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Endoplasmic Reticulum Stress Inhibits STAT3-Dependent
Suppression of Hepatic Gluconeogenesis via
Dephosphorylation and Deacetylation
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In the liver, signal transducer and activator of transcription 3
(STATS3) plays an important role in the suppression of gluconeo-
genic enzyme expression. While obesity-associated endoplasmic
reticullum (ER) stress has been shown to increase hepatic gluco-
neogenic enzyme expression, the role of ER stress in STAT3-
dependent regulation of such expression is unclear. The current
study aimed to elucidate the effect of ER stress on the STAT3-
dependent regulation of hepatic gluconeogenic enzyme expression.
Genetically obese/diabetic db/db mice and db/db mouse-derived
isolated hepatocytes were used as ER stress models. A tyrosine
phosphatase inhibitor, a deacetylation inhibitor, and an acetylated
mutant of STAT3 were used to examine the effect of ER stress on
hepatic STAT3 action. ER stress inhibited STAT3-dependent sup-
pression of gluconeogenic enzyme gene expression by suppressing
hepatic Janus kinase (JAK)2 and STAT3 phosphorylation. A ty-
rosine phosphatase inhibitor restored ER stress—induced sup-
pression of JAK2 phosphorylation but exhibited no improving
effect on suppressed STAT3 phosphorylation. STAT3 acetylation is
known to correlate with its phosphorylation. ER stress also de-
creased STAT3 acetylation. An acetylated mutant of STAT3 was
resistant to ER stress-induced inhibition of STAT3-phosphorylation
and STAT3-dependent suppression of hepatic gluconeogenic en-
zyme gene expression in vitro and in vivo. Trichostatin A, a histone
deacetylase (HDAC) inhibitor, ameliorated ER stress—induced in-
hibition of STATS3 acetylation and phosphorylation. The current
study revealed that ER stress inhibits STAT3-dependent sup-
pression of hepatic gluconeogenic enzymes via JAK2 dephosphor-
ylation and HDAC-dependent STAT3 deacetylation, playing an
important role in the increase of hepatic glucose production in
obesity and diabetes. Diabetes 61:61-73, 2012
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ncreased hepatic glucose production in diabetes has

widely been attributed to increased hepatic gluco-

neogenesis (1), and transcriptional regulation of the

expression of gluconeogenic enzymes, such as G6pc
and Pckl, coding for glucose-6-phosphatase (G6Pase) and
PEPCK, respectively, plays an important role in the control of
hepatic gluconeogenesis (2). Cyclic AMP-responsive element—
binding protein (CREB) and forkhead box O1 (FoxO1l)
are transcriptional inducers of gluconeogenic enzyme gene
expression (3,4). Glucagon enhances CREB activity in a
fasting state, and insulin suppresses transcriptional activ-
ities of CREB and FoxO1 by activating phosphoinositide
3-kinase (PI3-K) after eating (5,6). We have identified pre-
viously an important role for signal transducer and activator
of transcription 3 (STAT3), as a transcriptional suppressor
of gluconeogenic enzyme gene expression, in the physio-
logical regulation of hepatic gluconeogenesis (7). We have
also demonstrated that activation of hepatic STATS is in-
duced in an interleukin (IL)-6-dependent manner by brain-
insulin action, which is known to indirectly regulate hepatic
gluconeogenic gene expression (8,9). Brain-insulin action
increases IL-6 expression in the liver, which leads to he-
patic STAT3 activation and subsequent suppression of
hepatic gluconeogenic enzyme gene expression (8). The
activated STAT3 has been shown to act on the promoter
region of the G6pc gene, a hepatic gluconeogenic enzyme
gene, and suppress its expression (10). STATS is activated
when it undergoes tyrosine phosphorylation by Janus ki-
nase (JAK) in response to stimulation with IL-6 (11). The
tyrosine phosphorylation and activation of STAT3 have
also been shown to be regulated by acetylation (12). Al-
though STATS3 exhibits an increased transcriptional ac-
tivity when it is acetylated by CREB-binding protein/p300,
it can be deacetylated by type-1 histone deacetylase (HDAC)
and sirtuin 1 (SirT1) (12-14).

In an obese/diabetic state, increased CREB activity in the
liver and disrupted PI3-K signaling can cause an increase
in hepatic glucose production (15,16). In fact, studies using
obese/diabetic models, such as leptin receptor—deficient
db/db mice, have shown increased expression of hepatic
gluconeogenic enzyme genes (15). Recent studies suggest
that endoplasmic reticulum (ER) stress in the liver plays
an important role in impaired hepatic PI3-K signaling in
obesity and diabetes (17). ER stress is a type of stress
that occurs in ERs, an intracellular organelle responsible
for the folding of secreted proteins and membrane pro-
teins, and is caused by an imbalance between protein fold-
ing stress and the processing capacity of ER in mice in an
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obese/diabetic state (18). Increased ER stress leads to
phosphorylation of inositol-requiring kinase-la (IREla)
and PKR (double-stranded RNA-dependent protein kinase)-
like ER kinase and activation of activating transcription
factor-6, thereby inducing expression of CHOP (CCAAT/
enhancer-binding protein homologous protein) and Grp78,
an ER chaperone (18). Increased ER stress also leads to
activation of c-Jun NHy-terminal kinase, disrupting insulin
PI3K signaling (17). ER stress in the liver is closely related
to increased hepatic glucose production in obesity and di-
abetes (19). Indeed, reducing ER stress by administering
chemical chaperones, such as 4-phenyl butyric acid (PBA)
and tauroursodeoxycholic acid (TUDCA), in obese mice
results in an improvement of impaired hepatic insulin sig-
naling and decrease in hepatic glucose production (19).

