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ABSTRACT

Background: Metformin has been widely used to alleviate hyperglycemia in patients with type 2 diabetes mainly
via suppressing hepatic gluconeogenesis. However, the underlying mechanism remains incompletely clear. Here,
we aimed to explore the role of PPP1R3C in metformin-mediated inhibition of hepatic gluconeogenesis.
Methods: The differentially expressed genes in primary mouse hepatocytes incubated with 8-Br-cAMP and met-
formin were analyzed by microarrays. Hepatic glucose production and gluconeogenic gene expressions were de-
tected after adenovirus-mediated overexpression or silence of PPP1R3C in vitro and in vivo. The phosphorylation
level and location of transducer of regulated CREB activity 2 (TORC2) were determined by Western blot and im-
munofluorescence.

Results: Metformin and adenovirus-mediated activation of AMPK suppressed 8-Br-cAMP-stimulated Ppp1r3c
mRNA expression in primary mouse hepatocytes. Overexpression of PPP1R3C in primary mouse hepatocytes
or the livers of wild-type mice promoted hepatic glucose production and gluconeogenic gene expressions. On
the contrary, adenovirus-mediated knockdown of PPP1R3C in primary mouse hepatocytes decreased hepatic
gluconeogenesis, with the suppression of cAMP-stimulated gluconeogenic gene expressions and TORC2 dephos-
phorylation. Notably, Ppp1r3c expression was increased in the liver of db/db mice. After PPP1R3C silence in the
livers of wild-type and db/db mice, blood glucose levels and hepatic glucose production were markedly lowered,
with decreased expressions of key gluconeogenic enzymes and transcript factors as well as liver glycogen con-
tent.

Conclusion: Metformin-activated AMPK decreases hepatic PPP1R3C expression, leading to the suppression of he-
patic gluconeogenesis through blocking cAMP-stimulated TORC2 dephosphorylation. Hepatic specific silence of

PPP1R3C provides a promising therapeutic strategy for type 2 diabetes.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Inappropriate hepatic glucose production is the major cause of hy-
perglycemia in type 2 diabetic patients [1]. Metformin has been widely
accepted as the first-line therapy of choice for patients with type 2
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diabetes for several decades [2]. The major effect of metformin is to re-
duce hepatic glucose output via inhibiting gluconeogenesis [3,4], but the
mechanism of its hypoglycemic action remains imperfectly understood.

At the cellular level, metformin is believed to disrupt hepatic gluco-
neogenesis process by antagonizing the glucagon signaling pathways
via decreasing production of cyclic adenosine monophosphate (cAMP)
or activating AMP-activated protein kinase (AMPK) [5-8]. AMPK, a
well-known Serine/Threonine (Ser/Thr) kinase, functions as an intracel-
lular energy sensor activated by an increase in the AMP/ATP ratio [9,10].
Once activated by metformin, AMPK inhibits the expressions of two
rate-limiting gluconeogenic enzyme genes, phosphoenolpyruvate
carboxykinase (PEPCK, encoded by Pck1) and glucose-6-phosphatase
(G6Pase, encoded by G6pc), leading to a decrease in gluconeogenesis
[11,12]. Although metformin is widely used as an AMPK agonist in bio-
chemical studies, whether AMPK is actually the key effector of metfor-
min on glucose metabolism is uncertain. It was shown that metformin
blocked glucose production in mouse primary hepatocytes lacking all
AMPK catalytic subunits [13].
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Pancreatic glucagon promotes hepatic gluconeogenesis by stimulat-
ing the protein kinase A (PKA)-mediated phosphorylation of cAMP re-
sponse element binding protein (CREB) at Ser 133 and
dephosphorylation of transducer of regulated CREB activity 2 (TORC2)
at Ser 171 [14,15]. The subsequent recruitment of CREB-binding protein
(CBP) leads to the formation of a CREB-CBP-TORC2 complex [16], which
binds to an cAMP response element site (CRE) to increase transcription
of peroxisome proliferator activated receptor vy coactivator-1o (PGC-
1a), Pck1, and G6pc [17]. Increasing evidence suggests that TORC2 is
the crucial factor in the regulation of glucose homeostasis and hepatic
gluconeogenesis [18]. Metformin has been reported to stimulate the
phosphorylation and nuclear exclusion of TORC2 [17]. However, the un-
derlying molecular mechanism has not been fully elucidated.

The reversible phosphorylation of proteins is accomplished by the
coordinated activation of Ser/Thr protein kinases and repression of
counteracting phosphatases. Protein phosphatase 1 (PP1) consists of a
catalytic subunit (PP1c) and a regulatory subunit (PP1r) [19]. There
are seven genes (PPP1R3A to PPP1R3G) encoding PP1 regulatory sub-
unit. As a glycogen-targeting regulatory subunit of PP1, PPP1R3C targets
PP1 to glycogen, where it inhibits glycogen phosphorylase activity and
activates glycogen synthase activity [20]. It has been demonstrated
that overexpression of PPP1R3C in hepatocytes dramatically increases
glycogen synthesis and storage [21,22] and might be involved in
whole body energy metabolism [23]. However, little is known about
the physiologic function of PPP1R3C upon hepatic gluconeogenesis. In
the present study, PPP1R3C was identified as a potential target gene of
metformin in suppressing cAMP-stimulated hepatic gluconeogenesis
by microarray assay. Overexpression of PPP1R3C increased hepatic glu-
coneogenesis in vitro and in vivo while knockdown of PPP1R3C showed
an opposite result. We further explored the molecular mechanism un-
derlying PPP1R3C-regulated gluconeogenesis.

