAA-T-3�.
Electrophoretic Mobility Shift Analysis—For EMSA, nuclear

extracts were prepared from HepG2 as previously described
(28). Nuclear extracts were prepared from HepG2 cells treated
withGH. For supershift analysis, proteinwas preincubatedwith

indicated antibody and then incubated with labeled oligonu-
cleotide from�316 to�296 of the PEPCK gene promoter. The
protein-DNA complexes were analyzed by EMSA. The
sequence of the oligonucleotide used was 5�-TGACAA-
TTAAGGCAAGAG-CCT-3�.
Glucose Output Assay—Glucose production in RPH was

measured using a colorimetric glucose oxidase assay (Sigma)
according to themanufacturer’s protocol. Briefly, the cells were
washed three timeswith PBS and then incubated for 3 h at 37 °C
in 5% CO2 in glucose production buffer (glucose-free RPMI
1640, pH 7.4, containing 20 mM sodium lactate, 1 mM sodium
pyruvate, and 15 mMHEPES, without phenol red). The glucose
assays were performed in triplicate, and the intra-assay coeffi-
cient of variation was �5%, as described previously (25).
Statistical Analysis—Data calculation and statistical analysis

were performed using GraphPad Prism 3–5.0 software. The
statistical significance of differences between groupswas deter-
mined with Student’s t test, and multiple comparisons were
analyzed using one-way ANOVA under treatment and experi-
ment as factors. All of the data are presented as the means �
S.E. Differences were considered statistically significant at p �
0.05.

RESULTS

Growth Hormone Increases Hepatic Gluconeogenic Gene
Expression in Primary Hepatocytes—First, we examined
whether GH shows any potential role in hepatic gluconeogenic
gene expression in hepatic cell line and primary hepatocytes.
Treatment of immortalized mouse hepatocyte AML-12 cells
and RPHs with GH significantly increased the mRNA levels of
two key hepatic gluconeogenic genes, PEPCK and G6Pase, in a
time-dependent manner (Fig. 1, A and B). In addition, the
mRNA levels of PEPCK and G6Pase were effectively increased
by GH treatment in HPHs, in a fashion similar to that shown in
AML-12 cells and RPH (Fig. 1C). Importantly, induction of
PEPCK and G6Pase mRNA expression by 3-h treatment of GH
reached the maximum levels in the HPH, which is consistent
with the increase in AML-12 and RPH. Next, we examined the
effect of GH on the PEPCK and G6Pase protein levels in pri-
mary hepatocytes. GH significantly increased PEPCK protein
level through STAT5 activation in primary hepatocytes (Fig.
1D). Interestingly, treatment with GH continuously increased
G6Pase protein level within 3–24 h in a time-dependent man-
ner (Fig. 1D). Overall, these findings strongly suggest that GH
plays an important role in hepatic gluconeogenic gene expres-
sion in primary hepatocytes and a hepatic cell lines.
GH Increases Hepatic Gluconeogenesis through STAT5