While it has been demonstrated that ER stress in obesity/
diabetes increases hepatic gluconeogenesis by disrupting
insulin signaling and producing the transcriptional induc-
tion of gluconeogenic enzyme genes, the effect of ER stress
on STAT3-dependent suppression of gluconeogenic enzyme
genes remains to be elucidated. The current study, using
leptin receptor—deficient db/db mice and db/db mouse—
derived primary cultured hepatocytes, revealed that obesity-
associated ER stress inhibits STAT3-dependent suppression
of hepatic gluconeogenesis by inhibiting phosphorylation
and acetylation of hepatic STATS.

RESEARCH DESIGN AND METHODS

Animal experiments. Experiments using mice were carried out in accordance
with the guidelines for the care and use of laboratory animals at Kanazawa
University. Male mice (8-10 weeks old) were housed with free access to water
and food under a 12-h light-dark cycle until used in experiments. C57BLKS/J
Iar +Lepr® /+Lepr®™ (db/db) mice as a genetically obese/insulin-resistant model
and C57BLKS/J Iar +Lepr®/ m+ (db/+m) mice as a control were obtained from
the Institute for Animal Reproduction (Ibaraki, Japan). C57BL/6J Slc mice
were obtained from Japan SLC, Inc. and used as wild-type mice. For the in-
traperitoneal glucose tolerance test (GTT), mice were fasted for 16 h and
glucose (1 g/kg body wt) was intraperitoneally administered. Mouse IL-6
(Peprotech, Rocky Hill, NJ) or saline as the control vehicle was administered
through an intravenous cannula after 4-6 days of recovery from cannulization
at 40 ng/kg/min to nonobese mice and at 30 ng/kg/min to db/db mice, together
with somatostatin (Sigma-Aldrich, St. Louis, MO) at 3 p.g/kg/min continuously
over 3 h after 16 h of fasting. PBA (Enzo Life Sciences, Farmingdale, NY) was
mixed in drinking water at a concentration of 4 mg/mL and administered ad
libitum for 14 days. Tunicamycin (Sigma-Aldrich) or DMSO (Wako, Osaka,
Japan) was diluted 1:100 in physiological saline and intraperitoneally admin-
istered at 500 pg/kg body wt, 8 h before IL-6 administration. Hyperinsulinemic-
euglycemic clamp studies were performed after 4-6 days of recovering from
cannulization as described previously with minor modification (7). During
clamp studies, human insulin was infused at 1.25 mU/kg/min into nonobese
mice and at 10 mU/kg/min into db/db mice, with variable amounts of 40%
glucose solution to maintain a blood glucose level of 90-120 mg/dL. Blood
glucose was measured every 10 min. Glucose infusion rate (GIR) and en-
dogenous glucose production (EGP) were measured between 90 and 120 min
after the initiation of insulin-infusion.

Analysis of blood parameters. Plasma activity of aspartate transaminase and
alanine transaminase was measured by the relevant assay kits (Wako). Plasma
insulin, glucagon, and IL-6 concentration was determined by mouse insulin
ELISA kit (Shibayagi, Gunma, Japan), mouse glucagon EIA kit (Yanaihara
Institute, Shizuoka, Japan), and Quantikine Mouse IL-6 ELISA kit (R&D Sys-
tems, Minneapolis, MN), respectively. Hepatic glycogen content was measured
as described previously (16).

Isolated hepatocytes. Mouse hepatocytes were isolated for one experiment
from a male mouse (8-12 weeks old) using a modification of a method de-
scribed previously (20). After culturing in William’s medium E without FCS for
24 h, mouse IL-6 was added to the culture medium at a final concentration of
50 ng/mL, and cells were collected 3 h after IL-6 stimulation or as described in
the Fig. 1C legend. Cells were pretreated with the following agents for 6 h
before cell harvest: 1 pg/mL tunicamycin, 1 mmol/L palmitic acid (Wako), 1
mmoVl/L sodium orthovanadate (Wako), 3 wg/mL protein-tyrosine phosphatase
1B (PTP1B) inhibitor (Merck Biosciences, Darmstadt, Germany), 1 pmol/L
trichostatin A (TSA; Sigma-Aldrich), and 10 pmol/L Ex527 (Tocris Bioscience,
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Ellisville, MO). Pretreatment with PBA at 1 mmol/L or TUDCA at 500 pg/mL was
performed for 6 h. To examine both gene and protein expression of gluconeo-
genesis enzymes, 0.1 mmol/L 8-(4-chlorophenylthio)-adenosine 3':5'-cyclic
monophosphate sodium salt (Sigma-Aldrich), a cAMP analog, was added to the
culture medium at the same time as IL-6 stimulation and incubated for 3 h.
HDAC activity was measured with the fluor-de-Lys HDAC assay kit (Biomol,
Plymouth Meeting, PA). PTP1B activity was determined using a Millipore assay
kit (Billerica, MA).

