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| Lian-Wen Qil?

Background and Purpose: Hepatic mitochondrial pyruvate carrier (MPC) transports
pyruvate into mitochondria. This study investigated the involvement of MPC1 in
hepatic glucagon response, in order to identify a possible pharmacological intervention.
Experimental Approach: The correlation between hepatic glucagon response and
MPC1 induction was investigated in fasted mice and primary hepatocytes. The
effects of ginsenoside Rb1 on MPC1 function were observed.

Key Results: Glucagon challenge raised blood glucose with hepatic MPC1 induc-
tion, and inhibition of MPC induction coincided with a reduced rise in blood glucose.
cAMP-responsive element-binding protein (CREB) knockdown blocked glucagon-
induced MPC1 expression, while CREB overexpression increased MPC1 expression.
Luciferase reporter, chromatin immunoprecipitation assay, and promoter mutation
confirmed that CREB increased MPC1 transcription through gene promoter induc-
tion. CREB regulated transcription co-activator 2 nuclear translocation was also
required for CREB to promote MPC1 induction. Glucagon shifted mitochondrial
pyruvate towards carboxylation for gluconeogenesis via the opposite regulation of
pyruvate dehydrogenase and carboxylase with respect to MPC1 induction. MPC1
induction was necessary for glucagon to promote pyruvate-driven hepatic glucose
production (HGP), but glucagon failed to influence HGP from other gluconeogenic
substrates routed into the tricarboxylic acid cycle, independent of MPC. Rb1 blocked
cAMP signalling by inhibiting AC activity and deactivated CREB by dephosphoryla-
tion, possibly contributing to inhibiting MPC1 induction to reduce HGP.

Conclusions and Implications: CREB transcriptionally up-regulates MPC1 to
provide pyruvate for gluconeogenesis. Rb1 reduced cAMP formation which conse-
quently reduced CREB-mediated MPC1 induction and thereby might contribute to
limiting pyruvate-dependent HGP. These results suggest a therapeutic strategy to

reduce hyperglycaemia in diabetes.

Abbreviations: CREB, cAMP-responsive element-binding protein; CRTC2, CREB regulated transcription co-activator 2; HGP, hepatic glucose production; MPC, mitochondrial pyruvate carrier; PC,
pyruvate carboxylase; PDH, pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase 4; PGC-1a, PPARYy co-activator 1a; TCA, tricarboxylic acid
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1 | INTRODUCTION

During fasting, increase in circulating pancreatic glucagon stimulates
the gluconeogenic programme for glucose output to provide fuel for
glucose-dependent tissues, especially the brain. The hepatic glucagon
response up-regulates gluconeogenic genes to promote hepatic
glucose production (HGP). The supply of gluconeogenic substrates is
essential for glucose production. Although free amino acids, derived
from the breakdown of muscle protein, can be routed through the
mitochondrial matrix to support HGP during fasting, mitochondrial
pyruvate is thought to be the major gluconeogenic substrate (Katz &
Tayek, 1999; Rauckhorst et al., 2017). Cytoplasmic pyruvate is derived
from several sources in the cytosol including glycolysis and systemi-
cally produced lactate and alanine. The import of pyruvate into
mitochondria is mediated by the mitochondrial pyruvate carrier
(MPC, SLC54, Bricker et al., 2012; Halestrap, 1975). In mitochondria,
pyruvate is oxidized to acetyl-CoA by pyruvate dehydrogenase
(PDH) which is localized in the mitochondrial matrix. Alternatively,
mitochondrial pyruvate may be carboxylated by pyruvate carboxylase
(PC), an initial step in gluconeogenesis. In spite of being required for
glucose homeostasis in the fasting state, enhanced hepatic glucagon
response and excessive HGP are responsible for hyperglycaemia in
diabetes (Unger & Cherrington, 2012).

MPC is a complex of MPC1 and MPC2 subunits, embedded in the
inner mitochondrial membrane. Because MPC1 and MPC2 associate
in an oligomer, loss of either protein can impair the stability of the
other, resulting in loss of MPC function (Bender, Pena, & Martinou,
2015; Bricker et al., 2012; Herzig et al.,, 2012). In high fat diet-fed
mice, MPC mediates increased hepatic mitochondrial pyruvate utiliza-
tion, contributing to hyperglycaemia and liver fibrosis (Rauckhorst
et al., 2017). In diabetic mice, MPC function is enhanced to ensure
efficient gluconeogenesis while loss of MPC activity attenuates
hyperglycaemia (Gray et al., 2015; McCommis et al., 2015). MPC
expression and function could be regulated at different transcriptional
or post-transcriptional levels (Bender & Martinou, 2016). It is
therefore worth investigating whether or not the hepatic response
to glucagon regulates MPC to ensure mitochondrial pyruvate avail-
ability for gluconeogenesis.