Activation—To determine whether GH-mediated STAT5 acti-
vation is involved in the induction of hepatic gluconeogenesis,
we examined the effect of STAT5 activation on hepatic gluco-
neogenesis after treatment of primary hepatocyteswithGHand
AG490, a specific JAK2 inhibitor. AG490 treatment markedly
repressed GH-mediated induction of PEPCK and G6Pase pro-
tein level through STAT5 inhibition, in a dose-dependentman-
ner (Fig. 2A). GH treatment significantly increased glucose pro-
duction in primary hepatocytes, whereas this stimulatory effect
of GHwas dramatically reduced by AG-490 (Fig. 2B). To deter-
mine whether the regulation of hepatic gluconeogenesis by GH
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is mediated by STAT5, we evaluated the effect of STAT5 on the
regulation of gluconeogenic gene expression and glucose pro-
duction in primary hepatocytes using adenovirus-mediated
overexpression of a constitutively active form of STAT5 (Ad-
CA-STAT5) or a dominant negative form of STAT5 (Ad-DN-
STAT5). Our Western blot analysis demonstrated that both
CA-STAT5 and DN-STAT5 were successfully transduced in
primary hepatocytes (Fig. 2, C and D). Next, STAT5 overex-
pression using Ad-CA-STAT5 significantly increased PEPCK
and G6Pase protein levels in primary hepatocytes, whereas this
stimulatory effect of GH decreased markedly following
Ad-DN-STAT5 treatment (Fig. 2E). Consistent with previous
data, glucose production in primary hepatocytes was signifi-
cantly increased by Ad-CA-STAT5 when compared with that
of the Ad-GFP control. However, the increase in hepatic glu-
cose production by the GH treatment was markedly reduced
byAd-DN-STAT5,whichwas comparablewith control groups.
As expected, the increase of glucose output by both GH and
Ad-CA-STAT5 reached themaximum levels relative to control
and/or alone treatment (Fig. 2F). Next, we further confirm
whether GH-induced hepatic gluconeogenic gene expression is
mediated by STAT5 in hepatocytes. GH significantly increased
PEPCK and G6Pase protein level, whereas this effect was abol-
ished by endogenous STAT5 knockdown with siRNA STAT5
(Fig. 2G), in a fashion similar to that observed for gluconeogen-
esis (Fig. 2, E and F). Collectively, these results indicate that
GH-mediated up-regulation of hepatic gluconeogenesis was
altered by the JAK-STAT5 pathway in primary hepatocytes.

GH Specifically Mediates STAT5 Occupancy on the Gluco-
neogenic Gene Promoter—To determine whether GH regulates
hepatic gluconeogenic gene expression at a transcriptional
level, we carried out transient transfection assays using reporter
luciferase constructs containing the PEPCK and G6Pase gene
promoter in HepG2 cells. As expected, reporter assays in
HepG2 cells showed that GH treatment significantly increased
the activity of the PEPCKandG6Pase gene promoters in a dose-
dependent manner (Fig. 3A), which is consistent with the
increase in gluconeogenic gene expression (Fig. 1). HNF-4�
was used as a positive control for activation of both the PEPCK
and G6Pase gene promoters. Next, we confirmed whether
STAT5 also regulates transcriptional activity of gluconeogenic
gene using these promoters. Co-transfection of CA-STAT5,
but not DN-STAT5, significantly increased the activity of the
PEPCK and G6Pase promoters in a dose-dependent manner
(Fig. 3B). Overall, these findings strongly suggest that GH pos-
itively regulates the transcriptional activity of hepatic gluco-
neogenic genes through STAT5 activation in hepatocytes.
To identify themolecularmechanism bywhichGHmediates

up-regulation of hepatic gluconeogenic gene transcription,
serial deletion constructs of the PEPCK promoter were used to
perform a transient transfection assay. As shown in Fig. 3 (C
andD), the activity of PEPCK promoter by GH and CA-STAT5
was continuously retained with a deletion up to �355 bp, but it
did not maintain completely with the �208-bp construct.
These observations show that the STAT5-binding element
required for the GH response is located within the region
between �355 and �208 bp on the PEPCK gene promoter.
Next, site-directed mutagenesis was carried out to introduce
CAA to GTT substitution on the PEPCK gene promoter and to
further evaluate the functional significance of the STAT5-bind-
ing region on the PEPCK gene promoter (Fig. 3E). Wild type
(PEPCKwt) and themutant reporter plasmid (PEPCKmt)were
transiently transfected with CA-STAT5 into HepG2 cells.
STAT5-dependent activity of the PEPCK gene promoter was
increased by either GH treatment or CA-STAT5, and this phe-
nomenon was abolished at a mutant form of the STAT5 site
(Fig. 3E). Overall, these results suggest that the STAT5-binding
site may be sufficient to mediate activation of the PEPCK gene
promoter by GH. We next performed ChIP assays in primary
hepatocytes to study STAT5 binding to PEPCK gene at the
chromatin level. GH strongly induced STAT5 occupancy on
the proximal region (�472/�265) of the PEPCKpromoter (Fig.
3F, upper panel) but not on the distal region (�1245/�1026) of
the PEPCK promoter (Fig. 3F, lower panel). These findings
strongly suggest that STAT5 physically binds to PEPCK gene
promoter and mediates GH induction of PEPCK gene
transcription.
ATM Represses Hepatic Gluconeogenesis via Induction of

