
TGF-�1/Smad3 Pathway Targets PP2A-AMPK-FoxO1
Signaling to Regulate Hepatic Gluconeogenesis*

Received for publication, October 26, 2016, and in revised form, January 4, 2017 Published, JBC Papers in Press, January 9, 2017, DOI 10.1074/jbc.M116.764910

Hariom Yadav, Samir Devalaraja, Stephanie T. Chung, and Sushil G. Rane1

From the Diabetes, Endocrinology, and Obesity Branch, NIDDK, National Institutes of Health, Bethesda, Maryland 20854

Edited by Jeffrey E. Pessin

Maintenance of glucose homeostasis is essential for normal
physiology. Deviation from normal glucose levels, in either
direction, increases susceptibility to serious medical complica-
tions such as hypoglycemia and diabetes. Maintenance of glu-
cose homeostasis is achieved via functional interactions among
various organs: liver, skeletal muscle, adipose tissue, brain, and
the endocrine pancreas. The liver is the primary site of endoge-
nous glucose production, especially during states of prolonged
fasting. However, enhanced gluconeogenesis is also a signature
feature of type 2 diabetes (T2D). Thus, elucidating the signaling
pathways that regulate hepatic gluconeogenesis would allow
better insight into the process of normal endogenous glucose
production as well as how this process is impaired in T2D. Here
we demonstrate that the TGF-�1/Smad3 signaling pathway pro-
motes hepatic gluconeogenesis, both upon prolonged fasting
and during T2D. In contrast, genetic and pharmacological inhi-
bition of TGF-�1/Smad3 signals suppressed endogenous glu-
cose production. TGF-�1 and Smad3 signals achieved this effect
via the targeting of key regulators of hepatic gluconeogenesis,
protein phosphatase 2A (PP2A), AMP-activated protein kinase
(AMPK), and FoxO1 proteins. Specifically, TGF-�1 signaling
suppressed the LKB1-AMPK axis, thereby facilitating the
nuclear translocation of FoxO1 and activation of key gluconeo-
genic genes, glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase. These findings underscore an important role of
TGF-�1/Smad3 signaling in hepatic gluconeogenesis, both in
normal physiology and in the pathophysiology of metabolic
diseases such as diabetes, and are thus of significant medical
relevance.

Glucose homeostasis is achieved via the integration of phys-
iological processes occurring in multiple organs. Glycolysis and
gluconeogenesis represent two competing processes that regu-
late blood glucose levels (1). Hepatic gluconeogenesis is a crit-
ical mechanism for endogenous glucose production during
periods of prolonged fasting. However, deregulated hepatic
gluconeogenesis is a common feature in patients with type 2

diabetes (T2D)2 (2). Expression of phosphoenolpyruvate car-
boxykinase (PEPCK) and glucose-6-phosphatases (G6Pase) (3),
key rate-limiting enzymes for hepatic gluconeogenesis,
increases abnormally in T2D (4). Likewise, the transgenic over-
expression of these enzymes in mice results in hyperglycemia,
hyperinsulinemia, and insulin resistance (5, 6). In contrast,
deletion of PEPCK reverses hyperglycemia and insulin resis-
tance in diabetes-prone db/db mice (7).

The AMP-activated protein kinase (AMPK) signaling path-
way, among others, regulates the expression of PEPCK and
G6Pase (8). AMPK is a heterotrimeric protein, consisting of
�1/2, �1/2, and �1/2/3 subunits, that regulates glucose and
fatty acid metabolism (9). Phosphorylation of Thr-172 in the �1
subunit is important for AMPK activation, which is in turn
regulated by two upstream kinases, LKB1 and Ca2� calmod-
ulin-dependent protein kinases � and � (10, 11). Further,
AMPK is a serine/threonine kinase, and activation of hepatic
AMPK suppresses gluconeogenesis via substrate phosphoryla-
tion (12). The commonly prescribed antidiabetic drug met-
formin and 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) both activate AMPK via LKB1-dependent mecha-
nisms to suppress hepatic gluconeogenesis (13). In addition,
AMPK suppresses gluconeogenesis via down-regulation of
Forkhead box protein O1 (FoxO1) target genes (14) through
increasing FoxO1 phosphorylation (15). FoxO1 promotes
hepatic gluconeogenesis via transcriptional activation of
PEPCK and G6Pase (16, 17).

The TGF-� signaling pathway regulates biological processes
including cell proliferation, differentiation, and death (18).
Canonical TGF-� signaling involves ligand binding to TGF-�
receptor II (T�RII), which promotes phosphorylation and acti-
vation of TGF-� receptor I (T�RI), which in turn phosphory-
lates and activates the downstream Smad transcription factors.
Smad3 is the preferred downstream transcription factor for
TGF-� isoforms. Once activated Smad3 complexes with Smad4
and translocates to the nucleus to bind target promoters. In
addition to the SMAD pathway, TGF-� signaling is known to
interact with non-SMAD-signaling nodes (19). For example,
TGF-� signaling interacts with insulin receptor signaling in the
nematode Caenorhabditis elegans. TGF-�/daf-7 activates the* This work was supported by a grant from the National Institutes of Health

Intramural Research Program. The authors declare that they have no con-
flicts of interest with the contents of this article. The content is solely the
responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health.

1 To whom correspondence should be addressed: Bldg. 10, Clinical Research
Center, Diabetes, Endocrinology, and Obesity Branch, NIDDK, 9000 Rock-
ville Pike, National Institutes of Health, Bethesda, MD 20814. E-mail:
ranes@mail.nih.gov.

2 The abbreviations used are: T2D, type 2 diabetes; PEPCK, phosphoenolpy-
ruvate carboxykinase; G6Pase, glucose-6-phosphatase; AMPK, AMP-acti-
vated protein kinase; T�R, TGF-� receptor; PP2A, protein phosphatase 2A;
FoxO1, Forkhead box protein O1; DIO, diet-induced obese; PTT, pyruvate
tolerance test; NC, normal chow; HFD, high fat diet; ShSmad3, short hairpin
RNA against Smad3; OKA, okadaic acid; fl/fl, flox, flox.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 292, NO. 8, pp. 3420 –3432, February 24, 2017

Published in the U.S.A.