By binding to membrane GPCRs, glucagon triggers the activation
of AC to increase cAMP production. Like other second messengers,
cAMP activates the cAMP-responsive element-binding protein
(CREB) by phosphorylation through PKA. CREB is a transcription
factor that stimulates hepatic gluconeogenesis directly by binding to
promoters for phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase genes (Altarejos & Montminy, 2011; Herzig et al.,
2001). In addition, CREB also up-regulates PPARy co-activator 1a
(PGC-1a) and NF-kB-inducing kinase to amplify gluconeogenesis
(Altarejos & Montminy, 2011; Sheng et al., 2012). In fact, CREB is a
multifunctional transcription factor that regulates metabolic signals
in nutrient sensing (Altarejos & Montminy, 2011), a phenomenon
which suggests that CREB activation could transcriptionally up-
regulate MPC induction, enabling the supply of mitochondrial pyru-
vate for efficient HGP.
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What is already known
e Hepatic MPC1 is increased in diabetes.

What this study adds
o CREB mediates glucagon action to up-regulate MPC1

expression via transcriptional regulation.

e Ginsenoside Rb1 reduces cAMP formation and inhibits
MPC1 induction.

What is the clinical significance

e Suppression of MPC1 induction could reduce
hyperglycaemia in diabetes.
The thiazolidinediones, which are known to attenuate

hyperglycaemia in Type 2 diabetes, were unexpectedly found to
inhibit MPC in muscle cells (Divakaruni et al., 2013), suggesting a pos-
sible alternative route for pharmacological intervention. Ginsenosides,
the major active constituents in ginseng, are widely used in traditional
Chinese medicine for the treatment of metabolic disorders.
Ginsenosides are reported to reduce gluconeogenesis, ameliorate
insulin resistance, and promote glucose transport (Bai et al., 2018;
Liu et al., 2017), demonstrating their potential in the regulation of glu-
cose homeostasis. Ginsenoside Rb1 (Rb1) is the most abundant of the
ginsenosides with a demonstrable biological activity against glucose
and lipid metabolic disorders. Rb1 is known to exert antiobesity
and antihyperglycaemic effects in obese mice (Xiong et al., 2010).
Although Rb1 ameliorates metabolic disorders via diverse mecha-
nisms, such as regulation of nervous activity in the hypothalamus
and insulin sensitivity in skeletal muscle (Shen et al., 2015; Xiong
et al., 2010), its regulation of hepatic glucagon response and glucose
production remains unrevealed. In this study, we explored the
effect of Rb1 on pyruvate-driven HGP from the perspective of mito-
chondrial pyruvate transport, with the aim of finding a potential of
pharmacological intervention. Although different sources can serve
as gluconeogenic substrates, we have shown that glucagon promoted
pyruvate-driven glucose production in a MPC1-dependent manner
due to the transcriptional up-regulation of MPC1 by CREB activation.
Rb1 reduced cAMP generation by inhibiting AC activity with CREB
inactivation. This regulation might contribute to limiting mitochondrial
pyruvate transport, indicating the pharmacological potential of
inhibiting MPC1, in order to reduce HGP.

2 | METHODS

2.1 | Animals and ethical statement

The animal care and all experimental procedures were approved by
the Animal Ethics Committee of China Pharmaceutical University.

All efforts were made to minimize animal suffering and to reduce
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the number of animals used (in line with the 3Rs). Animal studies are
reported in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010) and with the recommendations made by the British Journal of
Pharmacology (McGrath & Lilley, 2015). Because hepatic gluconeo-
genesis and MPC1 induction occur in C57BL/6J mice is not related
to the sex of the animals (Gray et al., 2015), we chose male mice in
this study throughout for experimental consistency. Six to 8-week-
old male C57BL/6J mice (18-22 g, RRID:IMSR_JAX:000664) were
provided by the Laboratory Animal Center of Nanjing Qinglongshan
(Nanjing, China). All animals were housed under specific pathogen-
free conditions. Mice were housed in a temperature-controlled facility
(23-25°C) and humidity 40-60% on a 12-hr light-dark cycle with free
access to standard food and water. The numbers of mice used for
each experimental group are shown in the figure legends. Animals
were randomized for treatment. Data collection and evaluation of all
experiments were performed without knowledge of the group

identity.

2.2 | Preparation of primary mouse hepatocytes and
cell culture

Primary hepatocytes were isolated from overnight fasted mice accord-
ing to the method previously reported (Li et al., 2018). In brief, the
liver was digested with collagenase IV (3 ml-min~%), and the hepato-
cytes were harvested by centrifuging. After filtering, the hepatocytes
were collected and resuspended for culturing in DMEM supplemented
with 10% (v/v) FBS, 100 U-ml™? penicillin, and 100 ug:ml™? streptomy-
cin. After 4 hr, the medium was replaced with fresh DMEM containing
10% (v/v) FBS for continuous culture. The prepared hepatocytes were
identified with CK-18 staining to ensure purity. HepG2 cell line was
obtained from the American Type Culture Collection (ATCC Cat#
HB-8065, RRID:CVCL_0027), and 293T cell line was obtained from
Stem Cell Bank, Chinese Academy of Sciences (Cat# SCSP-502,
RRID:CVCL_0063). HepG2 and 293T cells were both cultured in
DMEM supplemented with 10% (v/v) FBS without penicillin and
streptomycin for transfection. Cultured cells were starved for 4 hr in

serum-free medium before experiments.