SHP—Several studies have demonstrated a correlation between
ATMandmetabolic dysfunction (21, 29). A previous report has
indicated thatATMdirectly activatesAMPKand is required for
a response tometformin in humans (30). Therefore, we hypoth-
esized that activation of ATM bymetforminmight inhibit GH-
mediated hepatic gluconeogenesis by inducing SHP. First, we
elucidated a critical role of ATM in the AMPK-SHP signal
pathway in primary hepatocytes. As expected, metformin

FIGURE 1. Growth hormone induces hepatic gluconeogenic gene expres-
sion in rat and human primary hepatocytes. A–C, AML-12 cells (A), RPHs (B),
and HPHs (C) were cultured for 24 h under serum-free conditions. The cells
were treated with GH (500 ng/ml) for various time periods up to 24 h. Hepatic
gluconeogenic gene expression was measured by qPCR and then normalized
to �-actin level. All of the data are representative of at least three indepen-
dent experiments. D, as mentioned above, RPHs were treated with GH for
various time periods up to 24 h. Whole cell extracts were isolated and ana-
lyzed using Western blot analysis with the indicated antibodies. *, p � 0.05
compared with untreated control (Student’s t test).
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increased ATM and AMPK phosphorylation, as well as SHP
protein level in primary hepatocytes (Fig. 4A), whereas this
stimulatory effect of metformin was repressed by a specific
ATMkinase inhibitor KU-55933 (Fig. 4B). Next, we determined
how ATM regulates GH-mediated hepatic gluconeogenesis. Up-
regulationof SHPbymetformin-mediated activationof theATM-
AMPK pathway markedly decreased GH-mediated induction of
hepatic gluconeogenic gene expression in primary hepatocytes,
whichwas restored by KU-55933 (Fig. 4,C andD). The increase
in glucose production by GH was markedly reduced by met-
formin (Fig. 4E). However, the inhibitory effects of metformin
were reversed by KU-55933 treatment (Fig. 4E) in a pattern
similar to that indicated by hepatic gluconeogenic gene expres-
sion. Overall, these results strongly suggest that ATM plays a
role in the regulation of GH-stimulated hepatic gluconeogene-
sis by SHP induction.

SHPPhysically Interacts with STAT5and InhibitsDNABind-
ing of STAT5 on PEPCK Gene Promoter—We elucidated the
endogenous interaction between SHP and STAT5 using a co-
immunoprecipitation assay in primary hepatocytes to identify
the molecular mechanism regarding GH-mediated induction
of hepatic gluconeogenesis. Endogenous SHP and STAT5 pro-
teins strongly interacted with each other upon treatment of
primary hepatocytes with both GH and metformin compared
with either controls or GH alone (Fig. 5A). Next, to further
confirm a role for SHP in STAT5-binding on the PEPCK gene
promoter, we performed a transient transfection assay using
wild-type and mutant forms of the PEPCK gene reporter, CA-
STAT5, and SHP, as described in Fig. 3E. As anticipated, the
increase in PEPCKgene promoter activity byGH treatmentwas
dramatically reduced by SHP inwild-type reporter (PEPCKwt),
and this phenomenon was abolished in the mutant form of the