3420 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 8 • FEBRUARY 24, 2017

http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.764910&domain=pdf&date_stamp=2017-1-9


TGF-receptor I and II kinases (daf-1 and daf-4) and the Smad
transcription factor (daf-8 and daf-14) network and interacts
with FoxO1 (daf-16), LKB1 (par-4), and AMPK (aak-1/aak-2) to
regulate metabolic and nutrient sensory pathways and glucose
metabolism (20) (21). Along those lines, we have illustrated the
key role of TGF-� signaling in regulating the function of diverse
cell types tasked with maintenance of glucose homeostasis
(22–24).

Here, we investigated the role of TGF-�1 signaling in regu-
lating hepatic gluconeogenesis, in normal physiology, and dur-
ing the pathogenesis of metabolic disease. We found that TGF-
�1/Smad3 promotes hepatic gluconeogenesis via targeting the
PP2A-AMPK-FoxO1 pathways during fasting/feeding and dur-
ing pathologic conditions like insulin resistance and diabetes.

Results

TGF-�1/Smad3 Signaling Is Associated with Physiologically
Normal Gluconeogenesis—To evaluate the role of TGF-� in
glucose production, we developed a cell culture system using
HepG2 cells, which are human non-tumorigenic cells that har-
bor an intact TGF-�1 response (25). Prolonged glucose depri-
vation of HepG2 cells resulted in a significantly increased secre-
tion of TGF-�1 in the media after 12 and 24 h (Fig. 1a),
concomitant with increased glucose production (Fig. 1b). Glu-
cose deprivation was followed by a marked increase in PEPCK
and G6Pase mRNA (Fig. 1c). TGF-�1/Smad3-signaling target
genes, i.e. Serpine1, Smad7, and Mmp1, were increased (Fig. 1d)
suggesting that glucose deprivation enhanced TGF-�1 signals.

To investigate the plausible role of TGF-�1/Smad3 signaling
in fasting-induced hepatic gluconeogenesis in vivo, we exam-
ined the livers of normal wild type mice subjected to a pro-
longed fasting (22–24 h) and refeeding regimen. Prolonged
fasting resulted in a significant increase in phospho-Smad3
(p-Smad3), whereas refeeding reversed the elevated p-Smad3
levels (Fig. 1e). These changes in Smad3 phosphorylation were
not associated with changes in total Smad3 protein levels. The
protein and mRNA expression levels of PEPCK and G6Pase
(Fig. 1, e and f) trended similar to those of p-Smad3, suggesting
that TGF-�1/Smad3 activation is associated with changes in
gluconeogenic gene expression. As expected, TGF-�1/Smad3
target genes were increased (Serpine1 and Smad7) or decreased
(c-Myc) in fasted livers (Fig. 1g).

Increased TGF-�/Smad3 Signaling Is Associated with
Impaired Gluconeogenesis—Compared with that observed in
normal mice, the levels of TGF-�1 and p-Smad3 were substan-
tially increased in liver homogenate of diet-induced obese
(DIO) and Lepob/ob mice, which are two mouse models of obe-
sity and diabetes (Fig. 1, h and i). Phospho-Akt (p-Akt) levels
were significantly decreased in DIO and Lepob/ob liver sugges-
tive of insulin resistance in these models, and those p-AKT
levels were negatively correlated with increased p-Smad3 levels
(Fig. 1i). DIO and Lepob/ob livers showed elevated expression of
PEPCK and G6Pase (data not shown) as well as TGF-�1/Smad3
target genes (Serpine1, Smad7, Mmp1, and p21) (Fig. 1j).

Intraperitoneal injection of TGF-�1 ligand in normal wild
type mice led to a significant increase in mRNA and protein
levels of PEPCK and G6Pase in the liver of TGF-�1-injected
mice (Fig. 2, a and b). Similarly, tail vein injection of adenovi-

ruses containing constitutively activate Smad3 (AdS3) resulted
in an impaired pyruvate tolerance test (PTT) along with
increased expression of PEPCK and G6Pase genes (Fig. 2, c and
d). Taken together, these results further demonstrate that acti-
vation of TGF-�1/Smad3 signaling leads to impaired hepatic
gluconeogenesis.

Blockade of TGF-�1/Smad3 Signaling Suppressed Gluconeo-
genesis in Mice—We next evaluated the effects of blocking
TGF-�1/Smad3 signaling on hepatic gluconeogenesis, using
two strategies: 1) anti-TGF-�1 antibody administration in
Lepob/ob and DIO mice and 2) germ line Smad3 deletion in mice
(22). We have shown previously 1) the beneficial metabolic
effects of the TGF-� neutralization antibody (1D11) using
Lepob/ob and DIO mice and 2) the protection of whole-body
Smad3�/� mice from high fat diet-induced diabetes (22). Sys-
temic administration of anti-TGF�1 antibody to Lepob/ob and
DIO mice for 8 –12 weeks resulted in a significantly improved
PTT (Fig. 3, a, b, d, and e) and reduced mRNA expression levels
of gluconeogenic markers in the liver (Fig. 3, c and f). A similar
improvement in the PTT (Fig. 4, a and b), with associated
decreases in fasting blood glucose levels (Fig. 4c), was seen in
the Smad3�/� knock-out (KO) mice fed NC and HFD. Further-
more, mRNA and protein expression levels of PEPCK and
G6Pase were markedly lower in Smad3�/� liver (Fig. 4, d and e).
These results demonstrate that blockade of TGF-�1/Smad3
signaling significantly protected mice from high fat diet-in-
duced impairment in hepatic gluconeogenesis. Consistent with
improved insulin sensitivity, a marked increase in insulin-sig-
naling mediators in the livers of Smad3�/� mice fed with either
NC or HFD was observed (Fig. 4, f and g).

