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ABSTRACT
PGC-1α, a major metabolic regulator of gluconeogenesis and lipogenesis, is 

strongly induced to coactivate Hepatitis B virus (HBV) gene expression in the liver 
of fasting mice. We found that 8-Br-cAMP and glucocorticoids synergistically induce 
PGC-1α and its downstream targets, including PEPCK and G6Pase. Also, HBV core 
promoter activity was synergistically enhanced by 8-Br-cAMP and glucocorticoids. 
Graptopetalum paraguayense (GP), a herbal medicine, is commonly used in Taiwan 
to treat liver disorders. Partially purified fraction of GP (named HH-F3) suppressed 
8-Br-cAMP/glucocorticoid-induced G6Pase, PEPCK and PGC-1α expression and 
suppressed HBV core promoter activity. HH-F3 blocked HBV core promoter activity 
via inhibition of PGC-1α expression. Ectopically expressed PGC-1α rescued HH-F3-
inhibited HBV surface antigen expression, HBV mRNA production, core protein levels, 
and HBV replication. HH-F3 also inhibited fatty acid synthase (FASN) expression and 
decreased lipid accumulation by down-regulating PGC-1α. Thus, HH-F3 can inhibit 
HBV replication, gluconeogenesis and lipogenesis by down-regulating PGC-1α. Our 
study indicates that targeting PGC-1α may be a therapeutic strategy for treatment of 
HBV infections. HH-F3 may have potential use for the treatment of chronic hepatitis 
B patients with associated metabolic syndrome.

INTRODUCTION

Hepatitis B virus (HBV) infection frequently 
results in acute and chronic hepatitis, which could lead 
to liver cirrhosis and hepatocellular carcinoma (HCC). 

Approximately 350 million people worldwide are infected 
by HBV [1]. Based on recent studies, the impact of non-
alcoholic fatty liver disease (NAFLD) or non-alcoholic 
fatty steatohepatitis as the hepatic manifestation of 
diabetes/obesity has been clearly linked to liver disease 



Oncotarget7789www.impactjournals.com/oncotarget

progression (fibrosis, cirrhosis) and HCC risk in several 
clinical or molecular studies. The risk of HCC increases 
more than 100-fold in HBV carriers with both obesity and 
diabetes, indicating the synergistic effects of metabolic 
factors and hepatitis [2, 3]. Four proteins originate from the 
HBV genome, including polymerase, surface antigen, core, 
and HBx proteins. HBx and core proteins are associated 
with HBV-related pathogenesis [4, 5]. The X gene encodes 
the X protein (HBx), which has transactivating properties 
and might be important in hepatic carcinogenesis. The core 
gene encodes the core nucleocapsid protein (important 
in viral packaging) [6]. In vitro studies suggest that core 
promoter mutations increase HBV replication [7].

Diminishing viral replication remains crucial for 
patients because it not only prevents further infection 
but also attenuates the inflammation response to viral 
expression. Currently, no therapeutic strategy that could 
completely eradicate HBV from the host is hitherto 
available. The current anti-HBV drugs of choice are 
members of the nucleoside analog family, including 
lamivudine [3TC], adefovir, andentecavir. Because these 
drugs mainly target the viral polymerase [8], resistance and 
cross-resistance against nucleoside analogs have emerged 
after only one to two years of treatment [9]. The point 
mutations that lead to the emergence of resistance have 
also been identified recently [10]. Since viral replication 
elements have been targeted to stall HBV production, 
increasing attention is being focused on identifying anti-
HBV agents unaffected by resistance. Therefore, the 
development of a new generation of anti-HBV agents with 
new modes of action is urgently needed.