FIGURE 2. STAT5 mediates GH-mediated induction of hepatic gluconeogenesis. A, RPHs were pretreated with AG490 for 6 h and then exposed to GH (500
ng/ml) for 3 h at the various concentrations. Whole cell extracts were isolated and analyzed using Western blot analysis with the indicated antibodies. Protein
levels were normalized to �-actin level and/or total form. B, glucose output assay in RPHs was performed with GH and AG490 at the indicated concentrations
in glucose-free medium supplemented with gluconeogenic substrate sodium lactate (20 mM) and sodium pyruvate (1 mM). C, RPHs were infected with Ad-GFP
and Ad-CA-STAT5 for 36 h. D, RPHs were infected with Ad-DN-STAT5 for 36 h and then treated with GH for 3 h. Whole cell extracts were isolated and analyzed
using Western blot analysis with the indicated antibodies. E, RPHs were infected with Ad-GFP, Ad-CA-STAT5, and Ad-DN-STAT5 for 36 h and then treated with
or without GH for 3 h. Whole cell extracts were isolated and analyzed using Western blot analysis with the indicated antibodies. F, glucose output assay in RPH
was conducted as described for B, using glucose-free medium supplemented with the gluconeogenic substrate sodium lactate (20 mM) and sodium pyruvate
(1 mM). All of the data are representative of at least three independent experiments. G, HepG2 cell lines were transfected with siRNA control and siRNA STAT5
for 36 h and then treated with or without GH for 3 h. Whole cell extracts were isolated and analyzed using Western blot analysis with various antibodies. Protein
levels were normalized to �-actin level and/or total forms. *, p � 0.05 (Student’s t test); #, p � 0.05 compared with untreated control and/or GH-treated cells
(Student’s t test or ANOVA).
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promoter (Fig. 5B). Moreover, to further confirm a link
between SHP and the DNA binding activity of endogenous
STAT5 on the PEPCK gene promoter, we performed ChIP
assays using anti-STAT5 in primary hepatocytes. Endogenous
STAT5 physically bound to the proximal region (�472/�265)
upon GH treatment, and this activity was completely abolished
by metformin treatment. However, SHP knockdown using
Ad-si SHP reversed STAT5 occupancy on the proximal PEPCK
promoter compared with control Ad-Scram (Fig. 5C, left
panel).Moreover, the nonspecific distal region (�1245/�1026)
of the PEPCKpromoterwas unable to recruit this protein under

all conditions (Fig. 5C, right panel). Neither endogenous SHP
nor control IgG bound to the PEPCK gene promoter under
both regions (Fig. 5C, bottom panel). Next, we further con-
firmed the specific binding of STAT5 on the PEPCK gene
promoter using an electrophoretic mobility shift assay. As
expected, the binding of STAT5 to the PEPCK gene promoter
was demonstrated by the protein-DNA complex induced by
GH treatment, whereas this complex disappeared with mutant
form of STAT5 and cold competitor (Fig. 5D). Moreover, GH
showed the strong and specific binding of STAT5 to the PEPCK
gene promoter andweakly supershiftedwith a STAT5 antibody