2.3 | Pyruvate and glucagon tolerance tests

For pyruvate and glucagon tolerance tests, overnight fasted mice
were treated with either Rb1 (20 or 50 mgkg™®) or metformin
(200 mg-kg™?) by gavage 2 hr before pyruvate (2 g-kg™!) or glucagon
(2 mg-kg™) administration by intraperitoneal injection. In the toler-
ance tests, UK5099 was administered by intraperitoneal injection
(10 mg-kg ™). Blood was collected at regular intervals by tail bleeding
for the assay of blood glucose or glucagon levels using commercial
kits. After indicated treatment, mice were anaesthetized with
inhalational isoflurane and killed by rapid cervical dislocation for the

collection of the liver.

24 | cAMP and AMP quantification and the assay of
AC activity

Two hours after glucagon challenge in fasted mice, the liver was col-
lected for the assay of intracellular cAMP and AMP using commercial
kits (Cell Signaling Technology, Danvers, MA, USA), and the results
were normalized to total cell protein content. Primary mouse hepato-
cytes were treated with glucagon (100 nM) for 2 hr and lysed in cell
lysis buffer, and the supernatant fraction was harvested for the assays
of cAMP and AMP. For the determination of AC activity, primary
mouse hepatocytes were incubated with Rb1 for 2 hr, and the cells

were harvested for the assay using the commercial kit.

2.5 | Lactate accumulation and glucose production in
hepatocytes

Hepatocytes were incubated in KRB solution (118-mM NaCl, 4.7-mM
KCl, 1.2-mM MgSO,4, 1.2-mM KH,PO,4, 1.2-mM CaCl,, 20-mM
NaHCO;, 25-mM HEPES pH 7.4, and 0.025% BSA) containing
relevant substrates or indicated agents for 6 hr, and then the medium
was harvested for the assay of produced lactate or glucose using
commercial kits. Glucose output was expressed as the percentage of

untreated basal glucose output.

2.6 | Transfection

We employed Lipofectamine 2000 reagent (Invitrogen, CA, USA) to
transfect HepG2 cells. The cells were transfected with siRNA targeting
CREB, MPC1, or CREB regulated transcription co-activator 2 (CRTC2)
for knockdown, while plasmid targeting CREB or MPC1 and empty
vector (p)CDNA and pEX-3; GenePharma, Suzhou, China) were used
for overexpression. After 24 hr of transfection, cells were cultured in
a fresh medium for further experiments.

2.7 | Luciferase reporter assay

The pGL3-basic MPC1 promoter-luciferase plasmid, wild type CREB,
or mutant CREB (c.397T—G, encoding p.Ser133Ala) plasmid were
co-transfected into primary mouse hepatocytes. The transfection of
the pGL3-basic MPC1 (wild type) promoter-luciferase plasmid, CREB
plasmid, or mutant MPC1 promoter-luciferase plasmid (the mutant
sites is indicated in figure) were conducted in 293T cells using Lipofec-
tamine® 2000. Twenty-four hours after transfection, cells were
treated as indicated in figure legends, and the cell lysates were used
for luciferase assays using the dual-luciferase substrate system
(Promega, America). A Renilla luciferase reporter was used at 0.1 pg

per well as an internal control.

2.8 | Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed accord-

ing to the protocol from the SimpleChIP Enzymatic Chromatin IP Kit
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(Cell Signaling, 9002). Briefly, cells were fixed for 10 min at room
temperature in 1% paraformaldehyde to cross-link proteins to
DNA. The chromatin was harvested using enzymic digestion. An
aliquot of each sample was set aside as input control, while the
remaining portion was immunoprecipitated with antibodies against
CREB overnight at 4°C, with normal rabbit I1gG as control. Immune
complexes were washed in ChIP buffer, and the DNA-protein
cross-links was reversed by addition of NaCl and kept at 65°C for
2 hr. After proteinase K digestion, DNA was purified with columns
and then subjected to gRT-PCR amplification using primers specific
for the MPC1 promoter: site 1: forward primer: 5'-CAAGCGATTCT
TCTGTCTCAGCCTC-3'; reverse primer: 5'-AAGTCCCACCGCGGGT
GCATATTGA-3'. Site 2: forward primer: 5'-GGGGATGTCCATTATT
AACACTAAT-3'; reverse primer: 5'-ACGCCTGTAATCTCAGCAC
TTT-3'. DNA enrichment was evaluated by average values of the
eluate with immunoprecipitated DNA normalized to average values

of input.

2.9 | Quantitative real-time PCR

Total mRNA was isolated, and cDNAs were synthesized using the
HieffTM First Strand cDNA Synthesis Kit (Yeasen, Shanghai, China).
RT-PCR was performed on the CFX96" Real-Time PCR Detection
System (Bio-Rad, USA), details of which is described in Data S1.