Peroxisome proliferator-activated receptor-γ 
coactivator 1 (PGC-1α) plays a crucial role in the 
maintenance of glucose, lipid, and energy homeostasis in 
the liver. The elevated expression of PGC-1α may alter the 
metabolic properties of tissues and lead to various diseases 
with an underlying dysregulation of metabolism, such as 
obesity [11], diabetes [12], neurodegeneration [13], and 
cardiomyopathy [14]. Several reports have suggested 
that HBV adopts a mode of regulation similar to major 
gluconeogenesis genes in the liver, such as PEPCK and 
G6Pase, which are co-regulated by PGC-1α, HNF4α and 
FOXO1 [15, 16]. Interestingly, PGC-1α induces oxidative 
phosphorylation, and the expression of tricarboxylic acid 
cycle genes—such as SLC25A1 and ACLY—also increases 
the expression of the de novo fatty acid synthesis enzymes, 
acetyl CoA carboxylase (ACC) and fatty acid synthase 
(FASN) [17]. The genes involved in the biosynthesis of 
lipids, such as FASN and SREBP-2, are up-regulated in 
HBV-transgenic mouse liver [18]. These findings imply 
that aberrations of lipid metabolism are also associated 
with chronic HBV infection.

Graptopetalum paraguayense (GP), a herbal 
medicine commonly used in Taiwan, is considered to 
have potentially beneficial effects by alleviating hepatic 
disorders, lowering blood pressure, relieving pain and 

infections, and inhibiting inflammation [19, 20]. In 
addition, GP extracts show a hepatoprotective effect via 
promoting antioxidative and anti-inflammatory properties 
against CCl4-induced oxidative liver damage [21]. 
Microarray profiling showed that the expression of most 
metabolism- and cell growth- and/or maintenance-related 
genes was recovered to near normal levels following 
GP treatment in a DMN-induced liver fibrosis model 
[22]. Moreover, the administration of GP ameliorated 
chemical-induced hepatic damage and fibrosis in vivo 
and suppressed hepatic stellate cell (HSC) and Kupffer 
cell activation in vitro, suggesting that GP most likely is 
a therapeutic drug for hepatic inflammation and fibrosis 
[23]. Furthermore, GP could improve carboxymethyllysine 
(CML)-induced hyperglycemia and results in a significant 
reduction in blood pressure, blood glucose, and lipid 
profiles in patients with metabolic syndrome after 
supplementation with water extracts of GP [24, 25]. The 
literature indicates a significant reduction in the blood 
glucose level and lipid profiles in subjects with metabolic 
syndrome after supplementation with water extracts of GP.

In this study, we found that GP and its partially 
purified fraction (HH-F3) could down-regulate PGC-1α 
expression, resulting in the inhibition of gluconeogenesis, 
lipogenesis, and HBV replication. These observations 
suggest that GP/HH-F3 is a potential agent to be used 
for the treatment of HBV-related fibrosis/cancer with 
metabolic syndrome.

RESULTS

Pathway analysis of up- and down-regulated 
genes in hepatocellular carcinoma

Pathway analysis of our collected HCC gene 
signatures from EHCO3 indicates that up-regulated genes 
are mainly enriched in signaling, infection and cell cycle-
related pathways, whereas down-regulated genes are 
enriched in metabolism pathways related to lipid synthesis, 
glycolysis, and amino acid metabolism (Figure 1A–1B). 
The up-regulated genes are mostly factors modulating 
signaling pathways in tumor cells to maintain the production 
of necessary materials for proliferation, and many of them 
are drug targets such as mitogen-activated protein kinase 
(MAPK). On the other hand, the down-regulated genes 
are mainly involved in lipid, amino acids, cytochrome 
P450, and glycolysis-related pathways. Down-regulation 
of enzymes might implicate that some metabolic reactions 
have been slowed down and resulted in the accumulation 
of upstream intermediates, such as glucose-6-phosphate 
(G-6-P) and 3-phosphoglycerate (3-PG), which could be 
used by pathways needed for HCC to proliferate [30, 31].