2. Materials and methods
2.1. Animal experiments

Male C57BL/6 mice aged 6-8 weeks were purchased from Shanghai
Slack Experimental Center (Shanghai, China). Male db/db mice aged
4 weeks were purchased from Model Animal Research Center of Nan-
jing University (Nanjing, China). All mice were housed in
temperature-controlled room (21 4 1 °C) under a 12 h light/12 h dark
cycle and given ad libitum access to a standard chow diet and tap
water. All animal protocols were reviewed and approved by the Animal
Care Committee of Ruijin Hospital, Shanghai Jiaotong University School
of Medicine.

2.2. Isolation and culture of mouse primary hepatocyte

To isolate primary hepatocytes from male C57BL/6 mice aged
8 weeks, livers were perfused with 10 ml calcium-free HBSS (Sigma-Al-
drich) followed by 20ml liver digest media containing 0.05% collage-
nase IV (Gibco) through the portal vein in a recirculating manner for
15 min. Hepatocytes suspension was filtered through a 70 pm nylon
mesh, centrifuged at 500g for 5 min at 4 °C, and washed three times
with phosphate buffered solution (PBS). Isolated primary hepatocytes
were incubated in hepatocyte medium containing 100 U/ml penicillin,
100 pg/ml streptomycin, 0.1% bovine serum albumin (BSA) and hepato-
cyte growth factor (ScienCell) at 37 °C in a 5% CO, humidified
atmosphere.

2.3. Glucose production assay

For glucose production assay, hepatocytes were seeded (2.5 x 10°
cells/well) in 24-well plates with pre-stimulation of DMEM containing
5.5 mM glucose, 0.25% BSA and 100 nM dexamethasone for 16 h.
Next, cells were washed twice with PBS and incubated in glucose

production buffer (DMEM without glucose, serum, and phenol red),
supplemented with gluconeogenic substrates (10 mM sodium lactate
and 1 mM pyruvate). After 8 h 8-Bromoadenosine 3’,5’-cyclic
monophosphate (8-Br-cAMP) (Sigma-Aldrich) or metformin treatment,
glucose concentrations in the media were determined by a commer-
cially available glucose assay kit (Applygen).

24. Microarray analysis

Total RNA was extracted from isolated primary mouse hepatocytes
incubated with 100 uM 8-Br-cAMP in the presence or absence of
2 mM metformin for 8 h using TRIzol (Thermo Fisher Scientific). Sample
labeling and array hybridization were performed according to the
Agilent One-Color Microarray-Based Gene Expression Analysis protocol
(Agilent Technology) with minor modifications. The arrays were
scanned by the Agilent Scanner G2505C. Agilent Feature Extraction soft-
ware (version 11.0.1.1) was used to analyze the acquired array images.
Quantile normalization and subsequent data processing were per-
formed using the GeneSpring GX v12.0 software package (Agilent Tech-
nologies). Differentially expressed mRNAs between two groups were
identified through Volcano Plot filtering (Fold Change > 1.5, P value <
0.01). Gene Set Enrichment Analysis (GSEA) is supported by the Broad
Institute website (http://www.broadinstitute.org/gsea/index.jsp) [24]
and performed using the Java GSEA implementation.

2.5. Generation of recombinant adenoviruses

For overexpression, adenoviruses expressing mouse Ppp1r3c (Ad-
Ppp1r3c), Creb (Ad-Creb) or green fluorescent protein (Ad-GFP) were
constructed with a full-length Ppp1r3c, Creb or GFP cDNA coding se-
quence. To knockdown Ppp1r3c expression in hepatocytes, adenovi-
ruses carrying short hairpin (sh) RNA targeting Ppp1r3c (shPpp1r3c-
34: 5’-AAGTGAAGAATGTGAGCTT-3’; shPpp1r3c-35: 5'-CCTCCTATCGA
TGAGTTAG-3’; shPpp1r3c-36:5'-CATTTCTTATCACGCTAAT-3’) or a
scrambled sequence (shCtrl) were generated. Adenoviruses encoding
full length mouse dominant-negative AMPK protein [AMPK-DN
(D157A)] and a constitutively active form of AMPK [AMPK-CA(o-
312)] were constructed. All recombinant adenoviruses were generated
by GeneChem (Shanghai, China).