Adenovirus vector-mediated gene transduction. A STAT3-expressing
vector carrying FLAG tag, as described previously (21), was used. A STAT3-4R
mutant with lysine residues 679, 685, 707, and 709 replaced by arginine resi-
dues and a STAT3-K685Q mutant with lysine 685 replaced by glutamine were
created by PCR. Adenoviruses were introduced into isolated hepatocytes 12 h
after isolation at the multiplicity of infection (plaque-forming unit per cell)
described in the figure legends. Mice were infected with an adenovirus en-
coding B-galactosidase, wild-type STAT3, and K685Q via infusion of a 5 X
10® pfu adenovirus solution into the caudal vein. We set up four experiments
to investigate the effect of wild-type STAT3 and K685Q on hepatic glucose
metabolism. In experiment 1, to investigate expression and phosphorylation
of hepatic STAT3, mice were killed for liver collection after 16 h of fasting or
2 h after glucose administration (4 g/kg body wt). In experiment 2, to in-
vestigate metabolic phenotype, blood glucose levels in mice under randomly
fed conditions were measured for 6 days after infection. An intraperitoneal
GTT (1 g/kg body wt) was performed on day 7, and the liver was collected
from mice still in a randomly fed state on day 8. In experiment 3, a hyper-
insulinemic clamp analysis was performed 7 days after infection. In experiment
4, to examine the effect of HDAC inhibitors on phenotype, an intraperitoneal
GTT (1 g/kg body wt) was performed using an intraperitoneal injection of
DMSO, TSA (10 mg/kg body wt), or Ex527 (10 mg/kg body wt), and the liver
was collected 3 h after glucose administration, 7 days after infection with
adenovirus.

Immunoprecipitation and Western blotting. The following antibodies for
immunoblotting were obtained: anti-phosphorylated Tyr705-STAT3, anti—
acetylated Lys685-STAT3, anti-Akt, anti-phosphorylated Jak2, anti-Jak2,
anti-acetylated lysine, anti-IREla (Cell Signaling Technology, Danvers, MA),
anti-phosphorylated IREla (Novus Biologicals, Littleton, CO), anti-CHOP, anti-
STATS, anti-p300, anti-G6Pase, anti-PEPCK (Santa Cruz Biotechnology), anti—3-
actin (Sigma-Aldrich), anti-SirT1 (Millipore, Bedford, MA), and anti-SOCS3
(Immuno-Biological Laboratories, Takasaki, Japan). Data are representative of
at least three independent immunoblot analyses. Western blot images were vi-
sualized using enhanced chemiluminescence and quantified by densitometry on
a LAS-3000 Imager (Fujifilm, Tokyo, Japan).

Quantitative PCR. The relative abundance of mRNA was calculated using
36B4 as the control gene. Primers are listed in Supplementary Table 1.
Statistical analysis. Data are expressed as mean * SE. Statistical analyses
were performed using Student’s ¢ test and ANOVA. Differences were consid-
ered significant at P < 0.05.

RESULTS

ER stress inhibits STAT3 phosphorylation. Tunicamycin
and palmitate are known to induce ER stress (17,22).
Indeed, we found that wild-type mouse—derived isolated
hepatocytes exhibited increased phosphorylation of IREla
and increased expression of CHOP after treatment with
tunicamycin or palmitate, indicating increased ER stress
(Fig. 1A and B). Increased ER stress was also associated
with a decrease in IL.-6—-dependent phosphorylation of STAT3
(Fig. 1A and B). Tunicamycin treatment also inhibited
IL-6-dependent JAKZ phosphorylation (Fig. 1C), and the
tunicamycin inhibitory effects on the phosphorylation of
STAT3 and JAK2 were pronounced in response to IL-6
stimulation for 3 h, but were less pronounced on 1-h stim-
ulation (Fig. 10).

ER stress inhibits activation of STAT3 and suppression
of hepatic gluconeogenic enzyme expression. SOCS3
protein is expressed by IL-6 stimulation in a STATS3-
dependent manner and inhibits STATS3 activation (23).
Lean mouse-derived isolated hepatocytes exhibited de-
creased SOCS3 expression with decreased STAT3 phos-
phorylation after treatment with tunicamycin (Fig. 2A). Next,
we used isolated hepatocytes derived from genetically obese/
diabetic model db/db mice to examine the effects of ER
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FIG. 1. Induction of ER stress decreases tyrosine phosphorylation of hepatic STAT3. A and B, top: Wild-type mouse-derived hepatocytes were
pretreated with tunicamycin (A) or palmitate (B) followed by stimulation with IL-6 and analyzed for expression of CHOP, phosphorylation of
IRE1laq, and tyrosine phosphorylation of STAT3. Quantitation of IREla and STAT3 phosphorylation levels is normalized to total IREla and STAT3
(bottom), respectively, and is represented as mean *= SE. *P < 0.05; open bar, vehicle-treated hepatocytes; closed bar, tunicamycin (A)- or pal-

mitate (B)-treated hepatocytes. C: Wild-type mouse-derived hepatocytes

were treated with tunicamycin for 6 h, and cells were stimulated with

IL-6 for 1, 2, or 3 h before harvest. Cells were then analyzed for the expression levels of tyrosine phosphorylation of JAK2 and STAT3 (left).
Quantitation of JAK2 and STAT3 phosphorylation is normalized to total JAK2 and STATS3, respectively, and is represented as mean = SE. *P <
0.05 (right); O, untreated hepatocytes; ll, tunicamycin-treated hepatocytes.