Recent studies also support that metabolic 
reprogramming is the core hallmark of cancer, and one 
of the functions of activated oncogenes and inactivated 
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Figure 1: Pathway analysis of up- and down-regulated genes in hepatocellular carcinoma. Two network diagrams are 
presented here to illustrate the pathways enriched by up- and down-regulated genes, respectively. (A) Up-regulated genes were mainly 
enriched in signaling, infection, and cell cycle-related pathways, whereas (B) down-regulated genes were enriched only in metabolism 
pathways related to lipid synthesis, glycolysis, amino acid metabolism, and P450 metabolism. Each node represents a pathway, and the 
number of genes in the pathway determines the size of the node. The larger the pathway, the bigger the size of the node is. The P-value from 
pathway enrichment analysis determines the redness of the balls. The lower the p-value, the redder the node is. The thickness of the lines 
between nodes in the network represents the number of genes that the two pathways have in common. (C) The blueprint of metabolism 
pathways adapted from KEGG to illustrate dysregulated reactions based on EHCO3 (green lines: reactions whose enzymes are down-
regulated; red lines: reactions whose enzymes are up-regulated). Purple lines are reactions whose enzymes in HCC could be reversed from 
down-regulation to up-regulation by GP/HH-F3, whereas blue lines are reactions whose enzyme expression levels could be suppressed by 
GP/HH-F3. (D) Huh7 cells were treated with 30% DMSO GP extracts and HH-F3 for 24 h, respectively. Western blot shows the effects after 
GP/HH-F3 treatment for HK2, PKM2, pyruvate dehydrogenase complex (PDH), phosphorylated PDH (p-PDH) and PDHK with GAPDH 
used as a control. (E) GP/HH-F3 could influence the TCA cycle via down-regulation of phosphorylated PDH, but GP/HH-F3 could not 
affect other molecules in the TCA cycle. A possible mechanism describing how GP/HH-F3 restores dysregulated glycolysis. Glucose-6-
phosphate (G-6-P), 3-phosphoglycerate (3-PG), and phosphoenolpyruvate (PEP) are key intermediates in glycolysis.
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tumor suppressors is to reprogram cellular metabolism 
[30]. Here, we employed the blueprint of metabolism 
pathways adapted from KEGG to illustrate dysregulated 
reactions based on EHCO3. As described, treatment 
with GP could reverse most metabolism-regulated gene 
signatures in a DMN-induced rat liver fibrosis model 
[22]. Using these GP gene signatures, bioinformatics 
analysis predicts that GP might modulate some of the 
dysregulated metabolic enzymes (Figure 1C). We next 
tested whether GP and its purified active fraction HH-
F3 might affect glycolysis. Huh7 cells were treated 
with various concentrations of GP and HH-F3 for 24 h. 
Western blot analysis indicated that GP and HH-F3 did 
not change the total protein expression of hexokinase 
2(HK2) and pyruvate kinase muscle isozyme M2 
(PKM2), but suppressed pyruvate dehydrogenase kinase 
(PDHK) and phosphorylated pyruvate dehydrogenase 
(PDH) (Ser293) (Figures 1D–1E).

HH-F3 suppresses gluconeogenic enzymes, 
G6Pase and PEPCK gene expression

To examine the effects of GP and HH-F3 on 
gluconeogenesis in HCC, the Hep3B/T2 hepatoma cell 
line expressing HBV was pretreated with 8-Bromo-cAMP 
and dexamethasone (8-Br-cAMP/Dex) for 30 min and then 
was treated with HH-F3 for 24 h. All of the reagents used, 
including 8-Br-cAMP, dexamethasone, and HH-F3 (20 μg/
ml), did not affect cell viability within 24 h (Supplementary 
Figure 1). Consistent with previous studies, 8-Br-cAMP/
Dex could synergistically activate gene expression of key 
gluconeogenic genes, including phosphoenol pyruvate 
carboxykinase (PEPCK) and glucose-6-phosphatase 
(G6Pase), in Hep3B/T2 cells. Treatment with HH-F3 
suppressed 8-Br-cAMP/Dex-induced PEPCK and G6Pase 
gene expression dose-dependently (Figure 2A and 2B). 
Similarly, the incubation of Hep3B/T2 cells with 8-Br-
cAMP/Dex increased G6Pase promoter activity. Exposure 
to HH-F3 significantly reduced 8-Br-cAMP/Dex-induced 
G6Pase promoter activity (Figure 2C). These results 
indicate that HH-F3 can inhibit key gluconeogenic enzyme 
gene expression.