Liver-specific Inhibition of TGF-�1/Smad3 Signaling Sup-
pressed Hepatic Gluconeogenesis—To further evaluate the
liver-specific role of TGF-�/Smad3, we developed liver-specific
Smad3 and T�RI conditional knock-out mice by breeding
Smad3flox/flox and T�RIflox/flox mice with albumin-ERT2-Cre
mice that allow tamoxifen-dependent excision of Smad3 and
T�R1 in albumin promoter-expressing liver cells. Albumin-
Cre transgenic mice have been used extensively for liver-
specific targeting of genes (27, 28). Smad3flox/flox:albCre� and
T�RIflox/flox:albCre� mice showed a marked improvement in
PTT and glucagon tolerance tests (Fig. 5, a– d). Furthermore,
mRNA and protein expression of PEPCK and G6Pase in hepatic
tissues of prolonged fasted (24 h) Smad3flox/flox:albCre� and
T�RIflox/flox:albCre� mice were significantly decreased (Fig. 5,
e– g). These results further demonstrate the crucial role of
TGF-�1/Smad3 signaling in hepatic endogenous glucose
production and strongly suggest a protective effect of liver-
specific ablation of TGF-�1/Smad3 signals from deregulated
gluconeogenesis.

TGF-�1/Smad3 Signaling Impairs Gluconeogenesis via
Targeting the LKB1-AMPK-FoxO1 Pathway—Treatment of
HepG2 cells with TGF-�1 resulted in a significant increase in
glucose production (Fig. 6a). In contrast, inhibition of TGF-�1/
Smad3 signaling via stable expression of a short hairpin RNA
against Smad3 (ShSmad3), which knocks down Smad3 protein
expression, in HepG2 cells resulted in significant suppression
of TGF-�1-stimulated glucose production (Fig. 6b). In agree-
ment, the mRNA and protein levels of PEPCK and G6Pase were
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FIGURE 1. Increased TGF-�1/Smad3 signaling is associated with normal and deregulated hepatic gluconeogenesis. a and b, levels of TGF-�1 secretion
(a) and glucose production (b) in media from HepG2 cells (in triplicate) at indicated time points post-glucose deprivation. c and d, mRNA expression of
gluconeogenic genes (c) and TGF-�1/Smad3-signaling target genes (d) during the glucose-deprived state of HepG2 cells (in triplicate). e, Western blotting
analysis of p-Smad3, total Smad3, G6Pase, and PEPCK along with levels of tubulin in liver from mice that were fed ad libitum, fasted, or refed after a fasting
period (pooled samples from n � 5 mice/group). f and g, mRNA expression of gluconeogenic genes (f) and TGF-�1/Smad3 signaling target genes (g) in ad
libitum-fed, fasted, and refed mice liver (n � 5 in each group). h, TGF-�1 levels in liver tissue homogenate of normal chow-fed, DIO, and leptin-deficient
(Lepob/ob) mice (n � 6/group). i, Western blotting analyses of p-Smad3, total Smad3, p-Akt, total Akt, G6Pase, and PEPCK along with internal control (tubulin)
in liver homogenates of normal, DIO, and Lepob/ob mice. j, mRNA expression of TGF-�1/Smad3 signaling target genes in normal, DIO, and Lepob/ob mice livers
(n � 6/group). All the values present here are averages, and error bars represent S.E. *, p � �0.05; **, p � �0.01; and ***, p � �0.001.
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significantly increased in TGF-�1-treated cells, whereas those
levels were suppressed in shSmad3-HepG2 cells or in cells
exposed to a small molecule TGF-� receptor 1 antagonist
(SB431542) (Fig. 6, c–f).

LKB1-AMPK signaling suppresses hepatic gluconeogenesis
by phosphorylation of various downstream molecules includ-
ing FoxO1 (29). We observed that LKB1 and AMPK activity was
significantly decreased (as indicated by reduced phosphoryla-
tion of LKB1 and AMPK isoforms) upon TGF-�1 treatment in
fasted HepG2 cells (Fig. 6, e and f). In contrast, TGF-�1/Smad3
signal inhibition using SB431542 or shRNA-mediated knock-
down of Smad3 led to increased levels of phosphorylated LKB1-
AMPK proteins (Fig. 6, e and f), indicating that TGF-�1 signal-
ing reduces the active forms of LKB1-AMPK proteins. Further,
TGF-�1 treatment significantly decreased inactive phospho-
FoxO1 (p-FoxO1), whereas T�RI inhibitor (SB431542)
treatment and shSmad3 maintained higher levels of inactive
p-FoxO1 (Fig. 6, e and f). These effects correlated with the
expected changes in the mRNA and protein levels of G6Pase
and PEPCK (Fig. 6, e and f). Key elements of the data were
confirmed in AML12 immortalized mouse hepatocyte cells

(Fig. 7). Thus, we observed (i) elevated glucose levels upon an
extended period of glucose deprivation, (ii) increased levels
of TGF-�1 ligand in the culture medium concomitant with
elevation of glucose, (iii) exogenous supplementation of
TGF-�1 ligand further promoting PEPCK and G6Pase gene
expression, and (iv) increased protein expression of PEPCK
and G6Pase enzymes correlated with elevated phosphoryla-
tion of Smad3 and active FoxO1. Treatment with SB431542
reversed these effects. Taken together, these results demon-
strate that TGF-�1/Smad3 promotes glucose production in
hepatocytes via dephosphorylation of LKB/AMPK/FoxO1
proteins followed by activation of the gluconeogenic gene
program. In contrast, inhibition of TGF-�1/Smad3 signals
maintains the phosphorylated forms of LKB/AMPK/FoxO1
that preclude activation of gluconeogenesis genes.

TGF-�1 Induces PP2A Activity to Dephosphorylate LKB1-
AMPK-FoxO1—We hypothesized that TGF-�1 activation
might be associated with increased phosphatase activity result-
ing in dephosphorylation of the LKB1-AMPK-FoxO1 proteins.
PP2A is known to bind activated T�RI and dephosphorylate
downstream signaling proteins (5), and thus we investigated the
involvement of PP2A in our model. No appreciable changes in
the protein levels of PP2A isoforms were seen in treated versus
non-treated cells, and PP2A� expression was undetectable in
HepG2 cells (Fig. 6e). Interestingly, PP2A enzyme activity was
significantly increased in TGF-�1-treated cell lysates (Fig. 8, a
and b). In contrast, SB431542 treatment eliminated the TGF-
�-induced PP2A activity (Fig. 8a). Further, shS3-HepG2 cells
exhibited reduced PP2A enzyme activity, and TGF-�1 treat-
ment was unable to increase PP2A activity (Fig. 8b), consistent
with a requirement for Smad3 in the effect of TGF-�1 on
increasing PP2A enzyme activity. Overall, these observations
suggested that TGF-�1 induces PP2A enzyme activity and in
turn causes the dephosphorylation of LKB1-AMPK-FoxO1
proteins.