FIGURE 3. Hepatic gluconeogenic gene promoter is activated by STAT5. A–D, HepG2 cell lines (A) were transiently co-transfected with the indicated
reporter genes for 36 h and then treated with GH (500 ng/ml) for 3 h in serum-free medium. HNF-4� (100 ng) was used as a positive control. HepG2 cells (B) were
transiently co-transfected with CA-STAT5, DN-STAT5, HNF-4�, and the observed reporter genes and then treated with GH (500 ng/ml) for 3 h. HNF-4� (100 ng)
was used as a positive control. HepG2 cell were transfected with deletion constructs of the PEPCK reporter gene and CA-STAT5 (D). The cells were treated with
GH after transfection (C). E, schematic diagrams of wild-type and mutant forms of the PEPCK promoter encompassing constructs from �310 to �302 bp under
the indicated conditions. HepG2 cells were co-transfected with wild type (wt), the mutant form of the PEPCK gene promoter (mt), and CA-STAT5. The cells were
treated with GH at the indicated conditions after transfection. Luciferase activity was normalized to �-galactosidase activity to correct for transfection
efficiency. F, ChIP assay shows the recruitment of STAT5 on the PEPCK gene promoter. RPHs were treated with GH, and soluble chromatin was immunopre-
cipitated with anti-STAT5 antibody or IgG as indicated. Purified DNA samples were employed for PCR with primers binding to the specific proximal (top panel)
and nonspecific distal (bottom panel) regions on the PEPCK gene promoter. 10% of the soluble chromatin was used as an input. All of the data are representative
of at least three independent experiments. *, p � 0.05 (Student’s t test); #, p � 0.05 compared with untreated control and/or GH-treated cells (Student’s t test
or ANOVA).
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(Fig. 5E), as consistent with the ChIP assay. Overall, these find-
ings demonstrate that SHP negatively regulates GH-mediated
induction of hepatic gluconeogenesis via a physical interaction
leading to blockage of STAT5 occupancy.
Induction of SHP by Metformin Inhibits GH-mediated

Hepatic Gluconeogenesis—As reported previously, several
AMPK activators (metformin, sodium arsenite, and hepatocyte
growth factor) have a significant effect on the increase in SHP
gene expression both in vivo and in vitro (14, 24, 25). Next, we
examined whether the induction of SHP by metformin inhibits
GH-mediated hepatic gluconeogenesis. The increase in PEPCK
andG6PasemRNA level followingGH treatment wasmarkedly
inhibited by metformin-induced SHP mRNA expression in
both RPH and HPH (Fig. 6, A and B). This inhibition was reca-
pitulated by adenoviral overexpression of SHP (Ad-SHP) rela-
tive to controls (Fig. 6C). Moreover, GH induced glucose pro-
ductionwasmarkedly repressed by eithermetformin treatment
or Ad-SHP transduction (Fig. 6D) in primary hepatocytes. To
further confirm whether GH-mediated hepatic gluconeogene-

sis is altered by SHP,we evaluated the potential effect of SHPon
GH-induced PEPCK andG6Pase protein expression in primary
hepatocytes. Metformin markedly decreased GH-mediated
induction of PEPCK and G6Pase protein level through SHP
induction, whereas this effect was abolished by endogenous
SHP knockdown with Ad-si SHP (Fig. 6E). Furthermore,
metformin effectively reduced GH-stimulated hepatic glu-
cose production, in a fashion similar to that observed for
gluconeogenic gene expression, and this phenomenon
occurred by SHP knockdown (Fig. 6F). Forskolin was used as
a positive control to confirm the efficiency of the glucose
output assay. A previous study from another group demon-
strated that the loss of SHP exacerbates hepatic insulin
resistance by increasing glucose intolerance (31). Finally, we
confirmed the role of SHP on GH-mediated induction of
hepatic gluconeogenesis in the liver of SHP null mice. Induc-
tion of PEPCK and G6Pase protein levels by GH was signif-
icantly higher in the liver of SHP null mice relative to the
wild-type mice (Fig. 6G). Overall, these findings suggest that

FIGURE 4. ATM-AMPK-SHP pathway inhibits GH-mediated hepatic gluconeogenesis. A and B, RPHs were treated with either metformin for 6 h (A) or the
ATM inhibitor KU-55933 for 3 h (B) at the indicated concentrations. Whole cell extracts were isolated and analyzed using Western blot analysis with various
antibodies. The protein level was normalized to �-actin level and/or total forms. C–E, RPHs were pretreated with metformin for 6 h and then treated with either
GH or KU-55933 for 3 h with the indicated conditions. Whole cell extracts were isolated and analyzed by Western blot analysis (C) with various antibodies. Total
RNAs were extracted from hepatocytes and utilized for qPCR analysis (D). SHP, PEPCK, and G6Pase mRNA level were normalized to �-actin expression. A glucose
output assay (E) was performed using glucose-free medium supplemented with gluconeogenic substrate sodium lactate (20 mM) and sodium pyruvate (1 mM).
All of the data are representative of at least three independent experiments. *, p � 0.05 (Student’s t test); #, p � 0.05; &, p � 0.05 compared with untreated
control, GH-treated cells, metformin (Met)-treated cells, and GH- and metformin-treated cells (ANOVA).
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SHP has an important role in the negative regulation of GH-
mediated hepatic gluconeogenesis.