2.10 | Western blot analysis and
immunoprecipitation

The antibody-based procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology. Liver tissue or cell
protein was extracted with lysis buffer; the lysates were centrifuged;
and the supernatants were collected. After quantification, the protein
was resolved by 10-12% SDS-PAGE, transferred onto PVDF
membranes, then blocked in 5% non-fat dry milk prepared in TBST,
and incubated with primary antibodies followed by the corresponding
secondary antibodies (Table S2). The relative expression level of the
target protein was normalized to B-actin or VDAC1. The antibody
reactivity was then detected by ECL and quantified with ImageJ soft-
ware (Version 1.48, RRID:SCR_003070).

For immunoprecipitation, lysates from treated primary mouse
hepatocytes were centrifuged, and the supernatant was collected.
Next, the anti-CREB antibody was immunoprecipitated overnight at
4°C and then with protein A + G agarose beads according to the
protocols. CRTC2 expressions were analysed by western blotting.

2.11 | Immunofluorescence

After treatment, HepG2 cells were fixed with 4% paraformaldehyde
for 20 min. The cells were permeabilized with 0.2% Triton X-100
and incubated with 3% BSA for blocking non-specific staining,
followed by incubation with anti-CRTC2 primary antibodies overnight
at 4°C. After washing, the cells were incubated with FITC-labelled
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goat anti-mouse IgG antibody in the dark at 37°C for 1 hr and then
incubated in DAPI for 15 min in the dark at 37°C. After washing, the
cells were visualized under a confocal scanning microscope (Zeiss
LSM 700).

2.12 | Data and statistical analyses

The data and statistical analysis comply with the recommendations
on experimental design and analysis in pharmacology (Curtis et al.,
2018). All experiments were randomized and blinded. The results
are expressed as the means = SD of the indicated number (n) of
independent experiments. The significance of differences was
analysed by one-way ANOVA followed by Tukey's test (more than
two groups) or a Student's t test (two groups). The post hoc tests
are performed only when F achieved P < .05, and there was no
significant variance in homogeneity. All tests were two-sided, and
P < .05 was considered statistically significant. Statistical analysis
was performed using GraphPad Prism 6.0 software (RRID:
SCR_002798).

2.13 | Materials

Ginsenoside Rb1 (purity >98%) was obtained from Nanjing Spring &
Autumn Biological Engineering Co., Ltd. (China), while metformin
was purchased from Shanghai Sangon Biological Engineering Co.,
Ltd. (China). UK5099 and CPI-613 were from Apexbio Technology
LLC (Houston, USA). Bt,-cAMP was bought from Sigma (St. Louis,
MO, USA). Forskolin and 666-15 were purchased from MedChem
Express (New Jersey, USA). H-89 was from Beyotime (Shanghai,
China), while reconstituted glucagon is a product of Novo Nordisk

(Bagsvaerd, Denmark).

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Fabbro,
et al,, 2017; Alexander, Kelly, et al., 2017).

3 | RESULTS

3.1 | Induction of MPCL1 is associated with
hyperglycaemia in response to glucagon and pyruvate
load

In the fasting state, pancreatic glucagon secretion promotes hepatic
gluconeogenesis. To determine if MPC1 induction is involved in
hepatic gluconeogenesis, we measured hepatic MPC1 expression in
fasting mice and found increased MPC1 protein expression

(Figure 1a). Glucagon challenge further increased MPC1 expression
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FIGURE 1 MPC1 expression in the liver of fasted mice. (a) Hepatic MPC1 protein expression during fasting (n = 5 each group); (b) glucagon
secretion in response to pyruvate load (n = 6 each group); (c) blood glucagon levels in pyruvate tolerance tests (n = 6 each group); (d) protein
expression of MPC1 in the liver of pyruvate-treated mice (n = 5 each group); (e) blood glucose levels in glucagon tolerance test (n = 6 each group).
Data shown are individual values with means = SD. *P < .05, significantly different as indicated. Ctrl, control; GIn, glucagon; PYR, pyruvate

(Figure 1a). Pyruvate load increased glucagon secretion (Figure 1b), and
the MPC inhibitor UK5099 effectively attenuated the hyperglycaemic
response with suppression of MPC1 protein expression (Figure 1c,d).
Similarly, UK5099 also reduced the elevated blood glucose levels in
response to glucagon challenge in the fasted mice (Figure 1e).
These results indicate that MPC1 induction is involved in hepatic

gluconeogenesis.

3.2 | Glucagon increases MPC1 expression in
hepatocytes

Glucagon activates AC to generate cAMP that initiates the hepatic
glucagon response. In primary mouse hepatocytes, glucagon stimula-
tion increased cAMP production with increased MPC1 protein expres-
sion (Figure 2a,b). Similarly, the AC activator forskolin and cAMP
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FIGURE 2 Glucagon increased MPC1 expression in hepatocytes. (a) cAMP contents in primary mouse hepatocytes treated with glucagon
(100 nM) for 2 hr (n = 6 each group); (b) protein expression of MPC1 in primary mouse hepatocytes stimulated with glucagon (100 nM) for