2.6. Adenovirus infection

Mouse primary hepatocytes were infected with adenovirus accord-
ing to manufacturer instructions (GeneChem) for 24 h. For co-
infection experiments, 24 h after infection with AMPK-CA, AMPK-DN
or Ad-Creb, cells were coinfected with Ad-Ppp1r3c, Ad-GFP, shPpp1r3c
or shCtrl for another 24 h. Cells were then performed further
experiments.

2.7. Pyruvate tolerance test

Mice were injected through the tail vein with Ad-GFP, Ad-Ppp1r3c,
shCtrl or shPpp1r3c (2 x 10° active viral particles in 200 l saline). At
7 days after infection, pyruvate tolerance test (PTT) was performed by
intraperitoneal injection of sodium pyruvate (Sigma-Aldrich) at a dose
of 2 g/kg body weight after a 16 h fasting. Blood glucose was determined
using a portable blood glucose meter (Lifescan, Johnson &Johnson). At
9 days after infection, mice were fasted for 16 h and then killed. Their
livers and plasma were collected for further analysis.

2.8. Liver glycogen assay

The hepatic glycogen contents were measured by a commercial liver
glycogen assay kit (Nanjing Jiancheng Bioengineering Institute) accord-
ing to the manufacturer's protocols by colorimetric methods. After the
reaction, the optical density (OD) value of glycogen suspension was
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determined at 620 nm by spectrophotometer (Evolution 220, Thermo
Fisher Scientific).

2.9. Reverse transcription-quantitative (RT-q) PCR

Total RNA was extracted from primary hepatocytes and mice livers
using TRIzol reagent (Invitrogen) and reverse transcribed into cDNA
using Random Primers (Promega) according to the manufacturer's pro-
tocol. RT-qPCR was performed in a Roche LightCycler 480 system
(Roche Diagnostics) with SYBR Premix EX Taq (Takara). The primer se-
quences used for real-time PCR were shown in Table S1. Relative gene
expression levels were quantified based on the cycle threshold (Cq)
values and normalized to B-actin. The relative gene expression was cal-
culated using the 2744 method.

2.10. Western blot

Hepatic tissues or primary hepatocytes were lysed in
radioimmunoprecipitation (RIPA) buffer containing protease inhibitor
(Sigma-Aldrich) and centrifuged at 6000g at 4 °C for 10 min. Protein
concentration was measured with a BCA protein assay kit (Thermo
Fisher Scientific). Antibodies were purchased as following: anti-
PPP1R3C antibody (GeneChem), anti-TORC2 antibody (Calbiochem),
anti-p-AMPKa (Thr172) antibody (Cell Signaling), anti-t-AMPKo anti-
body (Cell Signaling), anti-acetyl-CoA carboxylase (ACC) antibody(Cell
Signaling), anti-p-ACC (Ser79) antibody (Cell Signaling), anti-p-CREB
(Ser133) antibody (Cell Signaling), anti-t-CREB antibody (Cell Signal-
ing), Anti-PCK1 antibody (Abcam), anti-G6Pase antibody (Abcam),
anti-GAPDH (HRP Conjugate) antibody (Cell Signaling), anti-HSP90 an-
tibody (Cell Signaling), anti-a-Tubulin antibody (Abcam). The results
were visualized using a chemiluminescence detection system
(ImageQuant LAS 4000, GE Healthcare Life Science).

2.11. Immunofluorescence staining

Mice primary hepatocytes grown on collagen-coated cover slips
were fixed for 20 min in PBS containing 4% paraformaldehyde, perme-
abilized in 0.1% Triton X100 for 5 min, and blocked in 5% (wt/vol.) BSA
for 1 h. Cells were then incubated overnight 4 °C with rabbit anti-
TORC2 antibody (1:200) and stained with FITC-labeled anti-guinea
pig IgG (1:200, Jackson ImmunoResearch Laboratories). 4’,6-diamidino-
2-phenylindole (DAPI) was added to stain cell nuclei. The cellular local-
ization of TORC2 was photographed and analyzed by using a fluores-
cence microscope (Olympus BX51, Olympus).

2.12. Statistical analysis

All values are expressed as the mean 4+ standard error of the mean
from at least three independent experiments. Comparisons were per-
formed by using ANOVA for multiple groups or the Student's t-test for
2 groups. P < 0.05 was considered to indicate a statistically significant
difference.

3. Results

3.1. Metformin reduces hepatic glucose production and gluconeogenic gene
expression in isolated mouse hepatocytes

To investigate the effect of metformin on hepatic gluconeogenesis,
8-Br-cAMP (an analogue of cAMP) was used to mimic glucagon-
elicited effect in hepatocytes. After primary mouse hepatocytes were in-
cubated with 100 uM 8-Br-cAMP and various concentrations of metfor-
min for 8 h, metformin dose-dependently suppressed 8-Br-cAMP-
stimulated hepatic glucose production, with the maximum effect at
the concentration of 2 mM (Fig. 1A). Treatment with 2 mM metformin
led to a time-dependent inhibition on hepatic glucose production,

with a significant effect at 4 h (Fig. 1B). According to the above results,
the condition under 2 mM metformin treatment for 8 h was selected
for the further experiments. Consistent with the results of hepatic glu-
coneogenesis, mRNA expressions of Pck1, G6pc, and fructose 1,6-
bisphosphatase (Fbpase, encoded by Fbp1), three rate limiting enzymes
of gluconeogenesis, were strongly induced by 8-Br-cAMP, which were
dramatically decreased by metformin (Fig. 1C-E). Western blotting
showed a similar result for PEPCK protein expression (Fig. 1F). Appar-
ently, it is a well-established experiment condition for exploring the
molecular mechanism underlying metformin-inhibited hepatic
gluconeogenesis.