To further examine whether PP2A is required for TGF-�1
to promote gluconeogenesis, we inhibited PP2A enzyme activ-
ity using okadaic acid (OKA) (Fig. 8, c– e). TGF-�1-induced
dephosphorylation of LKB1-AMPK-FoxO1 was significantly
abolished by OKA treatment, whereas SB431542 showed
effects that synergized with the OKA treatment, as evident by
the increased levels of phosphorylated LKB1-AMPK-FoxO1
proteins (Fig. 8c). Moreover, the mRNA and protein expression
levels of gluconeogenic genes were consistent with the above
observations (Fig. 8, c and e). Taken together, these data show
that TGF-�1 activation induces PP2A activity, which in turn
results in the dephosphorylation of LKB1-AMPK-FoxO1 pro-
teins followed by enhanced gluconeogenesis-related gene
expression.

TGF-� Induces Cytoplasmic PP2A-FoxO1 and Nuclear
Smad3-FoxO1 Interactions—FoxO1 binds the promoter re-
gions of gluconeogenic genes (PEPCK and G6Pase); this bind-
ing is associated with increased expression of these enzymes,
leading to elevated endogenous glucose production (30).
AMPK-mediated phosphorylation inactivates FoxO1 (31), pre-
sumably by precluding its nuclear translocation or promoting
its retention in the cytoplasm. Cytoplasmic phospho-FoxO1
levels were markedly decreased in TGF-�1-stimulated cells

FIGURE 2. Activation of TGF-�1/Smad3 signaling deregulates hepatic
gluconeogenesis. a and b, mRNA expression of PEPCK and G6Pase (a) and
Western blotting analyses of p-Smad3, total Smad3, G6Pase, and PEPCK pro-
teins (b) in liver tissues of mice injected with TGF-�1 ligand compared with
vehicle (PBS)-injected mice (n � 6/group, 6 consecutive days of injections). c,
area under the curve during a PTT performed in mice after 1 week of tail vein
injection of adenoviruses harboring constitutively active Smad3 (AdS3) and
control adenoviral particles (Control). d, mRNA expression of PEPCK, G6Pase,
and pyruvate carboxylase (Pcx) in liver tissues from control and AdS3 mice
(n � 6/group). All values present here are averages, and error bars represent
S.E. *, p � �0.05; **, p � �0.01; and ***, p � �0.001.
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(Fig. 9a). Total FoxO1 levels were decreased in the cytoplasmic
fraction, whereas the accumulation of FoxO1 was seen in the
nuclear fraction of TGF-�1-treated cells, albeit both were at
moderate levels (Fig. 9a). Based on these data, we infer that
TGF-�1 promoted the dephosphorylation and activation of
FoxO1 followed by FoxO1 nuclear translocation.

Interactions between AMPK and PP2A have been described
elsewhere (32). We next investigated the protein-protein inter-
actions among Smad3, PP2A, and FoxO1 proteins using
co-immunoprecipitation assays. To this end, we utilized an
anti-FoxO1 antibody to immunoprecipitate FoxO1 protein
localized in the cytoplasmic and nuclear fractions of HepG2
cells treated with or without TGF-�1 and SB431542. Western
blotting was then performed on the FoxO1 immunoprecipi-
tates to detect the presence of FoxO1-associated proteins.
PP2A association with FoxO1 was higher in the cytoplasmic
fractions of control cells, and TGF-�1 stimulation further
accentuated the levels of PP2A-FoxO1 interaction (Fig. 9b).
Treatment with SB431542 effectively suppressed this associa-
tion. These findings revealed evidence of TGF-�1-induced
PP2A-FoxO1 complex formation in the cytoplasm. Addition-
ally, we observed abundant levels of Smad3 and p-Smad3 in the
nuclear fraction of FoxO1 immunoprecipitation samples (Fig.
9b), which is indicative of FoxO1-Smad3 complex formation,
preferentially in the nucleus of TGF-�1-stimulated cells. Again,
this FoxO1-Smad3 association was effectively neutralized by
SB431542 treatment. Together, these results are consistent

with a key role of TGF-�1 in promoting complex formation
between (i) PP2A-FoxO1 in the cytoplasm and (ii) Smad3-
FoxO1 in the nucleus, presumably to enhance expression of
gluconeogenic target genes.

Discussion

Hepatic gluconeogenesis is required to maintain euglycemia
during periods of prolonged fasting (33). However, elevated
hepatic gluconeogenesis is also a hallmark of type 2 diabetes
and a primary contributing factor to fasting hyperglycemia (2).
A better understanding of cross-talk among the various signal-
ing pathways that regulate hepatic gluconeogenesis during nor-
mal fasting and refeeding cycles and in type 2 diabetes will aid
the design of rational therapeutic interventions. Here, we have
uncovered a role for TGF-� signaling in the regulation of
hepatic gluconeogenesis and unraveled its interaction with
other signaling networks in the process. The activation of
TGF-�1 signaling enhanced gluconeogenesis, whereas inhibi-
tion of TGF-�1/Smad3 signaling suppressed gluconeogenesis
and enhanced insulin sensitivity. TGF-�1 activation was asso-
ciated with enhanced PP2A-mediated (i) dephosphorylation
and inhibition of LKB1-AMPK proteins and (ii) dephosphory-
lation and activation of FoxO1 transcription factor. The com-
bined effect of TGF-�/Smad3 actions resulted in increased glu-
coneogenic gene expression. Based on these results, we propose
a model of TGF-�1/Smad3-mediated regulation of hepatic glu-
coneogenesis via actions on PP2A-AMPK-FoxO1 (Fig. 10).