stress on STAT3 activation and suppression of hepatic glu-
coneogenic enzyme expression. When compared with lean
control mouse—derived hepatocytes, db/db mouse—derived
hepatocytes exhibited increased ER stress, as indicated by
increased CHOP expression and IREla phosphorylation,
and a decrease in IL-6-dependent phosphorylation of
STATS (Fig. 2B and C). Pretreatment with PBA or TUDCA
has been shown to alleviate ER stress in cultured cells (19).
db/db mouse—derived hepatocytes pretreated with PBA or
TUDCA decreased CHOP expression and IREla phosphor-
ylation, indicating reduced ER stress, and increased IL-6—
dependent phosphorylation of STAT3 (Fig. 2B and C).
Production of SOCS3 protein and induction of mRNA by
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IL-6 decreased in db/db mouse—derived hepatocytes com-
pared with lean mouse-derived hepatocytes, and PBA
treatment increased IL-6—induced SOCS3 mRNA, but not
SOCS3 protein, in db/db mouse—derived hepatocytes (Fig. 2B
and D). In isolated hepatocytes, cAMP-induced expression of
the hepatic gluconeogenic enzyme genes Pckl and G6pc was
suppressed by treatment with IL-6 in a STAT3-dependent
manner (7). db/db mouse—derived hepatocytes exhibited
decreased IL-6—dependent suppression of hepatic gluconeo-
genic enzyme gene expression, but the suppressive effect
was increased by pretreatment with PBA (Fig. 2E and F).

To examine the in vivo effect of ER stress on hepatic
STATS activation in mice, we then analyzed the level of
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FIG. 2. ER stress impairs activity of hepatic STAT3 in isolated hepatocytes. A: Wild-type mouse—-derived hepatocytes were treated with tunicamycin
and analyzed for IL-6-stimulated expression of SOCS3 protein. B and C, top: db/db mouse-derived hepatocytes were pretreated with PBA (B) or
TUDCA (C) and analyzed for the level of expression of SOCS3 protein, phosphorylation of IREl«, and tyrosine phosphorylation of STAT3 after
stimulation with IL-6. B-Actin was used as a loading control. Quantitation of IREla and STATS3 phosphorylation levels is normalized to total IREla
and STAT3 (bottom), respectively, and is represented as mean = SE. *P < 0.05; open bar, lean hepatocyte; closed bar, db/db hepatocytes. D-F:
db/db mouse-derived hepatocytes were pretreated with PBA and analyzed for the induction of SOCS3 mRNA expression (D) and the suppressive
effect of IL-6 on cAMP-induced expression of Pckl mRNA (E) and G6pc mRNA (F) by quantitative RT-PCR. Data are represented as mean += SE.
*P < 0.05 (n = 4 in each group); open bar, untreated hepatocytes; closed bar, IL-6-treated hepatocytes.
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hepatic STAT3 phosphorylation after continuous intra-
venous IL-6 administration. Induction of ER stress in mice
by intraperitoneal administration of tunicamycin resulted
in decreased IL-6-stimulated phosphorylation of hepatic
STAT3 and suppressed expression of SOCS3 (Fig. 3A).
Next, we performed the same analysis in genetically obesity/
diabetes model db/db mice. db/db mice showed no change
in IL-6-stimulated phosphorylation of STAT3 in the
skeletal muscle and white adipose tissue, but a clear de-
crease in phosphorylation of STATS3 in the liver compared
with lean controls (Fig. 3B). Hepatic upregulation of mRNA
of Grp78, an ER chaperone, in db/db mice indicated the

increase of ER stress in the liver (Fig. 3C), as described
previously for leptin-deficient ob/ob mice (17). Adminis-
tration of PBA decreased hepatic Grp78 expression to a
level comparable with that of lean controls, suggesting that
PBA administration alleviates hepatic ER stress (Fig. 3C).
Concomitantly with the decrease of hepatic Grp78, PBA
administration increased IL-6-stimulated hepatic STAT3
phosphorylation in db/db mice (Fig. 3B). db/db mice also
exhibited decreased IL-6-induced suppression of hepatic
gluconeogenic enzyme gene expression compared with lean
controls, which was reversed by treatment with PBA (Fig.
3D and E). There was no significant difference in food
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FIG. 3. ER stress impairs activity of hepatic STATS3 in db/db mice. A: Tunicamycin was intraperitoneally administered to wild-type mice, and the
levels of IRElx phosphorylation and STAT3 tyrosine phosphorylation as well as expression levels of SOCS3 induced by continuous IL-6 adminis-
tration were determined by Western blotting. Arrows indicate SOCS3 protein; *nonspecific band. B-E: Lean control mice (lean), db/db mice (db), and
PBA-treated db/db mice were subjected to continuous IL-6 administration in the presence of somatostatin. B: Level of STAT3 tyrosine phosphory-
lation 3 h after continuous administration of IL-6 in the liver, skeletal muscle (Mus), and white adipose tissue (WAT; left). Quantitation of STAT3
phosphorylation levels is normalized to total STAT3 and is represented as mean * SE (right). *P < 0.05 (n = 6 in each group); open bar, lean mice;
closed bar, db/db mice; striped bar, PBA-treated db/db mice. C-E: Gene expression levels of Grp78 (C), Pckl (D), and G6pc (E) in the liver by
quantitative RT-PCR. Data are represented as mean * SE. *P < 0.05 (n = 6 in each group); open bar, saline (veh)-treated; closed bar, IL-6-treated mice.
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intake and body weight between PBA-treated db/db mice
and untreated db/db mice. Nonfasting blood glucose levels
14 days after treatment with PBA tended to be lower in
PBA-treated db/db mice (381 = 57 mg/dL; n = 6) than in
untreated db/db mice (474 * 84 mg/dL; n = 6), although the
tendency did not reach statistical significance. There was
no significant difference in blood IL-6 concentration after
continuous intravenous IL-6 administration or in the he-
patic IL-6 mRNA expression level between lean controls,
untreated db/db mice, and PBA-treated db/db mice.