2 hr (n = 5 each group); (c-f) MPC1 gene and protein expression in primary mouse hepatocytes exposed to forskolin (10 uM) or Bt,-cAMP
(100 puM) for 2 hr (n = 5 each group); (g) protein expression of MPC1 in primary mouse hepatocytes stimulated with forskolin (10 uM) for 2 hr in
the presence of H-89 (20 uM; n = 5 each group); (h) MPC1 protein expression in primary mouse hepatocytes incubated with glucagon (100 nM)
for 2 hr (n = 5 each group). Data shown are individual values with means + SD. *P < .05, significantly different as indicated. Ctrl, control; Frk,

forskolin; GIn, glucagon

analogue Bt,-cAMP also induced MPC1 gene and protein expression
(Figure 2c-f), indicative of the role of cAMP in MPC1 induction. In
response to cAMP formation, PKA activates CREB by phosphoryla-
tion. In line with this regulation, the PKA inhibitor H-89 attenuated
forskolin-induced MPC1 protein expression in primary mouse hepato-
cytes (Figure 2g). The CREB inhibitor 666-15 attenuated glucagon-
induced MPC1 protein expression, which suggests that glucagon
increases MPC1 induction through CREB-mediated transcriptional
regulation (Figure 2h).

3.3 | CREB transcriptionally up-regulates MPC1

CREB is a transcriptional regulator encoding gluconeogenic genes. We
transfected HepG2 cells with plasmid for CREB overexpression and
found increased gene and protein expressions of MPC1 (Figure 3a,b)
without affecting MPC2 gene expression (Figure S1a). In contrast,
knockdown of CREB with siRNA diminished glucagon-induced MPC1
gene and protein expressions (Figure 3c,d). Luciferase reporter assays
showed that glucagon increased the activity of MPC1 in primary
mouse hepatocytes (Figure 3e). In response to cAMP formation, PKA

133 (

activates CREB by phosphorylation at Ser Altarejos & Montminy,

2011). When primary mouse hepatocytes were transfected with wild
type CREB plasmid, glucagon further increased luciferase reporter
activity of MPC1, but the action was blocked by transfection of CREB
(Ser*33) mutant plasmid (Figure 3e). These results indicate the poten-
tial interaction between CREB and MPC1 induction. Two potential
CREB-binding sites in the MPC1 promoter region were identified in
JASPAR database (Figure 3f), which display significant homology with
the canonical CREB recognition motif TGACGTAA (Altarejos &
Montminy, 2011). Subsequent ChIP assay showed that glucagon
induced the recruitment of CREB to the MPC1 gene promoter at site
1 but not site 2 (Figure 3f). Concordantly, CREB failed to increase
luciferase activity in 293T cells when co-transfected with MPC1
mutant at site 1 vectors (Figure 3g). These results support the critical
role and specific potential site for the transcriptional regulation of
MPC1 gene by CREB. In this regard, forskolin- and Bt,-cAMP induced
glucose production were inhibited by the CREB inhibitor 666-15 in
primary mouse hepatocytes (Figure S1b,c). CRTC2 is a functional
co-activator for cAMP-response genes, facilitating CREB for transcrip-
tional regulation (Altarejos & Montminy, 2011). The result of immuno-
precipitation showed that glucagon increased CRTC2 binding to CREB
(Figure 3h). When CRTC2 was knocked down in HepG2 cells, gluca-

gon failed to induce MPC1 gene expression (Figure 3i). These results
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FIGURE 3 CREB transcriptionally up-regulated MPC1 expression. (a) The mRNA levels of MPC1 in HepG2 cells transfected with CREB
overexpressed plasmid (n = 5 each group); (b) protein expression of MPC1 in HepG2 cells transfected with CREB overexpressed plasmid (n = 5
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indicate that nuclear translocation of CRTC2 with binding to CREB is
required for CREB to promote MPC1 induction. In support of this,
CREB overexpression failed to induce MPC1 gene expression in
CRTC2 knockdown HepG2 cells (Figure 3j).

3.4 | MPC1 is needed for glucagon to promote HGP

Logically, enhanced MPC function should reduce hepatic lactate
accumulation due to the limited conversion of cytosolic pyruvate to
lactate by LDH. Indeed, glucagon stimulation reduced lactate accumula-
tion in the liver and primary mouse hepatocytes. This effect was
attenuated by MPC inhibitor UK5099 in primary mouse hepatocytes
(Figure 4a,b), indicating the role of MPC in glucagon action. When
pyruvate was used as the only substrate in the culture medium (KRB
solution containing 10 mM of pyruvate), glucagon also reduced lactate
accumulation, but this effect was diminished by UK5099 and CREB
inhibitor 666-15 (Figure 4c). Concordantly, glucagon-induced glucose
production was attenuated by UK5099 in primary mouse hepatocytes
(Figure 4d). Because gene expression of Pygl (glycogen phosphorylase,
liver form) and Gys2 (glycogen synthase 2) were not affected
(Figure S2a,b), we reasoned that the glucose produced was possibly
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minimally influenced by glycogenolysis. Methyl pyruvate is inner
membrane-permeable, freely entering into mitochondria without the
transport by MPC. As expected, methyl pyruvate-driven glucose pro-
duction was not affected by glucagon or co-treatment with MPC inhib-
itor UK5099 (Figure 4e), providing evidence to support our speculation
that glucagon promotes pyruvate-driven HGP dependent on MPC1.
Aside from pyruvate, alanine and glutamine are also gluconeogenic
substrates, which enter into mitochondria without MPC transport
(Jeoung, Harris, & Harris, 2014). When alanine and glutamine were
used as the substrates, no significant effects of glucagon on glucose
production were observed (Figure 4f). These results indicate that under
the chosen experimental conditions, glucagon-induced HGP was

mainly driven from pyruvate, and MPC function was needed.