FIGURE 3. Blockade of TGF-�1 signaling suppresses hepatic gluconeogenesis in diabetic mice. Shown are pyruvate tolerance tests (a and d)), area under
the curve (AUC) of PTT (b and e), and mRNA expression of gluconeogenic genes in liver tissues (c and f) of anti-TGF-�1 antibody-treated Lepob/ob (a– c) and DIO
(d–f) mice (n � 6/group). All values presented here are averages, and error bars represent S.E. *, p � �0.05.
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We used the mRNA and protein expression levels of two key
gluconeogenic enzymes, PEPCK and G6Pase, as surrogates to
monitor the levels of gluconeogenesis in response to changes in
TGF-�1/Smad3 signaling. FoxO1 is known to promote gluco-
neogenesis via the transcriptional activation of PEPCK and
G6Pase (16, 17). We observed that TGF-�/Smad3 signals reg-
ulate FoxO1 activity by modifying the PP2A-LKB1-AMPK axis.
In addition to changing FoxO1 activity, it is plausible that
Smad3 directly targets PEPCK and G6Pase at the transcrip-
tional level either with or without Smad4 or other co-regulators
of transcription. Indeed, our data implicating FoxO1 are sug-
gestive of its co-regulatory role with Smad3 in gluconeogenic
gene transcription. Additionally, it is plausible that TGF-�1/
Smad3 targets the PEPCK and G6Pase enzymes at a post-tran-
scriptional level. Further molecular characterization of the
TGF-� regulation of gluconeogenic targets will reveal the pre-
cise mechanism of action involved in the process.

The finding that prolonged fasting or glucose deprivation of
HepG2 and AML12 cells significantly increased TGF-�1 ligand
secretion in media is suggestive of an important role for
TGF-�1 signaling during fasting, perhaps to regulate glucose
sensing in liver cells. Furthermore, the observation of elevated
p-Smad3 levels during fasting and their normalization after

refeeding (Fig. 1e) suggests that TGF-�1/Smad3 signaling is
possibly influenced by glucose availability and may have an
important role in liver cells during fasting and fed states. The
levels of TGF-�1 were elevated in liver homogenates from DIO
and Lepob/ob mice, which are chronic pathological models of
obesity and diabetes. In contrast, although TGF-�1 signaling
was elevated, the levels of TGF-�1 in the liver and in circulation
were not significantly different under physiological conditions
of feeding/fasting/refeeding in normal mice. This difference
could be due to the extended period of diabetes and/or insulin
resistance in DIO or Lepob/ob mice. The fed/fasted/refed model,
on the other hand, represents a model of normal physiological
gluconeogenesis. More work is needed to distinguish the
TGF-� mechanism of action during normal and aberrant
gluconeogenesis.

In addition to hepatocytes, the liver consists of many non-
parenchymal cell types, including endothelial, Kupffer, stel-
late, biliary epithelial, and other immune cells. These non-
parenchymal cells synthesize TGF-�, whereas hepatocytes
store TGF-� (34). Chronic glucose deprivation of HepG2 and
AML12 cells increased TGF-�1 secretion in media propor-
tional to glucose production, suggestive of the ability of hepa-
tocytes to produce TGF-�1 in response to glucose deprivation

FIGURE 4. Smad3 deficiency suppresses hepatic gluconeogenesis and enhances hepatic insulin sensitivity. Shown are pyruvate tolerance tests (a), area
under the curve (AUC) of PTT (b), fasting glucose levels (c), expression of gluconeogenic genes in liver tissues (d) of global Smad3 KO (n � 5) and WT (n � 8) mice
fed with NC and HFD. e, Western blotting analysis of PEPCK and G6Pase in livers of HFD-fed WT and KO mice. f and g, insulin signaling mediators, i.e. p-Akt, total
Akt, p-ERK1/2, total ERK1/2, p-IRS1, and total-IRS1, along with tubulin as an internal control in liver tissues of NC-fed (f) and HFD-fed (g) Smad3 WT and KO mice.
Western blotting analyses were performed using pooled lysates (n � 5 mice/group). All values present here are averages, and error bars represent S.E. *, p �
0.05; and **, p � �0.01.
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or fasting conditions. However, the possibility of TGF-�1 being
produced in vivo by non-parenchymal cells, such as immune or
endothelial cells, cannot be excluded. In either case, we suggest
that TGF-�1 in the liver functions as a hepatokine during glu-
coneogenesis, both in normal physiology and during pathologic
states of diabetes/obesity.

In C. elegans, the insulin receptor and TGF-� signaling col-
laboratively regulate nutrient and energy sensing during devel-
opment and reproduction (20). We observed improved insulin
signaling upon Smad3 deletion, which is consistent with a
potential interaction between the insulin receptor-mediated

pathway and the canonical TGF� signaling pathway. Thus, the
interaction of TGF-� signaling with other key signaling inter-
mediates in the metabolism and regulation of glucose homeo-
stasis appears to be evolutionarily conserved. We observed
improved hepatic insulin sensitivity in the Smad3�/� mice, and
as such, the increasing pAKT levels are reflective of this physi-
ological state. Although it is not entirely clear how the increased
hepatic insulin sensitivity is manifested in the Smad3�/� mice,
we speculate that it may be due to cross-talk between TGF-�
signaling and insulin receptor signaling, as has been demon-
strated in C. elegans (35).

FIGURE 5. Liver-specific deletion of T�RI/Smad3 improved hepatic gluconeogenesis. Shown are pyruvate tolerance tests (a and c) and glucagon tolerance
tests (b and d) upon liver-specific deletion of Smad3 (a and b) and T�RI (c and d) (n � 6 mice/group). e, confirmation of Smad3 and T�RI deletion using
anti-Smad3, anti-T�RI, and anti-Cre antibody, respectively, via Western blotting along with expression levels of G6Pase and PEPCK proteins. f and g, liver mRNA
expression of PEPCK (f) and G6Pase (g) in liver-specific Smad3 and T�RI knock-out mice. All values present here are averages, and error bars represent S.E. *. p �
�0.05; and **, p � �0.01. FC, fold change.
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Although the role of TGF-�1 signaling in metabolic regula-
tion is poorly understood, the interaction of TGF-� signaling
with AMPK, a key nutrient-sensing kinase, has been studied in
other cell systems. Interestingly, the AMPK-FoxO1 pathway
serves an energy-sensing role during the regulation of metabo-
lism and lifespan in C. elegans. Thus, AMPK (Aak-2) suppresses
FoxO1 (Daf-16)-dependent transcription by phosphorylation
of FoxO1 at multiple sites (15). The activation of AMPK via
metformin and other stimuli is also known to suppress hepatic

gluconeogenesis (13, 14), and our current observations indicate
that TGF-�1 serves to activate hepatic gluconeogenesis by
counteracting LKB1-AMPK signaling inactivation through
dephosphorylation. AMPK-mediated suppression of gluconeo-
genesis involves the exit of FoxO1 from the nucleus to the cyto-
plasm via AMPK-mediated phosphorylation on multiple sites
(15). Activated AMPK� translocates into the nucleus and inter-
acts with FoxO1 to facilitate its phosphorylation and initiate the
departure of FoxO1 from nucleus to cytoplasm. Multiple stud-