ER stress decreases JAK phosphorylation. We then
examined how ER stress suppresses STAT3 phosphory-
lation. Protein-tyrosine phosphatases, including PTP1B,
have been shown to suppress STAT3 activation by de-
phosphorylating JAK2 (24,25), and recent reports have
revealed that PTP1B expression is increased under
ER stress (26,27). Actually, we found that PTP1B activity
is increased in tunicamycin-treated isolated hepatocytes
(Fig. 4A). Furthermore, db/db mouse—derived hepatocytes
or tunicamycin-treated isolated hepatocytes exhibited de-
creased IL-6-stimulated phosphorylation of JAKZ2, which
was reversed by treatment with vanadate (Fig. 4B and C).
However, despite the restoration of IL-6-dependent phos-
phorylation of JAK2 by treatment with vanadate, only a
slight improvement was observed for IL-6—dependent phos-
phorylation of STAT3 (Fig. 4B and C). Similarly, treatment
with a PTP1B inhibitor resulted in restoration of tunicamycin-
induced suppression of phosphorylation of JAK2 but not of
STAT3 (Fig. 4D).

ER stress decreases STAT3 acetylation. STAT3 acety-
lation has been shown to be correlated with activation and
tyrosine phosphorylation of STAT3 (12). We analyzed the
level of acetylation of hepatic STATS3 after continuous in-
travenous IL-6 administration. When compared with lean
controls, db/db mice exhibited a clear decrease in IL-6—
dependent acetylation of STAT3, and treatment of db/db
mice with PBA resulted in improvement of IL-6—dependent
STATS3 acetylation to a level comparable with that of lean
controls (Fig. bA). db/db mouse—derived hepatocytes also
exhibited decreased IL-6—dependent acetylation of STATS,
which was increased with improvement in STAT3 phos-
phorylation after pretreatment with PBA (Fig. 5B). We then
transduced wild-type STAT3, nonacetylated mutant STAT3—
4R, and acetylated mutant STAT3-K685Q into isolated
hepatocytes via adenovirus vector and analyzed the level of
STAT3 phosphorylation after stimulation with IL-6. As de-
scribed previously (12), 4R mutant with lysine residues 679,
685, 707, and 709 replaced by arginine exhibited decreased
IL-6-stimulated phosphorylation of STAT3, which was co-
incident with the loss of acetyl lysine signaling on Western
blot analysis both with anti—acetyl lysine antibody and anti—
acetylated Lys685-STAT3 antibody (Fig. 5C). K685Q mutant
exhibited increased IL-6-stimulated STAT3 phosphoryla-
tion, and residual phosphorylation was observed even af-
ter treatment with tunicamycin (Fig. 5D). When pretreated
with vanadate to restore JAK2 phosphorylation, wild-type
STATS3 exhibited a mild restoration of tunicamycin-induced
suppression of phosphorylation, whereas K685Q mutant
exhibited a significant restoration of phosphorylation (Fig.
5D). Isolated hepatocytes manipulated to overexpress wild-
type STAT3 show suppressed hepatic gluconeogenic en-
zyme expression after stimulation with cAMP (7). We then
overexpressed wild-type STAT3 or K685Q mutant in iso-
lated hepatocytes to examine their effects on hepatic
gluconeogenic enzyme gene expressions (Supplementary
Fig. 1). When transduced into lean control mouse—derived
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isolated hepatocytes, both wild-type STAT3 and K685Q
mutant suppressed such expression in a dose-dependent
manner (Fig. 5E and F). On the other hand, db/db mouse—
derived hepatocytes manipulated to overexpress K685Q
mutant exhibited a greater suppression of such expression
than those overexpressing wild-type STAT3 (Fig. 5E and F)).
STAT3 acetylation increases suppression of hepatic
glucose production in db/db mice. We induced mouse
livers to overexpress wild-type STAT3 or K685Q mutant
via intravenous adenovirus injection to examine their ef-
fects on in vivo glucose metabolism and hepatic gluconeo-
genic enzyme gene expression (Fig. 64). We have shown
that hepatic STATS3 is activated after glucose administra-
tion in lean mice (8). As in lean control mice, glucose
administration in db/db mice induced hepatic STAT3 phos-
phorylation (Fig. 6A4). In accordance with the finding that
the K685Q mutant is resistant to ER stress—induced sup-
pression of STAT3 phosphorylation, the K685Q mutant
exhibited increased phosphorylation in db/db mice liver,
whereas there was no difference in phosphorylation be-
tween wild-type and K685Q mutants in lean controls (Fig.
6A). In both lean control and db/db mice, hepatic over-
expression of wild-type STAT3 and K685Q mutant decreased
the blood glucose level compared with B-galactosidase
(Fig. 6B and ). In lean control mice, no clear difference
was seen in blood glucose levels under ad libitum food
conditions between wild-type STAT3 and K685Q mutant
(Fig. 6B). In db/db mice, however, K685Q mutant provided
a greater decrease in the blood glucose level than wild-
type STATS (Fig. 6C). In db/db mice, wild-type and K685Q
mutant overexpression reduced plasma aspartate trans-
aminase and alanine transaminase levels compared with
B-galactosidase (Supplementary Fig. 2). Plasma levels of
insulin, glucagon, and IL-6 showed no significant differ-
ence between mice with overexpressed -galactosidase,
wild-type, and K685Q@ mutants (Supplementary Fig. 3), and
there was no statistical difference in body weight or di-
etary intake in db/db mice. In the intraperitoneal GTT, no
clear difference was seen in blood glucose levels between
wild-type STATS3 and K685Q mutant in control mice (Fig.
6D), whereas in db/db mice, K685Q mutant provided a
greater improvement in glucose tolerance than wild-type
STATS3 (Fig. 6F). STAT3 overexpression ameliorated fast-
ing hyperinsulinemia in db/db mice, whereas there was no
difference in plasma insulin levels after fasting and during
the intraperitoneal GTT between wild-type and K685Q
overexpression in both lean control and db/db mice (Fig. 6F
and G). With regard to hepatic gluconeogenic enzyme ex-
pression, wild-type STAT3 and K685Q mutant provided a
comparable degree of suppression of enzyme expression in
control mice at both the mRNA and protein level (Fig. 7A
and B), whereas in db/db mice, K685Q mutant suppressed
mRNA and protein expression of G6Pase significantly to
a greater degree than wild-type STAT3 (Fig. 7B). Fur-
thermore, G6Pase suppression resulted in a greater in-
crease of hepatic glycogen content in K685Q mutant mice
than in wild-type db/db mice (Fig. 7C). To measure EGP,
we performed hyperinsulinemic-euglycemic clamp stud-
ies by infusing insulin at 1.25 mU/kg/min into nonobese
mice and at 10 mU/kg/min into db/db mice to produce
a clear insulin effect. During insulin clamp studies, no
clear difference was seen in EGP suppression or GIR
between wild-type STAT3 and K685Q mutant in controls
(Fig. 7D). In db/db mice, K685Q mutant induced a greater
increase in EGP suppression and GIR than wild-type STAT3