DISCUSSION

In this study, we have demonstrated that GH positively reg-
ulated hepatic gluconeogenesis by up-regulating STAT5-medi-
ated induction of PEPCK and G6Pase gene expression and glu-
cose production in primary hepatocytes, and this phenomenon
was abolished when cells were treated with DN-STAT5 or
AG490. However, the inhibitory effects of ATMon hepatic glu-
coneogenesis were blocked by SHP knockdown and KU-55933
treatment. Based on these findings, we propose that the met-
formin-ATM-AMPK-SHP network may prevent hepatic met-
abolic disorders related to insulin resistance by down-regulat-
ing the GH-dependent signaling pathway.
Several studies have shown that GH elevates hepatic glucose

production by glycogenolysis in rodents and human (6, 32),
whereas another group reported no effect of GH on gluconeo-
genesis (33). Therefore, the role of GH in hepatic gluconeogen-
esis is still controversial. Based on these findings, we elucidated
the critical role of GH on hepatic gluconeogenic gene expres-

sion and glucose production in primary hepatocytes. As
expected, GH exposure significantly increased gluconeogenic
gene expression and glucose production through STAT5 in pri-
mary hepatocytes but not in AG490 and DN-STAT5-treated
hepatocytes (Figs. 1–3). Overall, these findings strongly suggest
that GH is a potent modulator of hepatic gluconeogenesis
through STAT5. Lahuna et al. (34) demonstrated thatGH stim-
ulates HNF-6 gene transcription by activating STAT5 and
HNF-4, and our group reported that SHP down-regulates
PEPCK and G6Pase gene transcription via a direct interaction
and blockage of HNF-6 recruitment in hepatocytes (35). Our
current study strongly suggests that GH up-regulates hepatic
gluconeogenesis by STAT5 transactivation, which is consistent
with a previous report and our previous study. Moreover, we
could not find known transcription factors on the specific
binding region of the PEPCK gene promoter, excluding
STAT5 in this gene promoter region. However, we cannot
exclude the possibility that GH may also depend on other
unknown transcription factors to regulate hepatic
gluconeogenesis.