HH-F3 suppresses gluconeogenic coactivator 
PGC-1α expression

The metabolic regulator PGC-1α robustly 
coactivates the transcription of gluconeogenic enzyme 
genes through HNF4α and FOXO1 [16, 32]. To determine 
whether HH-F3 might affect the coactivation of PGC-1α,  
HNF4α and FOXO1 to regulate gluconeogenic enzyme 
transcription, Hep3B/T2 cells were pretreated with 
8-Br-cAMP/Dex for 30 min followed by treatment 
with HH-F3 for 24 h, and then the level of PGC-1α, 
HNF4α and FOXO1 were examined by Q-RT PCR or 
Western blot analysis. As shown in Figure 3A and 3B, 
8-Br-cAMP/Dex synergistically activated the gene and 

protein expression of PGC-1α. Treatment with HH-F3 
suppressed 8-Br-cAMP/Dex-induced PGC-1α gene 
expression (Figure 3A and 3C). HH-F3 also decreased 
the protein levels of FOXO1 and HNF4α, which were 
associated with gluconeogenic transcription factor 
expression in Hep3B/T2 cells (Figure 3C). These results 
suggest that HH-F3-suppressed gluconeogenic enzyme 
expression may occur via inhibition of PGC-1α gene 
expression.

HH-F3 inhibits 8-Br-cAMP/Dex-induced core 
promoter expression

PGC-1α has been shown to coactivate FOXO1 
and HNF4α to regulate HBV gene transcription [15, 33]; 
therefore, the activities of HBV core and X promoters 
were estimated upon 8-Br-cAMP/Dex treatment in the 
absence or presence of HH-F3. Interestingly, 8-Br-
cAMP/Dex synergistically activated hepatitis B viral 
core promoter activity, but had no effect on the HBV X 
promoter (Figure 3D). Treatment with HH-F3 could dose 
dependently suppress 8-Br-cAMP/Dex-induced HBV core 
promoter activity in Hep3B/T2 cells (Figure 3E).

Overexpression of PGC-1α reverses the  
HH-F3-mediated decrease of HBV core 
promoter activity

The combination of 8-Br-cAMP and Dex could 
synergistic stimulate HBV core promoter activity 
(Figure 3D); thus, to identify the 8-Br-cAMP/Dex 
response region located within the HBV core promoter, 
Hep3B/T2 cells were transfected with full-length and 
truncated HBV core promoter constructs (CP and CPD1–3)  
(Figure 4A), and then exposed to 8-Br-cAMP/Dex. The 
luciferase assay indicated that the CP (nt 1636–1851) 
and CPD1 (nt 1656–1851) exhibited the maximum 
luciferase activity, which was much higher than that 
of CPD2 (nt 1675–1851) and CPD3 (nt 1708–1851). 
When nt 1656–1675 of CPD1 was deleted, the 8-Br-
cAMP/Dex-induced luciferase activity was significantly 
reduced (Figure 4B). It has been reported that PGC-1α 
can regulate HBV gene expression in HBV transgenic 
mice [33]. To address whether PGC-1α was involved in 
HBV core promoter activation, full-length and truncated 
HBV core promoter constructs (CP and CPD1–3) were 
cotransfected with the plasmid encoding human PGC-1α 
into Hep3B/T2 cells. As expected, when nt 1656–1675 
of CPD1 were deleted (Figure 4B), luciferase activity 
was significantly reduced (Figure 4C). These results 
suggest that the sequence spanning nt 1656 to nt 1675 
within the HBV core promoter might be important 
for PGC-1α to induce HBV core promoter activity. 
Our above results showed that HH-F3 inhibited PGC-
1α mRNA and protein expression, as well as HBV 
core promoter activity (Figure 3). Next, the HBV 
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core promoter was cotransfected with PGC-1α in the 
presence or absence of 8-Br-cAMP/Dex in Hep3B/
T2 cells, and the levels of PGC-1α and FOXO1 were 
determined (Figure 4D, left panel). The luciferase assay 
indicated that overexpression of PGC-1α effectively 
reversed the HH-F3-triggered HBV core promoter 
inhibition (Figure 4D, right panel). These results suggest 
that HH-F3-suppressed HBV core promoter activation 
occurred through the inhibition of gluconeogenic 
coactivator PGC-1α expression.