35 |
MPC1

CREB regulates PC and PDK4 in the context of

Upon entry into mitochondria, pyruvate is metabolized through
competing metabolic pathways, oxidation by PDH, or carboxylation
by PC for gluconeogenesis, depending on metabolic demands. To
investigate the influence of glucagon on the fate of mitochondrial
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pyruvate, we examined PC and PDK4 expressions. The results show
that glucagon increased Pc gene expression with impaired PDH activ-
ity, indicated by the increased Pdk4 gene expression (Figure 5a,b).
Consistently, CREB overexpression in HepG2 cells increased PC gene
and protein expression (Figure 5c,d). Meanwhile, PDK4 gene expres-
sion was also increased by CREB overexpression (Figure 5e). These
results suggest that the hepatic glucagon response limits pyruvate
oxidation to facilitate gluconeogenesis through carboxylation pathway
in mitochondria. Concordantly, increased glucose output by glucagon
was reduced but increased by PC inhibitor PAA and PDH inhibitor
CPI-613 (Figure 5f). Moreover, CREB overexpression-induced gene
expressions of PC and PDK4 were blocked by MPC1 knockdown in
HepG2 cells (Figure 5gh), indicating that the glucagon response
regulates mitochondrial pyruvate metabolism in respect of MPC1
induction. As expected, CREB overexpression-induced HGP was
abrogated by MPC1 knockdown in HepG2 cells (Figure S3).

3.6 | Rb1 attenuates hepatic glucagon response

Oral administration of Rb1l (20 or 50 mgkg™) attenuated
hyperglycaemic response in glucagon tolerance test in fasted mice
(Figure 6a). Meanwhile, Rb1 reduced cAMP accumulation with an
increase in AMP contents in the liver (Figure 6b,c), indicating its ability
to inhibit AC. Also, Rb1 inhibited AC activity in primary mouse hepato-
cytes (Figure 6d), and the ICsq of which was 0.88 uM (Figure S4). As a
downstream regulation, Rb1 inactivated CREB by dephosphorylation
in the liver of fasted mice challenged with glucagon (Figure 6ée). The
confocal microscopic image showed that Rb1 effectively prevented
nuclear translocation of CRTC2 in HepG2 cells when exposed to
forskolin (Figure 6f). As a consequence, Rb1 attenuated MPC1 protein
expression (Figure 6g). Similarly, Rb1 administration also reduced
hepatic MPC1 protein expression in fasted mice without glucagon
stimulation (Figure 6h). Metformin lowers blood glucose by inhibiting
hepatic gluconeogenesis (Miller et al., 2013). Using metformin as a
positive control in vivo, we found that it exerted a similar regulation
as Rb1l in mice. These results suggest the possibility that Rbil
attenuated hepatic glucagon response with the implication of MPC1
inhibition.

3.7 | Rb1 restrains pyruvate-driven glucose
production with MPC1 inhibition

In HepG2 cells, Rb1 reduced forskolin-induced MPC1 gene expres-
sion, but this effect was blocked by CREB overexpression (Figure 7
a). This indicates that Rb1l inhibited MPC1 induction via CREB
deactivation. Rb1 reduced glucose production and increased lactate
accumulation, but these actions were blocked by MPC1 overexpres-
sion (Figure 7b,c). Rb1 reduced PC protein expression and improved
PDH by dephosphorylation in the liver of fasted mice (Figure 7d,e).
Similarly, forskolin-induced PC and PDK4 gene expressions were also
attenuated by Rb1 in primary mouse hepatocytes (Figure S5a,b). This

regulation should reduce HGP via shifting mitochondrial pyruvate

away from the gluconeogenic pathway. When methyl pyruvate,
alanine, and glutamine were used as the gluconeogenic substrates,
no significant effects of Rb1 on glucose production were observed
(Figure 7f), indicating that MPC1 inhibition was needed for Rb1 to
reduce pyruvate-derived HGP.

4 | DISCUSSION

Hyperglucagonaemia is often observed in diabetic patients (Unger,
1978). Enhanced hepatic glucagon response promotes excessive
HGP, resulting in hyperglycaemia (Unger & Cherrington, 2012).
Although most gluconeogenic substrates are routed through mito-
chondria, we showed that mitochondrial pyruvate transport is the
initial step in glucagon-mediated HGP, and CREB up-regulates MPC1
to ensure mitochondrial pyruvate availability for gluconeogenesis.