FIGURE 5. SHP physically interacts with STAT5. A, co-immunoprecipitation (IP) assays with RPHs indicated an association between SHP and STAT5. Protein
extracts from primary hepatocytes were immunoprecipitated using anti-STAT5 antibody and then blotted with SHP antibody. Expression of phospho-STAT5,
STAT5, and SHP from 10% of lysates were analyzed by Western blotting (WB) with specific antibodies. B, HepG2 cells were co-transfected with the wild type,
mutant form of the PEPCK gene promoter, CA-STAT5, and SHP, as described in Fig. 3E. Luciferase activity was normalized to �-galactosidase activity to correct
for transfection efficiency. C, RPHs were infected for 36 h with Ad-si SHP (multiplicity of infection of 60) and Ad-Scram (multiplicity of infection of 60) and then
treated with either GH (500 ng/ml) or metformin (Met, 2 mM) treatment at the indicated concentration for the ChIP assay. Input represents 10% of purified DNA
in each sample. Cell extracts were immunoprecipitated with STAT5 (nonphosphorylated STAT5) and SHP antibodies, and purified DNA samples were used for
PCR with primers binding to the specific proximal (left panel) and nonspecific distal (right panel) regions on the PEPCK gene promoter. All of the data are
representative of at least three independent experiments. D, nuclear extracts were prepared from HepG2 cells treated with GH (500 ng/ml). For EMSA, protein-DNA
complexes (arrow) were analyzed by 4% PAGE, followed by autoradiography. Successive cold competitor (Cold Comp) was performed with unlabeled oligonucleotide.
E, nuclear extracts were prepared from HepG2 cells treated with GH (500 ng/ml). For supershift (S.S) analysis, protein was preincubated with the indicated antibody and
then incubated with labeled oligonucleotides from �316 to �296 of the PEPCK gene promoter. The protein-DNA complexes (arrows) were analyzed by EMSA. *, p �
0.05 (Student’s t test); #, p � 0.05 compared with untreated control and GH-treated cells (Student’s t test or ANOVA).
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Several previous studies have shown that the phorbol ester
PMA decreases G6Pase gene expression by the activation of
MEK and ERK, and stimulation of G6Pase gene expression by
glucose occurs by transcriptional mechanism through tran-
scriptional activation of the G6Pase gene promoter and post-
transcriptional mechanism through a decrease in the degrada-
tion of G6Pase mRNA (36, 37). Interestingly, our experiments
provide the different induction pattern of G6Pase protein and
mRNA compared with GH and glucagon signal. Our results
demonstrate that forskolin significantly increased the G6Pase
protein level within 3–6 h, whereas this induction was gradu-
ally decreased from 12 to 24 h. However, treatment with GH
continuously increased G6Pase protein level within 3–24 h in a

time-dependent manner (data not shown), as previously
described (Fig. 1). Based on these findings, our current study
suggests a novel insight regarding how GH affects hepatic glu-
coneogenesis following the different pattern of G6Pase mRNA
and protein expression. However, we cannot rule out the pos-
sibility that GH may also depend on unknown mechanisms of
protein stability, degradation, and other signal pathways to reg-
ulate the induction pattern of G6Pase mRNA and protein.
Therefore, a further detailed investigation is required to eluci-
date the detail molecular network of G6Pase gene expression in
the future.
Our findings indicate that metformin induced SHP gene

expression via the ATM-AMPK signal pathway and that GH-

FIGURE 6. Metformin inhibits GH-mediated induction of hepatic gluconeogenesis through induction of SHP. A and B, RPHs and HPHs were pretreated
with metformin (Met) for 6 h and then exposed to GH for 3 h at the indicated concentration. Total RNA was isolated and analyzed using qPCR with the observed
primers. C, RPHs were infected with a multiplicity of infection of 60 for Ad-SHP for 36 h and then treated with GH for 3 h. Total RNA was isolated and analyzed
using qPCR analysis with the observed primers. D, a glucose output assay in RPH was performed as described in A and/or C, using glucose-free medium
supplemented with the gluconeogenic substrates sodium lactate (20 mM) and sodium pyruvate (1 mM). Forskoloin (FSK) was used as a positive control. E and
F, RPHs were infected with a multiplicity of infection of 60 for Ad-si SHP and Ad-Scram for 36 h. Then cells were treated with either GH or metformin. Whole cell
extracts were isolated and analyzed by Western blot analysis with various antibodies. The experiments were conducted as described in E, and glucose output
assay was measured (F). Forskolin was used as a positive control. G, wild-type and SHP null mice were injected intraperitoneally with GH (2 �g/g of body weight)
for 3 h. Tissue extracts were isolated from livers of the indicated groups and assessed by Western blot analysis with various antibodies. The protein level was
normalized to the �-actin level. All of the mice were separated into experimental groups (n � 5 mice/group). *, p � 0.05 (Student’s t test); #, p � 0.05; &, p � 0.05
compared with untreated control, GH-treated cells, and GH- and metformin-treated cells (Student’s t test or ANOVA).
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mediated hepatic gluconeogenesis was markedly reduced in an
ATM-dependent manner. Moreover, this inhibitory effect of
the ATM signaling pathway was abolished by KU-55933 treat-
ment in primary hepatocytes (Fig. 4). Therefore, the current
study provides evidence for the first time, to the best of our
knowledge, that ATM is a positive regulator of SHP gene
expression through the ATM-AMPK signal pathway, and this
pathway reduced GH-mediated up-regulation of hepatic glu-
cose metabolism, consistent with a previous report showing
exacerbated hyperglycemia in ATM-deficient mice (21). How-
ever, a more detailed study on the ATM-dependent pathway
and glucose homeostasis is required in an animalmodel such as
ATM-deficient mice and an insulin resistance mice model.
SHP plays an important role regulating diverse metabolic