HH-F3 suppresses gluconeogenic enzyme 
expression, HBV surface antigen (HBsAg) gene 
expression, and the HBV DNA level in Hep3B/T2 
and 1.3ES2 cells

To evaluate whether HH-F3 might affect HBV gene 
expression, we used the Hep3B/T2 cell line, which can 
continuously secrete HBsAg into the culture medium, as 
our cell model. Treatment of HH-F3 for 48 h resulted in 
a dose-dependent suppression of HBsAg expression in 

Figure 2: HH-F3 suppresses 8-bromo-cAMP/dexamethasone-induced gluconeogenic enzymesG6Pase and PEPCK 
gene expression, and G6Pase promoter activity. Human hepatoma Hep3B/T2 cells were pre-treated with 0.5 mM 8-bromo-cAMP 
(8-Br-cAMP) alone or 0.5 μM dexamethasone (Dex) alone or both for 30 minutes. Different concentrations of HH-F3 were then added in 
serum-free DMEM for 24 h. The mRNAs of the gluconeogenic genes (A) PEPCK and (B) G6Pase were isolated and measured by Q-RT 
PCR and normalized to β-actin. Insulin was used as a positive control. (C) For the promoter activity assay, Hep3B/T2 cells were transfected 
with luciferase reporter plasmids driven by the G6Pase promoter. The luciferase activities were normalized to the β-galactosidase activity 
from co-transfected pCMV-β-galactosidase plasmids. *P < 0.05 compared with the vehicle group. #P < 0.05, ##P < 0.01 compared with 
the 8-Br-cAMP/Dex-induced group (n = 3).
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Figure 3: HH-F3 suppresses 8-Br-cAMP/dexamethasone-induced coactivator transcription factor gene expression 
and HBV core promoter activity. Hep3B/T2 cells were pretreated with 8-Br-cAMP/Dex for 30 min. Different concentrations of 
HH-F3 were then added in serum-free DMEM for 24 h. (A) PGC-1α mRNA was measured by Q-RT PCR and normalized to β-actin. 
Insulin was used as a positive control. (B and C) Nuclear extracts were isolated, and the levels of PGC-1α and HNF-4α, FOXO1 
proteins were determined by Western blotting. B23 was used as a nuclear protein loading control. (D and E) For the promoter 
activity assay, Hep3B/T2 cells were transfected with luciferase reporter plasmids driven by the HBV core promoter (CP) and HBV X 
promoter (XP). One day after 8-Br-cAMP/Dex treatment in the absence or presence of different concentrations of HH-F3 in serum-free 
DMEM, cell lysates were prepared for luciferase activity analysis as described previously. *P < 0.05 compared with the vehicle group.  
#P < 0.05, ##P < 0.01 compared with the 8-Br-cAMP/Dex-induced group (n = 3).
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Figure 4: CP (nt 1656–1675) is the cis-element responsible for 8-Br-cAMP/Dex to HBV core promoter activity, and 
overexpression of PGC-1α can reverse the inhibition of HH-F3 to the core promoter. (A and B) Hep3B/T2 cells were transfected 
with luciferase reporter plasmids driven by the HBV core promoter (CP) and three truncated HBV core promoters (CPD1, CPD2 and CPD3), 
respectively. One day after 8-Br-cAMP/Dex treatment, cell lysates were prepared for luciferase activity analysis. (C) Various HBV core promoter 
constructs were cotransfected with pcDNA-PGC-1α, respectively, and then were subjected to the luciferase assay. (D) HBV core promoter (CP) 
was cotransfected with pcDNA-PGC-1α. One day after 8-Br-cAMP/Dex treatment in the absence or presence of different concentrations of HH-
F3 in serum-free DMEM, cell lysates were prepared for the luciferase assay. Hep3B/T2 cells were transfected with pcDNA-PGC-1α (0.1 μg/ml),  
and PGC-1α protein levels were determined by Western blot analysis. β-actin was used as a loading control. **P < 0.01, ***P < 0.005 
compared with the vehicle group. ##P < 0.01, ###P < 0.005 compared with the 8-Br-cAMP/Dex-induced group (n = 3).
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Hep3B/T2 cells (Figure 5A). Next, we used the 1.3ES2 
cell line, which is a subline of HepG2 cells, containing 
1.3 copies of the entire HBV genome stably integrated 
into the HepG2 cell genome [34]. To explore whether 
HH-F3 could inhibit HBV gene expression via the 
regulation of PGC-1α, 1.3ES2 cells were treated with 
HH-F3 for 48 h. As a result, HH-F3 not only suppressed 
gluconeogenic enzyme G6Pase, PEPCK (Figure 5B) 
and coactivator PGC-1α gene expression (Figure 5C) 
but also suppressed HBV mRNA (Figure 5D) and core 
protein levels (Figure 5E) in 1.3ES2 cells. Additionally, 
treatment with HH-F3 significantly reduced HBV DNA 
replication in a dose-dependent manner in 1.3ES2 cells 
(Figure 5F). The synthetic compound HE-145 has been 
reported to inhibit HBV gene expression [35]; therefore, it 
was used as a positive control. These results indicate that 
HH-F3 inhibition of viral expression may be associated 
with gluconeogenesis machinery.