(Fig. 7E).
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FIG. 4. Inhibition of protein tyrosine phosphatase improves ER stress-induced suppression of JAK2 phosphorylation. A: Lean mouse—-derived
hepatocytes were pretreated with tunicamycin and PTP1B inhibitor followed by stimulation with IL-6 and analyzed for the effect of ER stress on
cellular PTP1B activity. PTP1B activity was expressed as a percentage of that of the controls. B: db/db mouse-derived hepatocytes were treated
with sodium orthovanadate (Vana) and analyzed for the levels of IL-6-dependent JAK2 phosphorylation and STAT3 phosphorylation (left).
Quantitation of phosphorylation of IREla and STATS is normalized to total IREla and STAT3, respectively, and is represented as mean + SE
(right). *P < 0.05; open bar, lean hepatocyte; closed bar, db/db hepatocytes. C and D: Lean mouse-derived hepatocytes were pretreated with
tunicamycin and sodium orthovanadate (Vana) or a PTP1B inhibitor (PTP1Bi) followed by stimulation with IL-6 and analyzed for the levels of
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Class 1-HDAC plays an important role in ER stress—
induced suppression of STAT3 acetylation. Class 1
HDAC and SirT1 have been shown to be involved in the
process of STATS3 deacetylation (12,14). Pretreatment with
TSA, an HDAC inhibitor, resulted in restoration of de-
creased IL-6—dependent phosphorylation and acetylation
of STATS in tunicamycin-treated or db/db mouse—derived
hepatocytes (Fig. 84 and B), whereas pretreatment with
Ex527, a SirT1 inhibitor, did not (Fig. 8C and D). To examine
the effect of HDAC or SirT1 on hepatic STAT3 phosphory-
lation in vivo, we injected TSA or EX527 into lean and db/db
mice transfected with B-galactosidase, wild-type STAT3, or
K685Q mutant—carrying adenovirus. Although both TSA
and Exb527 increased hepatic STAT3 activation 3 h after
glucose administration in lean mice, TSA increased he-
patic STATS3 phosphorylation to a much greater degree
than Ex527 in db/db mice with B-galactosidase or wild-
type STAT3 (Fig. 8F). K685Q mutant db/db mice showed
no clear enhancement of STAT3 phosphorylation by TSA
or EX527 (Fig. 8F). Plasma IL-6 levels were below mini-
mum detectable sensitivity in lean mice and showed no
significant difference between control db/db mice (Sup-
plementary Fig. 4).