Because glycolysis is inhibited when hepatic gluconeogenesis is
increased, cytosolic pyruvate in the liver is predominantly derived
from systemic lactate accumulation to support gluconeogenic fuel
(Rognstad, 1983). MPC induction is up-regulated in diabetic or high
fat diet-fed mice, contributing to excessive HGP (Gray et al., 2015;
Li et al., 2018). Because several pathological factors can influence
hepatic glucagon response in high fat diet models or obesity models,
we investigated the direct impact of glucagon on MPC1 induction in
normal mice fasted with glucagon load. In tolerance tests, we found
that glucagon and pyruvate load-induced hyperglycaemic responses
were accompanied by induction of hepatic MPC1 and showed that
AC activation-induced cAMP generation was the initial cause of
MPC1 induction. Although it is well established that glucagon pro-
motes HGP through pyruvate-driven endogenous glucose production,
our results indicate that mitochondrial pyruvate transport by MPC1 is
the initial step in the gluconeogenic pathway in the context of the
hepatic response to glucagon.

In cardiomyocytes and cancer cells, deacetylation modification
increases MPC protein induction by improving its stability (Liang, Li,
Huang, Li, & Li, 2015; Vadvalkar et al., 2017). Pyruvate load also
increases MPC expression by preventing degradation, a process which
occurs at 8 hr after MPC1 induction (Li et al., 2018). However, we
found that glucagon-induced MPC1 induction is unlikely to be due
to post-translational regulation, because both glucagon and forskolin
increased MPC1 protein induction with up-regulation of gene
expression in less than 8 hr. In response to cAMP generation and
PKA activation, CREB phosphorylation increases its activity to
transcriptionally regulate lipid and glucose genes by binding to the
promoters (Altarejos & Montminy, 2011). We therefore speculate that
CREB transcriptionally up-regulates MPC1 to ensure efficient HGP.
CREB knockdown blocked glucagon-induced MPC1 gene and protein
expression, indicative of the possibility. PKA activates CREB by phos-
phorylation at Ser'®3 to enhance binding to most promoters with
CREB-binding sites, in cells exposed to cAMP (Altarejos & Montminy,
2011). Glucagon increased luciferase reporter activity of MPC1, but
mutation of CREB at Ser'®3 blocked the response, indicating the need

for CREB activation in the transcriptional regulation of MPC1.
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Increased CREB occupancy at the site of MPC1 promoter and loss of
function by promoter mutation provided solid evidence in support of
transcriptional regulation. PGC-1a is a co-activator involved in
transcriptional regulation of gluconeogenic genes (Altarejos &
Montminy, 2011). PGC-1a is known to induce MPC1 expression in
tumour cells (Koh, Kim, Shin, & Kim, 2018). Hepatic gluconeogenesis
is an anabolic process, and glycolysis is maintained at a low level
(Postic, Dentin, & Girard, 2004), while the energy metabolism in
tumour cells is characterized by aerobic glycolysis. Therefore, it is
possible that the different metabolic settings may be the reason for
the differential regulations of MPC1.

As a co-activator, CRTC2 also senses hormonal and metabolic sig-
nals. CRTC2 is sequestered in the cytoplasm through phosphorylation-
dependent interactions with 14-3-3 protein (Altarejos & Montminy,
2011; Liu et al., 2008). Exposure to cAMP triggers dephosphorylation
and nuclear translocation of CRTCs, which then bind to CREB on

relevant promoters to augment gluconeogenic gene expression
(Altarejos & Montminy, 2011). Consistent with the regulation, we
demonstrated that CRTC2 is required for CREB-mediated MPC1
induction. Because the phosphorylation and nuclear translocation of
CRTC2 can be regulated by AMPK and insulin (Altarejos & Montminy,
2011; Koo et al., 2005; Liu et al., 2008), this finding points to the
possible therapeutic gains of restraining CRTC2 in the cytoplasm by
pharmacological intervention. This could block MPC1 induction, thus
limiting excessive HGP in the context of CREB activation.

Pyruvate plays a pivotal role in connecting glucose, amino acid, and
fatty acid metabolism, and therefore, the regulation of pyruvate flux
into mitochondria should influence mitochondrial metabolism.
However, despite suppression of glucose and pyruvate oxidation,
mitochondrial function and tricarboxylic acid (TCA) cycle metabolism
remain unaffected when MPC is pharmacologically inhibited (Vacanti