HH-F3 treatment decreases fatty acid synthesis 
and lipid accumulation in HCC

AMPK is a cellular energy sensor that inhibits ATP 
consumption and stimulates ATP production under energy-
depleted conditions. Activated AMPK can stimulate ATP  
generation by increasing fatty acid oxidation and reducing  
ATP hydrolysis through decreased lipogenesis and gluco-
neogenesis. It has been reported that activated AMPK  
can phosphorylate TORC2, which mediates CREB-
dependent transcription of PGC-1α and PGC-1α downstream 
targets PEPCK and G6Pase, thus inhibiting hepatic gluco-
neogenesis [36, 37]. We next examined whether HH-F3 
could induce the phosphorylation of AMPK in Hep3B/
T2 cells. In Figure 6D and Supplementary Figure 2A, 
treatment of Hep3B/T2 cells with HH-F3 resulted in the 
phosphorylation of AMPK and ACC in a dose-dependent 
manner. Moreover, the AMPK inhibitor compound C could 
partially reverse the HH-F3-suppressed G6Pase promoter 
activity (Supplementary Figure 2B), suggesting that HH-F3 
may act through the activation of AMPK to suppress G6Pase 
expression. Furthermore, incubation of Hep3B/T2 cells 
with 8-Br-cAMP/Dex for 24 h significantly increased lipid 
accumulation (Figure 6A) and lipogenesis-related protein 
expression such as ACC and FASN expression (Figure 6B). 
Previous reports have shown that lipogenesis is regulated by 
the AMPK/PGC-1α signaling axis [17, 38]. These findings 
prompted us to examine whether GP extracts and HH-F3 
might modulate lipogenesis. Our results show that treatment 
with GP extracts and HH-F3 decreased lipid accumulation 
(Supplementary 3B and Figure 6C). GP extracts and HH-
F3 suppressed the activity of fatty acid (FA) synthesis by 
activating AMPK (increased AMPK phosphorylation) and 
inhibited PGC-1α expression in HepG2, Huh7 and Mahlavu 
cells (Figure 6D and Supplementary Figure 3A). Moreover, 
GP extracts and HH-F3 treatment leads to increased 

phosphorylation and consequent inactivation of the AMPK 
downstream target ACC, as well as reduced the protein level 
of FASN in a dose-dependent manner. These results indicate 
that GP extract and HH-F3 treatment may decrease fatty 
acid synthesis in HCC. Next, we explored whether PGC-1α 
was involved in HH-F3-mediated lipogenesis in Huh7 and 
HepG2 cells. As shown in Figures 6E and 6F, overexpression 
of PGC-1α could effectively reverse the HH-F3-mediated 
inhibition of lipid deposition.

DISCUSSION

The present study showed the following findings: 
(I) GP extracts and its active fraction HH-F3 suppress 
8-Br-cAMP/Dex-induced gluconeogenic enzyme gene 
expression; (II) HH-F3 inhibits the expression of 8-Br-
cAMP/Dex-induced gluconeogenic coactivator PGC-1α 
and transcription factors FOXO1 and HNF4α; (III) HH-
F3 inhibits HBV core promoter activation, HBV gene 
expression, and HBV DNA replication in Hep3B/T2 and 
1.3ES2, which are HBV-containing cell lines; and (IV) 
HH-F3 treatment decreases fatty acid synthesis and lipid 
accumulation in HCC cells.