FIGURE 6. TGF-�1/Smad3 signaling targets the LKB1-AMPK-FoxO1 pathway. a, glucose production in media after 12 h of TGF-�1 (5 ng/ml) and TGF-�
receptor I inhibitor (SB431542, 10 �M) treatment of HepG2 cells (two separate experiments in triplicate). b, glucose production in media after TGF-�1 treatment
of HepG2 cells stably expressing control shRNA or shRNA targeting Smad3 (ShS3) (in triplicate). c and d, gluconeogenic gene expression in HepG2 cells after
TGF-�1 and SB431542 treatments (c) and in control and ShS3 cells with and without TGF-�1 treatments (d) (in triplicate). e, Western blotting analysis of PP2A,
LKB1, AMPK, and FoxO1 proteins along with gluconeogenic proteins in normal HepG2 cells with TGF-�1 and/or SB431542 treatments (in triplicate). f, Western
blotting analysis of TGF�1, LKB1, AMPK, and FoxO1 pathway proteins along with gluconeogenic genes in control and ShS3 cells with and without TGF-�1
treatments (in triplicate). Tubulin has been used as an internal control. All values present here are averages, and error bars represent S.E. *, p � �0.05; and **,
p � �0.01.
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ies suggest that activated FoxO1 (dephosphorylated) in the
nucleus binds to PEPCK and G6Pase promoters to activate their
expression in prolonged fasting and insulin resistance states
(12, 15, 37). TGF-�1 stimulation reduced FoxO1 phosphoryla-

tion, suggesting that TGF-�1-mediated dephosphorylation of
FoxO1 facilitates its translocation into the nucleus (37). PP2A
mediates theeffectsofTGF-�1onLKB1-AMPk-FoxO1dephos-
phorylation and the suppression of hepatic gluconeogenesis. In

FIGURE 7. Increased TGF-�1 signaling is associated with glucose production in AML12 cells. a and b, glucose production (a) and TGF-�1 levels in media (b)
from AML12 cells (in triplicates) after 0 and 18 h of glucose deprivation. c, mRNA expression of gluconeogenic genes in AML12 cells after treatment with TGF-�1
and SB431542. d, Western blotting analysis of total and phosphorylated forms of Smad3 and FoxO1 proteins along with levels of gluconeogenic enzymes,
PEPCK and G6Pase, in AML12 cells upon treatment with TGF-�1 and SB431542 (in triplicate). Tubulin serves as an internal control. All values present here are
averages, and error bars represent S.E. **, p � �0.01; ***, p � � 0.001.

FIGURE 8. TGF-�1/Smad3 targets PP2A-AMPK-FoxO1 signaling. a and b, PP2A enzyme activity in TGF-�1- and SB431543-treated HepG2 cells (a) and in
HepG2 cells treated with TGF-�1 with or without ShS3 (two independent experiments performed in triplicate) (b). c, effect of PP2A inhibitor OKA on Smad3-
LKB1-AMPK-FoxO1 proteins with and without TGF-�1 and SB431542 treatments in HepG2 cells. d and e, PP2A enzyme activity (d) and mRNA expression of
gluconeogenic genes (e) in HepG2 cells upon treatment with TGF-�1 and SB431542 with or without OKA (in triplicate). All values present here are averages, and
error bars represent S.E. *, p � 0.05; **, p � �0.01.

TGF-�1/Smad3 Signaling Regulates Hepatic Gluconeogenesis

3428 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 8 • FEBRUARY 24, 2017



another study, PP2A activation is shown to deactivate hepatic
AMPK through dephosphorylation to protect hepatocytes
from lipotoxicity (32). FoxO1 and PP2A interact physically, and
we also observed that Smad3 interacts with FoxO1 in the
nuclear fraction suggesting that FoxO1 and Smad3 form a com-
plex in the nucleus. The activation of TGF-�1/Smad3 signaling
via systemic administration of TGF-�1 ligand or via trans-
duction of Smad3 adenoviruses into the liver resulted in
increased gluconeogenesis. Whether this effect is mediated
entirely by the phosphorylation state of the target proteins or

involves TGF-�/Smad3-dependent transcriptional mecha-
nisms is unclear.

Our earlier studies have shown that Smad3 deletion favor-
ably impacts pancreatic �-cells (24), adipose tissue (22), and
skeletal muscle (23). Therefore, to exclude the influence of
TGF-�1/Smad3 signaling on hepatic gluconeogenesis via
improved whole-body metabolic function, we generated liver-
specific Smad3 and TGF-� receptor I conditional knock-
out (Smad3/T�RI LKO mice). The observed phenotype of
improved glucose tolerance and suppressed hepatic gluconeo-
genesis in these mice is consistent with a primary role for TGF-
�1/Smad3 signaling in the liver, independent of its actions on
other metabolic tissues. We are currently investigating the
overall phenotype of the Smad3/T�RI LKO mice with respect
to susceptibility to metabolic disease and effects on other
tissues.

Polymorphisms in the human SMAD3 locus, like the T29C
polymorphism, which results in a Leu-Pro substitution at
codon 10, have been correlated with increased insulin resis-
tance and body mass index (38). Further, SMAD3 is identified
in genome-wide association studies (GWAS) of T2D (39).
Directed studies investigating the genetics and epigenetics of
TGF-�1 signaling might reveal additional clues about the pos-
sible role of this pathway in T2D pathogenesis. Blockade of
TGF-�1/Smad3 signals using shSmad3, anti-TGF-�1 receptor
antibody, T�R1 inhibitors, and T�R1 and Smad3 knock-out
mice suppressed endogenous glucose production from liver
cells and corrected the abnormal hepatic gluconeogenesis in
mice, which underscores the potential medical relevance of
these findings.