DISCUSSION

Hepatic ER stress has been shown to cause increased
expression of hepatic gluconeogenic enzyme genes via dis-
ruption of insulin/PI3-K signaling (19). The current study has
revealed that ER stress impairs suppression of hepatic glu-
coneogenic enzyme gene expression by disrupting STATS3
signaling. ER stress induced by treatment with tunicamy-
cin or palmitate significantly suppressed IL-6—dependent
phosphorylation of STAT3. IREl« signaling plays a role in
feedback mechanism for tunicamycin-induced ER stress
(28) and is one of the causal agents for obesity-induced ER
stress (29), indicating that phosphorylation of IREla re-
flects the increase in ER stress. IREla phosphorylation
was enhanced in db/db mouse-derived hepatocytes in
addition to the increase of CHOP, another marker of ER
stress, suggesting that ER stress is increased in db/db mouse—
derived hepatocytes. db/db mouse—derived hepatocytes also
exhibited impaired STATS activation and decreased STATS-
dependent suppression of hepatic gluconeogenic enzyme
expression.

Administration of chemical chaperone PBA to 0b/ob mice
has been shown to improve glucose tolerance and decrease
hepatic glucose production (19). In the current study, db/db
mice treated with PBA also showed a tendency for im-
provement in blood glucose levels, while the tendency did
not reach statistical significance, possibly because of ge-
netic background. In db/db mice, IL-6 administration results
in decreased hepatic STAT3 phosphorylation and suppressed
the inhibition of gluconeogenic enzyme gene expression,
whereas PBA administration enhances both processes. In
white adipose tissue, another tissue sensitive to ER stress,
IL-6-induced STATS3 phosphorylation showed no difference
between lean mice, db/db mice, and db/db mice treated

with PBA. The response of adipose-STAT3 to IL-6 infusion
was blunter than that of the liver and muscle, possibly
because adipose tissue is one of the main tissues to secrete
IL-6. This blunt response might have masked the effect of
PBA in the adipose tissue. These findings suggest that
alleviation of ER stress in the obese/diabetic state con-
tributes to improvement of impaired IL-6/STATS signaling
in the liver.

SOCS3 is known to inhibit IL-6/STAT3 signaling (23).
SOCS3 protein was decreased in tunicamycin-treated or
db/db mouse—derived hepatocytes such that the inhibition
of STAT3 activation is not associated with SOCS3 ex-
pression. PTP1B is also known to inhibit STATS3 activity
via JAK dephosphorylation, which activates STAT3 (24,25),
and recent reports have indicated that PTP1B expression
is upregulated in pancreatic p-cells and liver in response to
ER stress (26,27). ER stress has been shown to suppress
leptin-dependent phosphorylation of STATS via PTP1B in
neuroblastoma cell lines (30). In the current study, we
found that PTP1B activity was increased by treatment with
tunicamycin and that treatment with vanadate or a PTP1B
inhibitor restored ER stress—induced suppression of JAK2
phosphorylation. Nevertheless, treatment with vanadate or
a PTP1B inhibitor resulted in only a slight restoration of
the ER stress—dependent decrease in STAT3 phosphoryla-
tion in hepatocytes. These findings suggest the involvement
of mechanisms other than suppressed JAK2 phosphoryla-
tion in the ER stress—dependent decrease in STAT3 phos-
phorylation in hepatocytes.

It has been reported that STAT3 acetylation plays an
important role in dimer formation, binding affinity to DNA
and nuclear localization of STAT3, and is also closely cor-
related with its phosphorylation (13,14). We found in the
current study that STAT3 acetylation is decreased by ER
stress and restored by pretreatment with PBA. As reported
previously, STAT3-4R, a nonacetylated mutant of STATS3,
exhibited decreased IL-6-dependent phosphorylation (12),
whereas STAT3-K685Q, an acetylated mutant, exhibited in-
creased IL-6-dependent phosphorylation, suggesting a cor-
relation between acetylation and phosphorylation of STATS.
K685Q mutant exhibited residual phosphorylation in the
presence of ER stress, and decreased phosphorylation was
restored in association with improvement in JAK2 phosphor-
ylation after treatment with vanadate. These findings suggest
a close relationship between ER stress-induced suppression
of STAT3 acetylation and impaired STAT3 phosphorylation.

Our results showed no significant difference between
K685Q mutant and wild-type STAT3 with regard to sup-
pression of hepatic gluconeogenic enzyme gene expression
in lean mouse—derived hepatocytes and in the liver of lean
mice. However, K685Q mutant more strongly suppressed
hepatic gluconeogenic enzyme gene expression than
wild-type STATS in db/db mouse-derived hepatocytes and
in the liver of db/db mice. In db/db mice, the K685Q mu-
tant exhibited amelioration of hyperglycemia by intra-
peritoneal GTT, increased the GIR, and suppressed EGP in
a hyperinsulinemic-euglycemic clamp test to a greater degree
than wild-type STAT3. Hepatic STATS3 activation increases