et al., 2014). Consistent with this, in mice with liver-specific MPC2
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deficiency, euglycemia is maintained by altered gluconeogenic sub-
strates (McCommis et al., 2015). These events indicate that suppres-
sion of mitochondrial pyruvate transport induces a form of metabolic
flexibility in hepatocytes. Mitochondrial pyruvate is either oxidized in
the TCA cycle by PDH or carboxylated by PC for gluconeogenic path-
way. However, we found that CREB overexpression transcriptionally
up-regulated PC with impaired PDH activity, and the opposite regula-
tion shifted mitochondrial pyruvate towards hepatic gluconeogenesis.
PC-mediated carboxylation is increased in the liver of high fat diet-fed
mice (Lee et al., 2013), while glucagon favours the partitioning of pyru-
vate towards carboxylation regulated by PC (Agius & Alberti, 1985).
CREB is also shown to up-regulate PC gene (Agius & Alberti, 1985).
Interestingly, we found that the opposite regulation of PC and PDH
activity by CREB was in respect of MPC1 induction. Although the
distinct mechanism is unknown, we reason that the opposing actions
of CREB in the regulation of PC and PDH should be an adaptive
response to MPC1 induction, ensuring mitochondrial pyruvate viability
for glucose production. Fasting triggers protein breakdown in skeletal
muscle, and the released free amino acids are the major precursors of
hepatic gluconeogenesis, entering mitochondria independent of MPC.
Glucagon failed to influence glucose production when alanine and
glutamine were used as gluconeogenic substrates, further indicating
that MPC-mediated mitochondrial pyruvate transport is the main
route for HGP promotion. Additionally, the role of alanine-pyruvate
interconversion in gluconeogenesis is worth considering. Alanine-
pyruvate interconversion is catalysed by two alanine transaminase
(ALT) enzymes: ALT1 is localized in the cytosol, while alanine transam-
inase 2 (ALT2) is localized within the mitochondrial matrix (Yang et al.,
2009). Because alanine can enter mitochondria through an unidenti-
fied mitochondrial alanine transporter, the alanine-pyruvate cycling
provides an alternative route for pyruvate carbon entry into mitochon-
drial pathways, especially when MPC function is impaired. The
alanine-pyruvate cycling is indicative of the adaptive regulation in
gluconeogenesis (McCommis et al., 2015).

Ginsenoside Rg5 reduces cAMP accumulation to ameliorate insulin
resistance in muscle and to restrain hepatic glucagon response (Xiao,
Lou, et al., 2017; Xiao, Yang, et al., 2017). In the present study, we
found that another ginsenoside Rb1 inhibited AC activity to prevent
glucagon-induced cAMP formation with an increase in AMP accumu-
lation. This action is probably due to reduced cellular energy charge,
as the generated AMP allosterically inhibits AC activity (Fain, Pointer,
& Ward, 1972). Metformin reduced hepatic cAMP accumulation by
reducing cellular energy charge, contributing to the suppression of
the hepatic glucagon response (Miller et al., 2013). Rb1 increases cel-
lular AMP/ATP ratio to activate hepatic AMPK (Shen et al., 2013) and
AMP generation partly explains AC inhibition by Rb1. As a conse-
quence, Rb1l inactivated CREB by dephosphorylation, probably
contributing to decresing MPC1. In response to cAMP signalling, the
nuclear translocation of CRTC2 ensures the transcriptional regulation
by CREB, while AMPK phosphorylates CRTC2 at Ser'’* to sequester
CRTC2 in the cytoplasm (Altarejos & Montminy, 2011). Insulin, by
Akt activation, inhibits gluconeogenic gene expression by promoting

the phosphorylation and ubiquitin-dependent degradation of CRTC2

(Dentin et al., 2007). Rb1 is reported to activate hepatic AMPK to
reduce fatty liver and increases insulin sensitivity to suppress expres-
sion of gluconeogenic genes (Shen et al., 2015), suggesting another
possible way to inhibit MPC1 induction.

We have demonstrated that Rb1 reduced cAMP generation and
suppressed MPC1 induction in the liver of fasted mice. It is however
worthy of note that Rb1 is a multifunctional compound and amelio-
rates diverse metabolic disorders via different mechanisms. Several
pathological factors, such as inflammation, insulin resistance, and lipid
deposition, are involved in hyperglycaemia in diabetes. Therefore, a
comprehensive study with an emphasis on mitochondrial pyruvate
import in a diabetic animal model is necessary for the full evaluation
of the antidiabetic potential of Rb1.

In summary, CREB mediates glucagon action to transcriptionally
up-regulate MPC1 induction, ensuring efficient glucose production.
Rb1 blocked cAMP signalling by AC deactivation and thus inactivated
CREB. This resulted in a reduced pyruvate-driven glucose production
to which the inhibition of the MPC1 induction may have contributed.

The proposed mechanism is shown in Figure 8. This finding not only
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FIGURE 8 The proposed mechanism for ginsenoside Rb1 (Rb1) to
restrain pyruvate-driven hepatic glucose production. Glucagon
activates AC to generate cAMP and then activates cAMP-responsive
element-binding protein (CREB). CREB transcriptionally up-regulates
the mitochondrial pyruvate carrier 1 (MPC1) to promote mitochondrial
pyruvate transport and shifts mitochondrial pyruvate metabolism
towards carboxylation for gluconeogenesis by opposing regulation of
pyruvate carboxylase (PC) and pyruvate dehydrogenase (PDH). Rb1
blocked cAMP signalling by AC deactivation and thus inactivated
CREB to reduce pyruvate-driven glucose production via inhibition of
mitochondrial pyruvate transport through MPC1
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reveals a previously unrecognized role of ginsenosides in antidiabetic
action but also suggests that inhibition of mitochondrial pyruvate
import might be a potential therapeutic strategy to reduce fasting
hyperglycaemia in diabetes.
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