3.2. Ppplr3c is a potential target gene of metformin in suppressing
gluconeogenesis

To identify the target genes of metformin, the global gene expression
patterns were analyzed in primary mouse hepatocytes exposed to 100
UM 8-Br-cAMP and 2 mM metformin for 8 h. By setting a threshold for
differential expression at fold-change >1.5-fold, there were 1171 differ-
entially expressed genes (642 upregulated and 529 downregulated
genes) between 8-Br-cAMP-treated and control cells (Fig. 2A). Com-
pared with 8-Br-cAMP group, 6072 differentially expressed genes
(3515 upregulated and 2557 downregulated genes) were identified in
metformin group (Fig. 2A). Among 642 cAMP-upregulated genes, 374
were downregulated by metformin (Fig. 2B). Of the 374 differentially
expressed genes, 23 had been demonstrated to be associated with he-
patic gluconeogenesis through consulting literature data, including clas-
sical gluconeogenic genes Pck1, G6pc, and Fbp1(Table S2). It is possible
that other genes in this set of genes are also involved in the regulation
of gluconeogenesis. Therefore, the 374 differentially expressed genes
were further subjected to GO enrichment analysis, KEGG pathway anal-
ysis, and GSEA. GO enrichment analysis revealed that the cluster of
genes were enriched in binding, catalytic activity, intercellular part,
and metabolic process (Fig. 2C). The KEGG pathway enrichment analy-
sis showed that the gluconeogenesis pathway was one of the most
enriched pathways in the set of genes (Fig. 2D). By using GSEA, 9 differ-
entially expressed genes between cAMP group and control group were
core enrichment in gluconeogenesis pathways and the top-ranked gene
was Pck1 (Fig. 2E). In the set of genes enriched in cAMP + metformin
group, GSEA identified 20 pathways associated with cellular response
to metformin. The top-ranked pathway was the insulin-signaling path-
way (Table S3). A ranked gene list of the insulin-signaling pathway was
revealed, beginning with the most downregulated gene in cAMP +
metformin group compared to cAMP group (Fig. 2F, Table S4). Interest-
ingly, the top 5 enriched genes from this pathway all were involved in
the regulation of protein phosphorylation, especially protein phospha-
tase 1, regulatory subunit 3B (Ppp1r3b/G,/PTG), Protein phosphatase 1,
regulatory subunit 3C (Ppp1r3c/Ppp1r5/PTG), and Phosphorylase kinase
alpha 1 (Phkal). Both Ppp1r3b and Ppp1r3c are the regulatory subunits
of PP1. PP1 catalyzes reversible protein dephosphorylation, which is im-
portant in a wide range of cellular function [19]. We further checked
their fold changes in volcano plots and Ppp1r3c exhibited the most no-
table change among them, with 44.7-fold upregulation by 8-Br-cAMP
and 39-fold downregulation by metformin (Fig. 2G). It is widely recog-
nized that PPP1R3C exerts an important effect on glycogen metabolism
[22,23,25]. Considering the remarkable changes of Ppp1r3c expression
level in mouse hepatocytes in response to 8-Br-cAMP and metformin,
it is reasonable to suppose that Ppp1r3c is involved in metformin-
suppressed gluconeogenesis.

3.3. Metformin suppresses Ppplr3c expression via AMPK-dependent
pathway

We further characterized the effect of metformin on Ppp1r3c mRNA
expression in mouse hepatocytes by RT-qPCR. 8-Br-cAMP-stimulated
Ppp1r3c mRNA expression was gradually decreased with increased
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Fig. 1. Metformin inhibits cAMP-stimulated glucose production and gluconeogenic gene expressions in isolated mouse hepatocytes. (A) After isolated mouse hepatocytes were treated
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cAMP alone (CON). (C-E) RT-qPCR analysis of Pck1, G6pc and Fbp1 mRNA expressions in mouse hepatocytes incubated with 100 uM 8-Br-cAMP and 2 mM metformin for 8 h.
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concentrations of metformin (Fig. 3A). Ppp1r3c mRNA expression was
significantly induced by 8-Br-cAMP at 4 h, and reached the peak at 8 h
when the action of 8-Br-cAMP was completely reversed by 2 mM met-
formin (Fig. 3B). Like hepatic gluconeogenic genes including Pgcla,
Pck1, G6pc, and Fbp1, Ppp1r3c mRNA expression was upregulated by
fasting in the liver of mice, and returned to basal level 2 h after refeeding
(Fig. 3C). To investigate whether Ppp1r3c exerts an impact on hepatic
gluconeogenesis, we transfected Ad-Ppp1r3c or shPpp1r3cinto isolated
mouse hepatocytes. After enforced expression of PPP1R3C in hepato-
cytes (Fig. 3D), hepatic glucose production was markedly enhanced in