Taken together, our findings provide molecular insight into
the mechanism of TGF-�1 control of hepatic gluconeogen-
esis. These observations are central to our improved under-
standing of endogenous glucose production and how that
process is impaired in diabetes, both of which are essential to
the design of novel therapeutic strategies to combat meta-
bolic disease.

FIGURE 9. PP2A-FoxO1-Smad3 complex formation. a, Western blotting analysis of Smad3-AMPK�-FoxO1 proteins in cytoplasmic and nuclear fractions of
HepG2 cells with and without TGF-�1 treatments. b, co-immunoprecipitation assay using anti-FoxO1 as the primary immunoprecipitation antibody (IP) and
cytoplasmic and nuclear fractions of HepG2 cells treated with TGF-�1 ligand and SB431542 followed by Western blotting (WB) analyses of p-Smad3, total
Smad3, and PP2A (a representative blot from two independent experiments). Anti-tubulin and anti-histone H3 antibodies were used as the internal control for
the cytoplasmic and nuclear fractions, respectively.

FIGURE 10. Proposed mechanistic model for TGF-�1/Smad3-mediated
control of hepatic gluconeogenesis via targeting of PP2A, LKB1, AMPK,
and FoxO1.
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Experimental Procedures

Animals—The generation of Smad3 KO and wild type (WT)
mice has been described previously (40, 41). Animals (age 6 – 8
weeks) were fed with normal chow or with high fat diet (55% fat
content (42), 5.45 kcal/g, catalog No. TD 97075, Harlan Teklad,
Madison, WI) for induction of hepatic insulin resistance.
Twenty-week-old male C57J/B6 mice fed for 14 weeks on high
fat diet (DIO mice) and 10 –12-week-old male Lepob/ob mice
were procured from The Jackson Laboratory, Bar Harbor, ME,
and used for anti-TGF-� antibody treatment studies. DIO
C57J/B6 and Lepob/ob mice were injected intraperitoneally with
1.5 mg/kg body weight of anti-TGF-�1 antibody (1D11, Gen-
zyme, Framingham, MA) and control 13C4 antibody (IgG). For
fasting and refeeding studies, animals (12–14 weeks old) were
fasted for 22–24 h and refed for 2 h before harvesting and tissue
analysis. Age-matched ICR female mice were injected intra-
peritoneally with TGF-�1 ligand (5.0 mg/kg body weight) dis-
solved in PBS, or with PBS only in the case of control animals,
for 6 days, and tissues were collected from 18-h fasted animals.
T�R1 flox/flox (fl/fl) mice (43) were bred with Alb-ERT2-
Cre�ve (26) to generate liver-specific deletion of T�R1.
Smad3fl/fl mice were generated by floxing of exon 8 of the
Smad3 locus. These mice were crossed with AlbERT2-Cre�ve
mice to develop liver-specific Smad3 KO mice. T�R1 and
Smad3 deletions were induced by an oral dose of tamoxifen
solution in corn oil (110 mg/kg body weight continuously for 5
days), and experiments were performed 1 week after the tamox-
ifen oral dosages. All animal studies and protocols were
approved by the NIDDK, National Institutes of Health Animal
Care and Use Committee.

Pyruvate and Glucagon Tolerance Tests—The pyruvate tol-
erance test was performed in 18-h fasted mice by intraperito-
neal injection of 1.5 g/kg body weight of sodium pyruvate
(Sigma). A glucagon challenge test was performed in ad libitum
fed mice upon intraperitoneal injection of 30 �g/kg of glucagon
(Lilly). Tail blood was taken at different time points, i.e. before
injection (0 min) and after 15, 30, 60, and 120 min of pyruvate/
glucagon injections, and glucose levels were measured using a
glucometer (Nipro Diagnostics, Fort Lauderdale, FL).

Cell Culture and Treatments—HepG2 cells were cultured in
DMEM containing 5 mM glucose, 10% (v/v) FBS, and 1% anti-
biotics supplements at 37 °C in a humidified atmosphere of 5%
CO2. AML12 cells were grown in a 1:1 mixture of DMEM and
Ham’s F-12 medium supplemented with 0.005 mg/ml insulin,
0.005 mg/ml transferrin, 5 ng/ml selenium, 40 ng/ml dexam-
ethasone, 10% FBS, and 1% antibiotics supplements. TGF-�1
was obtained from R&D Systems or from Dr. Peter Sun (NIAID,
National Institutes of Health, Bethesda, MD). Cells were cul-
tured in medium with 10% FBS, which contains less than 0.5–1
ng/ml total TGF-�1 (more than 99% of TGF-�1 is in a latent
form, which is not immediately available to the cells). During
TGF-�1 stimulation, cells were washed twice with PBS and
replaced with medium containing only 2% charcoal-treated
FBS to further eliminate any residual TGF-�1 after which they
were treated with/without 2–5 ng/ml TGF-�1 at different time
intervals. The majority of the cell culture studies were con-
ducted in glucose-deprived media and supplemented with

pyruvate and lactate to induce gluconeogenesis as described
below. All cell culture assays were performed in triplicates.

Glucose Production in Cells—Normal HepG2, AML12, and
stable ShSmad3 HepG2 cells were plated in 6-well plates in a 5%
CO2 incubator at 37 °C for 24 – 48 h. At 70 – 80% confluency,
cells were incubated overnight in DMEM containing 2% char-
coal-treated FBS and 1% antibiotics. Cells were washed three
times with PBS to remove all traces of glucose and incubated in
glucose-free media containing 2% charcoal-treated FBS plus
phenol red for 2 h. Cells were treated with 5 ng/ml TGF-�1
ligand and/or TGF-� receptor I inhibitor (SB 431542) and
PP2A inhibitor (okadaic acid) in glucose production assay
medium (phenol red and glucose-free DMEM) containing 2 mM

sodium pyruvate and 20 mM sodium lactate, pH 7.4, and incubated
for up to 24 h. A small fraction of the medium (100 �l) was col-
lected to measure glucose concentrations (Amplex Red glucose/
glucose oxidase assay kit, Life Technologies). Glucose values were
normalized with cellular total protein concentrations.