processes and maintaining metabolic homeostasis (22, 23).
Therefore, our results indicate that metformin-stimulated SHP
gene expression through activation of ATM-AMPKpathway in
primary hepatocytes improved hepatic gluconeogenesis by
decreasing GH-dependent pathway (Figs. 4 and 6).Moreover, a
number of pharmacological agents, including metformin, res-
veratrol, and A-769662, activate AMPK directly or indirectly
both in vivo and in vitro (10, 13). Accordingly, activators of
AMPK, such as sodium arsenite, hepatocyte growth factor, and
other natural products may suggest the beneficial effect of
inducing SHP through the ATM-AMPK pathway and improv-
ing hepatic gluconeogenesis by down-regulating the GH-de-
pendent pathway.
A previous study from another group demonstrated that

deletion of SHP function significantly protects the mice from
diet-induced obesity and hepatic steatosis but accelerates
hepatic insulin resistance or development of type 2 diabetes via
the disruption of glucose tolerance in animal models of diet-
induced obesity (31). On the other hand, our current results
demonstrate thatGH-mediated hepatic gluconeogenesis in pri-
mary hepatocytes and liver ismediated by SHP (Fig. 6), which is
consistent with the previous results and the previous study.
Therefore, we suggest the possibility that SHPmay also rely on
complex mechanisms under other physiological conditions to
regulate the control fashion of hepatic gluconeogenesis.
GH down-regulates STAT5 occupancy on the fatty acid syn-

thase gene promoter and up-regulates STAT5 recruitment on
the pyruvate dehydrogenase kinase 4 promoter in adipocytes
(38, 39). Based on our current findings, we propose amolecular
mechanism by which metformin induces SHP gene expression
by activating AMPK and regulating GH-mediated hepatic glu-
coneogenesis through STAT5 transactivation in primary hepa-
tocytes. First, GH-induced STAT5 physically interacted with
SHP in primary hepatocytes (Fig. 5A). Second, GH-induced
STAT5 occupancy on the gluconeogenic gene promoter was
reduced by metformin, and this phenomenon was abolished by
SHP knockdown in comparison with controls (Fig. 5C). Our
results strongly provide a detailed molecular mechanism
between the metformin-ATM-AMPK-SHP network and GH-
induced hepatic gluconeogenesis. A further detailed explana-
tion is required to elucidate the molecular network in the
future. Finally, our findings demonstrate that the GH-depen-
dent pathway represents a major component of hepatic gluco-
neogenesis, whereas the increase of SHP by the metformin-

ATM-AMPK network prevented hepatic gluconeogenesis by
down-regulating the GH-STAT5-dependent pathway (Fig. 7).
In conclusion, our present study suggests that SHP up-regu-

lation through the ATM-AMPK signaling pathway regulates
GH-induced hepatic gluconeogenesis in both primary hepato-
cytes and liver. Moreover, we also speculate that the met-
formin-ATM-AMPK-SHP network may prevent hepatic met-
abolic dysfunction by down-regulating GH-STAT5-mediated
hepatic gluconeogenesis. Therefore, as in Fig. 7, a novel molec-
ularmechanism involved in STAT5 inhibition by SHPmay pro-
vide new insights into the beneficial effects of GH-mediated
hepaticmetabolic disorders andmaybe of help to developnovel
therapeutic agents to treat hepatic diseases.
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