both basal and 8-Br-cAMP-stimulated statuses. Moreover, PPP1R3C
overexpression antagonized metformin-suppressed gluconeogenesis
(Fig. 3E). On the contrary, hepatic glucose production was significantly
decreased in primary hepatocytes after Ppp1r3c was silenced (Fig. 3F
and G).

There is a debate whether metformin-inhibited gluconeogenesis de-
pends on AMPK activation [4,10,13]. In this current study, the phos-
phorylation levels of AMPK and its downstream substrate ACC were
significantly increased by metformin in mouse hepatocytes, which
was reversed by Compound C, an AMPK competitive inhibitor
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Fig. 2. Gene expression profiling of mouse hepatocytes in response to cAMP or metformin. Primary mouse hepatocytes treated with 100 uM 8-Br-cAMP in the presence or absence of 2 mM
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(Fig. 4A). Meanwhile, Compound C antagonized the inhibitory effect of
metformin on hepatic glucose production (Fig. 4B). To exclude the non-
specific action of Compound C, AMPK-DN or AMPK-CA adenovirus was
transfected into mouse hepatocytes. Metformin-suppressed hepatic
gluconeogenesis was reversed by AMPK-DN (Fig. 4C) while AMPK-CA
transfection completely abolished cAMP-induced gluconeogenesis in
hepatocytes (Fig. 4D). Correspondingly, CAMP-stimulated mRNA ex-
pressions of Pck1 and G6pc were significantly decreased by AMPK-CA
transfection (Fig. 4E). The protein expressions of the two gluconeogenic
genes showed a similar result under the same condition (Fig. 4F). These
results indicate that the inhibitory effect of metformin on hepatic gluco-
neogenesis relies on the activation of AMPK.

To determine whether Ppp1r3c is involved in AMPK activation-
mediated regulation of gluconeogenesis, primary mouse hepatocytes
were transfected with control or AMPK-CA adenoviruses. Not surpris-
ingly, AMPK-CA abolished cAMP-stimulated Ppp1r3c mRNA expression
as expected (Fig. 4G). Ppp1r3c overexpression antagonized AMPK-CA-
suppressed hepatic gluconeogenesis induced by cAMP (Fig. 4H). More-
over, the stimulatory effect of AMPK-DN on gluconeogenesis was

abrogated by Ppp1r3c knockdown (Fig. 41). These results indicate that
metformin decreased hepatic gluconeogenesis through AMPK
activation-suppressed Ppp1r3c expression.

3.4. Ppp1r3c regulates TORC2 phosphorylation and nuclear translocation in
mouse hepatocytes

It has been demonstrated that PKA-mediated phosphorylation of
CREB and dephosphorylation of TORC2 is key to promote hepatic gluco-
neogenesis [16,17]. Our study showed that metformin blocked 8-Br-
cAMP-stimulated TORC2 dephosphorylation in primary mouse hepato-
cytes, but without impact on CREB phosphorylation (Fig. 5A). Addition-
ally, there existed an interaction of TORC2 with PP1 in mouse
hepatocytes as shown in Fig. 5B. Since PP1 activity could be enhanced
by overexpression of Ppp1r3c [26], it is likely that Ppp1r3c regulates
TORC2 phosphorylation level via activating PP1. Sure enough, transfec-
tion with shPpp1r3c blocked the dephosphorylation of TORC2 elicited
by 8-Br-cAMP, whereas no significant change was observed for the
phosphorylation level of CREB (Fig. 5C). Furthermore,
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immunofluorescence staining exhibited a corresponding result. TORC2
was mainly localized in the cytoplasm of mouse hepatocytes at basal
status, and Ppp1r3c knockdown remarkably limited TORC2 nuclear
entry in hepatocytes in response to forskolin (Fig. 5D and E). After