infection with an adenovirus vector, treated with tunicamycin and orthovanadate (Vana) for 6 h, and analyzed for the level of IL-6-dependent
tyrosine phosphorylation of exogenously induced STAT3. The top row shows the levels of STAT3 tyrosine phosphorylation from an immunopre-
cipitate with anti-FLAG antibody. The bottom row shows the levels of JAK2 phosphorylation from whole cell lysate. E and F: Lean mouse-derived
hepatocytes or db/db mouse-derived isolated hepatocytes were forced to express wild-type STAT3 or K685Q mutant via infection with an ade-
novirus vector at multiplicity of infection values 3 and 10 and analyzed for their suppressive effect on expressions of Pckl (E) and G6pc (F) by
quantitative RT-PCR. Data are represented as mean = SE. *P < 0.05 (n = 4 in each group); open bar, -galactosidase overexpression (control);

closed bar, wild-type STAT3; striped bar, K685Q-infected mutant.
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FIG. 6. Acetylated mutant of STAT3 suppresses glucose intolerance in db/db mice. db/db mice (db) or control mice (lean) were manipulated to
express wild-type STAT3 or K685Q mutant in their livers via infection with adenovirus vector and then examined for hepatic phosphorylation of
STAT3 induced by glucose administration (4), blood glucose levels in a randomly fed state (B and C), and a GTT (D-G). A: Tyrosine phosphor-
ylation of hepatic STATS3 in the fasting state and after glucose administration (left). Quantitation of STAT3 phosphorylation levels is normalized
to B-actin and is represented as mean *= SE (right). *P < 0.05 (n = 4 in each group); open bar, fasting mice; closed bar, glucose-administered mice.
B and C: Blood glucose levels in mice in a randomly fed state are represented as mean = SE (n = 6 in each group) in lean mice (B) and db/db mice
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FIG. 7. Acetylated mutant of STAT3 suppresses EGP in db/db mice to a greater degree than wild-type STAT3. db/db mice (db) or control mice
(lean) were manipulated to express wild-type STAT3 or K685Q mutant in their livers via infection with adenovirus vector and examined for
expression of hepatic gluconeogenic enzymes and hepatic glycogen content. A and B: Expression levels of Pckl (A) and G6pc (B) were measured
by quantitative RT-PCR (left) and Western blotting (right). Data are represented as mean *+ SE (n = 6 in each group). C: Hepatic glycogen content.
Data are represented as mean = SE (n = 4 in each group). D and E: Insulin sensitivity was assayed using an euglycemic-hyperinsulinemic clamp in
lean control mice (lean; D) and db/db mice (db; E). Left: glucose infusion ratio; middle: EGP before and after insulin-clamp; right: glucose disposal
rate. Data are represented as mean = SE (n = 4 in each group). *P < 0.05 vs. B-galactosidase overexpression.
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FIG. 8. HDAC inhibitor restores ER stress-induced decrease in STAT3 acetylation. A-D: Tunicamycin-treated hepatocytes (A and C) or db/db
mouse-derived hepatocytes (B and D) were treated with TSA (A and B) or Ex527 (C and D) and analyzed for levels of IL-6-dependent acetylation
and phosphorylation of STAT3 (left). Quantitation of STAT3 acetylation level is normalized to immunoprecipitated STAT3 (top right), and
quantitation of STAT3 phosphorylation levels is normalized to total STATS3; both are represented as mean * SE (bottom right). *P < 0.05. Open
bar, lean hepatocyte; closed bar, db/db hepatocytes. E: db/db mice (db) or control mice (lean) overexpressed wild-type STAT3 or K685Q mutant in
their livers was examined for effects of HDAC inhibitors on hepatic STAT3 phosphorylation after glucose administration determined by Western
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after glucose administration or a hyperinsulinemic clamp test
(8), and we found that the overexpressed STAT3 wild-type
or K685@Q mutant was less activated in the fasting state and
potently activated after glucose administration. A greater
increase of STAT3 K685Q activation after glucose admin-
istration would explain the more potent phenotype with
lowered blood glucose after intraperitoneal GTT and EGP
during hyperinsulinemic clamp state and the absence of a
phenotype under fasting blood glucose and EGP conditions,
compared with wild-type STAT3. These findings suggest an
important role for the suppression of STAT3 acetylation in
impairment of the STAT3-dependent suppression of hepatic
gluconeogenic enzyme genes and EGP in db/db mice.

STATS has been shown to be acetylated by CREB-binding
protein/p300 and deacetylated by HDAC and SirT1 (12,14).
SirT1-dependent deacetylation of STAT3 has been demon-
strated as an important process inducing hepatic gluco-
neogenic enzyme gene expression in a fasting state (12). We
also found that a SirT1 inhibitor, Ex527, increased hepatic
STATS phosphorylation to the same degree as a HDAC in-
hibitor or TSA in lean mice. These findings suggest that
SirT1 plays an important role in the regulation of hepatic
STAT3 activation under normal physiological conditions.
However, TSA improved STATS activation in tunicamycin-
treated or db/db mouse—derived hepatocytes and db/db mice
liver to a greater degree of potency than Ex527, suggesting
that ER stress—dependent suppression of STAT3 acetylation
and phosphorylation is less affected by SirT1 inhibition but
is restored by pretreatment with a HDAC inhibitor.

In conclusion, the results indicate that ER stress inhibits
IL-6/STAT3-dependent suppression of hepatic gluconeo-
genic enzymes via JAK2 dephosphorylation and STATS3
deacetylation and thus plays an important role in increased
expression of these enzymes in obesity and diabetes. The
mechanism by which HDAC-dependent deacetylation of
STATS is regulated by ER stress remains to be elucidated in
future studies.
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