TGF-�1 Measurements—Human and mouse TGF-�1 levels
were measured in HepG2 and AML12 cell supernatants, mouse
liver homogenates, and plasma using R&D Systems’ Quantikine
ELISA kits following the manufacturer’s instructions. Liver
homogenate was prepared in homogenization buffer contain-
ing 10 mM Tris-Hcl, pH 7.6, 1% Triton X-100, 0.5% Nonidet
P-40, 150 mM NaCl, 10 mM sodium orthovanadate, 10 mM

sodium pyrophosphate, 100 mM sodium fluoride, 1 mM EDTA,
1 mM EGTA, and 1 tablet of protease inhibitor mixture (Roche
Applied Science). Total protein was measured using a BCA pro-
tein assay kit, and TGF-�1 values were normalized to total pro-
tein content in media supernatant and liver homogenate.

PP2A Activity Assay—PP2A activity was measured using a
PP2A immunoprecipitation phosphatase assay Kit (Millipore)
following the manufacturer’s instructions. Briefly, cells were
lysed using lysis buffer containing 50 mM HEPES, pH 7.5, 150
mM NaCl, 1 mM EGTA, 10% glycerol, 1.5 mM magnesium chlo-
ride, 1% Triton X-100, 1 �g of leupeptin/ml, 50 units of apro-
tinin, and 1 mM phenylmethylsulfonyl fluoride by brief vortex-
ing and pulsing in a sonicator followed by centrifugation for 3
min at full speed. Clear supernatants were incubated with anti-
PP2A antibody and protein A-agarose for 2 h at 4 °C. Immuno-
precipitates were resuspended in a p-nitrophenyl phosphate
Ser-Thr assay buffer and incubated for 2 h at 4 °C. Subsequent
steps were as suggested by the manufacturer. PP2A activity was
determined by measuring the absorbance at 650 nm and com-
paring absorbance values of samples to the negative control
containing no enzyme.

Real-time PCR Analysis—Total RNA was isolated from cells
and mouse liver tissues using the RNeasy kit (Qiagen) following
the manufacturer’s protocol. Reverse transcription was per-
formed using MultiScribe RT (Applied Biosystems), and gene
expression levels were measured by real-time quantitative RT-
PCR (7900HT and SDS, Applied Biosystems). PCR reactions
(20 �l total volume) included cDNA (10 ng of initial RNA sam-
ple), each primer at 100 –120 nM, and 10 �l of 2� SYBR Green
Master Mix (Applied Biosystems). The PCR cycling conditions
were as follows: 50 °C for 2 min, 95 °C for 10 min, and 40 cycles
at 95 °C for 15 s, and 60 °C for 1 min, respectively. The expres-
sion of 18S served as an internal control. Four independent
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samples prepared from different mice (n � 4 – 6 mice) were
used per genotype/condition. Similarly, three independent
experiments using cell lines were performed, with each condi-
tion done in triplicates. The results were calculated adopting
��Ct analysis and expressed as -fold change in gene expression
relative to 18S expression. Primer sequences used are provided
in Table 1.

Western Blotting Analysis—Protein extracts for Western
blotting analysis were prepared from cells and snap-frozen liver
tissue by homogenization in buffer containing 10 mmol/liter
Tris, pH 7.6, 1% Triton X-100, 0.5% Nonidet P-40, 150 mmol/
liter NaCl, 10 mmol/liter sodium orthovanadate, 10 mmol/liter
Na-pyrophosphate, 100 mmol/liter Na-fluoride, 1 mmol/liter
EDTA, 1 mmol/liter EGTA, and a mixture of protease inhibi-
tors (Roche Applied Science) as described elsewhere (36). Pro-
tein lysates were spun in an Eppendorf centrifuge, and the super-
natants were stored at �80 °C until use. Protein concentrations
were determined using the BCA protein assay. Twenty-five �g of
protein was fractionated onto a 10% denaturing SDS-polyacryl-
amide gel and transferred to PVDF membranes. Blots were
blocked in 5% skimmed milk powder solution in TBST (1� TBS
and 0.1% Tween 20) for 1 h, washed briefly with TBST, incubated
with the primary antibodies, i.e. total Smad3 (Abcam), PEPCK,
G6Pase, FoxO1, PP2A-�, PP2A-�56, PP2A-C� (Santa Cruz
Biotechnology), tubulin (Sigma), phospho-Smad3, phospho-
Akt, Akt, phospho-IRS1, IRS1, phospho-ERK1/2, ERK1/2,
TGF-�RI, phospho-LKB1, LKB1, phospho-AMPK�, AMPK�,
phospho-AMPK�1/2, AMPK�1/2, phospho-FoxO1, FoxO1
(Cell Signaling), and anti-Cre (Novagen), in TBST-BSA for 2 h
to overnight (depending on antibody product sheet recommen-
dations). HRP-coupled secondary antibodies were used before
final detection of the conjugate by chemiluminescence and
visualization by exposure to an X-ray film or ChemiDoc imag-
ing system (Bio-Rad). �-Tubulin was used as a loading control.

Cytoplasmic and Nuclear Fractionation and Immunoprecipi-
tation Assay—Cells were subjected to cytoplasmic and nuclear
fractionation using the NE-PER nuclear and cytoplasmic
extraction reagent (Pierce) from Thermo Scientific. Protein
binding assay were performed using a Pierce co-immunopre-
cipitation kit (Thermo Scientific) following the manufacturer’s
instructions. In brief, an equal amount of protein from each
sample was immunoprecipitated with anti-FoxO1 antibody fol-
lowed by Western blotting analyses with anti-Smad3, anti-

phospho-Smad3, and anti-PP2A-c antibodies. Anti-tubulin
antibody was used as an internal control for the cytoplasmic
fraction, and anti-histone 3 antibody served as an internal con-
trol for the nuclear fraction.

Statistical Analysis—All data are expressed as mean � S.E.
Statistical significance between groups was determined using
two-tailed Student’s t test or one-way analysis of variance. p
values of �0.05 were considered statistically significant, and all
tests were two-sided.
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