Fxk

P <0.001 vs control

nuclear entry, dephosphorylated TORC2 is thought to stimulate
gluconeogenic gene expression through an association with phosphor-
ylated CREB [27]. Consistent with the result of disrupt TORC2 nuclear
entry, 8-Br-cAMP-induced mRNA expressions of Pck1, G6pc and Fbp1
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were accordingly reduced by shPpp1r3c transfection (Fig. 5F). This was
the case for PEPCK and G6Pase protein expressions (Fig. 5G). To investi-
gate whether PPP1R3C affects CREB-initiated gluconeogenesis, primary

mouse hepatocytes were co-transfection with Ad-Creb and shPpp1r3c
adenoviruses. PPP1R3C knockdown inhibited CREB-elevated hepatic
glucose production in the presence or absence of 8-Br-cAMP (Fig. 5H).
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Fig. 6. Effect of PPP1R3C knockdown or overexpression on glucose metabolism in C57BL/6 mice. (A) Ppp1r3c mRNA expression in the liver, skeletal muscle, and visceral adipose tissues
(VAT) of mice injected with Ad-Ppp1r3c or Ad-GFP adenoviral vectors. (B) PTT after 16 h fasting in mice injected with Ad-Ppp1r3c or Ad-GFP adenoviral vectors. (C) Fasting serum insulin
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injected with shPpp1r3c or shCtrl adenovirus. PTT was performed 7 days after adenovirus injection and mice were killed 9 days after adenovirus injection. Data are expressed as means +

SEM (n = 6). "P< 0.05, “"P< 0.01, “**P < 0.001 vs control mice.

Taken together, these results indicate that Ppp1r3c plays a regulatory
role in hepatic gluconeogenesis through controlling TORC2 nuclear
entry.

3.5. Metabolic effects of Ppp1r3c in normal wild-type mice
To investigate the in vivo effect of PPP1R3C on hepatic glucose pro-

duction, Ad-Ppp1r3c was injected into wild-type C57BL/6 mice by tail
vein and Ppp1r3c expression was significantly increased in liver, not

in skeletal muscle and visceral adipose tissues (Fig. 6A). In PPP1R3C
overexpressing mice, the blood glucose levels were significantly higher
than those of control mice at 0, 30, 60, and 120 min during PTT (Fig. 6B),
without significant changes of fasting serum insulin (Fig. 6C), alanine
aminotransferase, aspartate aminotransferase levels (supplemental
Fig.S1A and B), and body weight (not shown). In consistent with this re-
sult, the mRNA expressions of four gluconeogenic genes including Pck1,
G6pc, Fbp1, and Foxol were upregulated in the liver of Ad-Ppp1r3c
transfected mice (Fig. 6D). On the contrary, after shPpp1r3c adenovirus
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was injected into wild-type C57BL/6 mice by tail vein and Ppp1r3c ex- liver tissue, knockdown of PPP1R3C reduced the glycogen content by
pression was dramatically decreased in liver, not in skeletal muscle nearly half (Fig. 6]).

and visceral adipose tissues (Fig. 6E). There were no obvious differences

in fasting serum insulin (Fig. 6F), two liver enzyme levels (supplemental 3.6. Effects of Ppp1r3c knockdown on glucose metabolism in db/db mice
Fig. S1C and D), and body weight (not shown) between the two groups.

Fasting blood glucose level was decreased in shPpp1r3c-treated mice Interestingly, Ppp1r3c mRNA expression in the liver of db/db mice
compared with control mice (Fig. 6G). PTT revealed a significant de- was markedly elevated compared with that in wild-type mice
crease in hepatic glucose production in shPpp1r3c-treated mice, with  (Fig. 7A). To investigate the therapeutic potential of Ppp1r3c, we admin-
lower blood glucose levels at all time points (Fig. 6H). The mRNA ex- istered shPpp1r3c adenovirus to db/db mice by tail vein injection.
pressions of key gluconeogenic enzymes and transcription factors in-  shPpp1r3c-treated db/db mice showed lower fasting and nonfasting

cluding Pck1, G6pc, Fbp1, Foxol, Pgcla, Hnf4a, and Cebpa were blood glucose levels compared with scramble shRNA-treated db/db
downregulated in the liver of shPpp1r3c-treated mice (Fig. 61). In the mice (Fig. 7B). Similar to the findings in wild-type mice, shPpp1r3c



72 X.Jiet al. | Metabolism Clinical and Experimental 98 (2019) 62-75

treatment considerably decreased blood glucose levels in db/db mice in
the whole process of PTT (Fig. 7C). In parallel with the alleviated hyper-
glycemia in shPpp1r3c-treated mice, the hepatic expressions of genes
related to gluconeogenesis were reduced to some extent (Fig. 7D). The
glycogen content of liver was decreased by 47.7% in shPppl1r3c-
treated db/db mice (Fig. 7E). We further investigated the effect of
Ppp1r3c on glycogen synthesis in isolated mouse hepatocytes in
glucose-free culture media containing sodium lactate and pyruvate.
Overexpression of Ppp1r3c increased glycogen content under both
basal and cAMP-stimulated conditions (Fig. 7F). Conversely, Ppp1r3c
knockdown abolished cAMP-stimulated glycogen synthesis, without ef-
fect at basal status (Fig. 7G). These results suggest that Ppp1r3cis a dou-
ble modulator of hepatic gluconeogenesis and glycogen synthesis.

4. Discussion

The liver plays a major role in the maintenance of normal glucose
homeostasis by controlling the balance between hepatic glucose pro-
duction and storage. During fasting, increased circulating glucagon trig-
gers the gluconeogenic programme via activating the cAMP pathway
[28]. In the present study, 8-Br-cAMP well mimicked the fasting action
of glucagon as the expressions of three key gluconeogenic genes Pck1,
G6pc, and Fbp1 were strongly upregulated by it in the global gene ex-
pression profiles, with the most highly induced gene being Pck1. Coinci-
dentally, the expressions of these three genes were dramatically
decreased in the presence of metformin, exhibiting a high reliability
for this set of microarray data. Therefore, we focused on the cluster of
8-Br-cAMP-upregulated and metformin-downregulated genes. It is
well-known that protein phosphorylation plays a crucial role in the reg-
ulation of hepatic gluconeogenesis. The expression of PPP1R3C, a PP1
regulatory subunit, was paralleled with key gluconeogenic genes in pri-
mary hepatocytes incubated with 8-Br-cAMP and metformin as well as
in the liver of fasting and feeding mice. Using PPP1R3C overexpressing
or interfering adenovirus, we demonstrated a key role of PPP1R3C in
the regulation of hepatic glucose production in vitro and in vivo.

Enhanced hepatic gluconeogenesis is a crucial contributor of hyper-
glycemia in type 2 diabetes [29]. Metformin alleviates hyperglycemia
mainly via suppressing hepatic gluconeogenesis [30]. However, there
exists a contradiction about whether AMPK is indispensable to the hy-
poglycemic effect of metformin. Metformin activates AMPK through
inhibiting the mitochondrial respiratory chain complex I and increasing
the cellular AMP:ATP ratio [31], which promotes AMPKa2 phosphoryla-
tion at Thr172 by the tumor suppressor Liver Kinase B1 (LKB1) [32]. He-
patic deletion of LKB1 abolished the hypoglycemic effects of metformin
in high fat fed diabetic mice [4]. Knockout of AMPK catalytic a-subunits
abrogated metformin-suppressed gluconeogenesis stimulated by cAMP
or glucagon [33]. However, another study showed that metformin was
still able to lower blood glucose level in liver AMPK-deficient mice and
hepatic glucose production in primary hepatocytes from these mice
[13]. In the present study, the metformin-mediated suppression of he-
patic gluconeogenesis was attenuated in hepatocytes treated with com-
pound C or AMPK-DN, supporting that the inhibitory effect of
metformin on hepatic gluconeogenesis is at least partially attributed
to AMPK activation.

TORC2 is a pivotal regulator of the gluconeogenic programme in re-
sponse to both hormonal and intracellular signals [34]. Under ad libitum
feeding conditions, TORC2 is sequestered in the cytoplasm through
phosphorylation-dependent interactions with 14-3-3 proteins. In re-
sponse to fasting, TORC2 is dephosphorylated and translocated to the
nucleus where it mediates CREB-dependent transcription of Pgc-1a
and its subsequent gluconeogenic target genes Pepck and G6Pase [17].
LKB1/AMPK signaling has been reported to regulate the phosphoryla-
tion and nuclear exclusion of TORC2. AICAR-activated AMPK and
insulin-activated salt inducible kinase 2 (SIK2) are found to induce
phosphorylation and nuclear export of TORC2 in hepatocytes [35,36].
In this current study, cAMP-elicited TORC2 dephosphorylation, not

CREB phosphorylation was prevented by metformin in primary hepato-
cytes. Apparently, the block of TORC2 nuclear translocation is a crucial
step for metformin-suppressed gluconeogenesis via activating AMPK.
However, the mechanism underlying AMPK-stimulated TORC2 phos-
phorylation still remains unclear.

Noradrenaline was reported to stimulate Ppp1r3c mRNA expression
via cAMP pathway in mouse cortical astrocytes [37]. Ppp1r3c mRNA
levels were strongly upregulated in the process of 3T3-L1 adipocyte dif-
ferentiation [26], which involves cAMP signal pathway. Foxa2, a tran-
scriptional regulator of hepatic gluconeogenic genes [38], mediated
cAMP-stimulated transcription of Ppp1r3c by binding to its promoter
in liver cells [39]. Metformin inhibited FoxA2-induced G6Pase promoter
activity [40]. In consistent with these results, our study also revealed a
strong induction of Ppp1r3c by 8-Br-cAMP in mouse primary hepato-
cytes. The expressions of Ppp1r3c and gluconeogenic genes including
Pgcla, Pckl, G6pc, and Fbp1 were significantly up-regulated in liver
of fasting mice and returned to normal after refeeding (Fig. 3C). Metfor-
min treatment abrogated glucagon-stimulated cAMP accumulation via
direct inhibition of adenylate cyclase, resulting in the suppression of
the cAMP/PKA pathway and gluconeogenesis [7]. A recent study
showed that AMPK activation antagonized glucagon-triggered cAMP/
PKA signaling by activating cyclic nucleotide phosphodiesterase 4B in
primary mouse hepatocytes [41]. In this study, metformin abolished
8-Br-cAMP-stimulated expression of Ppp1r3c. Silence of PPP1R3C abro-
gated 8-Br-cAMP-elevated hepatic glucose production in mouse hepa-
tocytes, with decreased expressions of key gluconeogenic enzymes.
Overexpression of PPP1R3C antagonized AMPK-CA- and metformin-
mediated suppression of gluconeogenesis. Moreover, adenovirus-
mediated activation of AMPK decreased 8-Br-cAMP-stimulated
Ppp1r3c expression. These results suggest that metformin reduces he-
patic gluconeogenesis via AMPK activation-inhibited Ppp1r3c expres-
sion. It has been demonstrated that hepatic TORC2 dephosphorylation
and activation under fasting or insulin resistant condition are mediated
by activated Ser/Thr phosphatases such as PP2A, PP2B or SMEK/PP4C
[42-44]. PP1 exhibits a different role in cAMP-mediated gene expres-
sion through dephosphorylating CREB [42] and TORC2 [45]. Our Co-IP
assay revealed an interaction of PP1 and TORC2. We further investigated
whether PPP1R3C s involved in TORC2 dephosphorylation. Knockdown
of PPP1R3C blocked cAMP-induced dephosphorylation of TORC2 and
forskolin-promoted nucleus entry in mouse hepatocytes, but did not af-
fect cAMP-stimulated CREB phosphorylation. CREB overexpression-
elicited hepatic gluconeogenesis was attenuated by PPP1R3C silence.
These results suggest that the unique effect of PP1 on target proteins
is dependent on its regulatory unit. cAMP-stimulated PPP1R3C expres-
sion is involved in the enhancement of gluconeogenic programme via
inducing TORC2 dephosphorylation, which could be disrupted by
AMPK activation.

PPP1R3C, encoding protein targeting to glycogen (PTG), isa member
of the family of glycogen-targeting subunits of protein phosphatase-1
[46]. It is widely accepted that PTG is a positive regulator of glycogen
synthesis [46-48]. However, there exist contradictory results about its
role in the regulation of whole-body glucose homeostasis. Overexpres-
sion of PTG in rat liver by adenoviral infection improved glucose toler-
ance, with increased hepatic glycogen accumulation [25]. PTG
heterozygous knockout mice developed age-dependent glucose intoler-
ance and insulin resistance, with a reduction of glycogen in multiple tis-
sues [23]. However, a recent study showed that high-fat diet led to an
increase in hepatic glycogen content via inducing PTG expression in
the liver of mice. Homozygous deletion of PTG alleviated glucose intol-
erance and insulin resistance in high-fat diet-fed mice [49]. In the pres-
ent study, hepatic Ppp1r3c mRNA expression in diabetic db/db mice was
increased compared with that in control mice, suggesting that the ab-
normally high expression of Ppp1r3c in livers may be one of the main
causes of hyperglycemia in diabetes. Enforced expression of PPP1R3C
increased hepatic glucose production with elevated expressions of key
gluconeogenic genes in normal wild-type mice. Conversely, Silence of
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PPP1R3C decreased hepatic glucose production and glycogen accumula-
tion with the downregulation of gluconeogenic gene expressions in nor-
mal wild-type mice as well as in db/db mice.

It has been demonstrated that hepatic glycogen synthesis is
closely linked to the gluconeogenic process. In addition to glucose
uptake, hepatic gluconeogenic fluxes determine the amount of gly-
cogen formed, especially during fasting status [50]. It was reported
that metformin inhibited both hepatic gluconeogenesis and glyco-
gen synthesis, leading to a net decrease in endogenous glucose pro-
duction and improved blood glucose level [51]. Other studies also
showed that postprandial glycogen synthesis was inhibited if the
gluconeogenic flux is blocked [52,53]. Overexpression of PPP1R3C
in liver stimulates glycogen synthesis mainly from gluconeogenic
precursors via the indirect pathway [25]. Consistent with this result,
our in vitro and in vivo studies revealed that glycogen content was
decreased in PPP1R3C silencing mice after hepatic gluconeogenesis
was suppressed, which explains the effect of metformin on hepatic
gluconeogenesis and glycogen synthesis. Our study suggests that
PPP1R3C overexpression-stimulated gluconeogenesis provides glu-
cose as a substrate for glycogen synthesis. PPP1R3C knockdown-
suppressed gluconeogenesis contributes, at least in part, to less he-
patic glycogen accumulation due to the short of substrates.

5. Conclusion

In summary, metformin treatment antagonizes cAMP-stimulated
hepatic PPP1R3C expression via an AMPK-dependent pathway. Silence
of PPP1R3C suppresses hepatic glucose production via blocking cAMP-
induced dephosphorylation of TORC2 and expressions of key
gluconeogenic enzymes and transcript factors (Fig. 8). In wild-type
and db/db mice, hepatic knockdown of PPP1R3C decreases blood glu-
cose level and improves pyruvate tolerance. PPP1R3C is a molecule
linking hepatic gluconeogenesis to glycogen synthesis. Therefore,
liver-specific knockout of PPP1R3C will provide a new strategy for the
treatment of type 2 diabetes.
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