The bulk of ATP used by various types of cells to 
maintain homeostasis is produced by the oxidation of 
pyruvate in the tricarboxylic acid cycle (TCA cycle). 
The fate of pyruvate depends on the cell energy charge. 
In the liver, intestine, and kidney, if the energy charge 
is high, pyruvate is directed toward gluconeogenesis. 
However, when the energy charge is low, pyruvate is 
preferentially oxidized to CO2 and H2O in the TCA cycle. 
Proliferating cells, such as tumor cells, facilitate their 
macromolecular synthesis pathways through expressing 
an alternative PKM2, so that the intermediates could 
branch off glycolysis. The TCA cycle consumes acetyl-
CoA and water, reduces NAD+ to NADH, and produces 
carbon dioxide as a waste byproduct. The NADH 
generated by the TCA cycle is fed into the oxidative 
phosphorylation (electron transport) pathway. The net 
result of these two closely linked pathways is the oxidation 
of nutrients to produce usable chemical energy in the form 
of ATP. Meanwhile, by phosphorylating the pyruvate 
dehydrogenase complex (PDHc), tumor cells tend to 
further suppress the downstream TCA cycle, electron 
transport chain (ETC), and pro-apoptotic mediators such 
as cytochrome c and apoptosis-inducing factors in the 
mitochondria [39]. In humans, PDHc activity is inhibited 
in response to site-specific phosphorylation at three sites 
on PDH (Ser232, Ser293, and Ser300) [40]. The activity 
of PDH regulation via phosphorylation is currently 
implicated in the altered patterns of metabolism in cancer, 
obesity and insulin resistance [41]. Here, we found that 
HH-F3 could inhibit PDHK and phosphorylation of PDH 
(Figure 1D), suggesting that HH-F3 might modulate 
glucose metabolism in cells.
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Figure 5: HH-F3 suppresses HBsAg, gluconeogenic enzyme gene expression, and the HBV DNA level in Hep3B/T2 and 
1.3ES2 cells. (A) Hep3B/T2 cells were treated with different concentrations of HH-F3 in serum-free DMEM medium for 48 h. HBsAg 
was determined by ELISA. Insulin was used as a positive control. (B–D) Cultured 1.3ES2 cells were treated with different concentrations 
of HH-F3 in serum-free DMEM medium for 48 h. The gluconeogenic enzyme genesG6Pase, PEPCK, and PGC-1α, as well as HBV mRNA 
expression, were measured by Q-RT PCR and normalized to β-actin. (E) HBV core protein levels were determined by Western blot analysis. 
(F) Q-RT PCR was used to detect wild-type HBV DNA in the medium of 1.3ES2 cells. *P < 0.05, **P < 0.01, ***P < 0.005 compared 
with the vehicle group (n = 3).
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Figure 6: HH-F3 treatment decreases fatty acid synthesis in HCC. (A) Hep3B/T2, Huh7 and HepG2 cells were incubated with 
8-Br-cAMP/Dex and oleic acid (OA) (1 mM) and palmitic acid (PA) (2 mM) for 24 h, respectively. Intracellular lipid accumulation could 
be visualized by Oil red O staining, and the amount of lipid in each treatment was calculated. (B) Cultured human hepatoma Hep3B/T2 
cells were treated with 8-Br-cAMP/Dex for 24 h, and then were subjected to Western blot analysis (n = 3). (C) Incubation of Huh7 and 
HepG2 cells with OA and PA for 24 h resulted in significant intracellular lipid accumulation as visualized by Oil red O staining. Cells were 
treated with HH-F3 for 24 h, and the lipid content and cell viability were determined (OA/PA/HH-F3: OA/PA and HH-F3 co-treatment). 
(D) HepG2, Huh7, Hep3B/T2, and Mahlavu cells were treated with HH-F3, and then were subjected to Western blot analysis (n = 3). (E) 
pcDNA-PGC-1α was transfected into Huh7 and HepG2 cells, and the protein levels of PGC-1α and FOXO1 were measured. (F) pcDNA-
PGC-1α-transfected Huh7 and HepG2 cells were incubated with OA/PA in the absence or presence HH-F3 for 24 h, and intracellular lipid 
accumulation was counted. *P < 0.05, **P < 0.01 compared with the control group. #P < 0.05, ##P < 0.01 compared with the OA/PA-
induced group.
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Excessive hepatic glucose production, a characteri-
stic of diabetes mellitus due to insulin deficiency/
resistance and elevated glucagon levels, is responsible for 
the fasting hyperglycemia in diabetes. Insulin counteracts 
the action of glucagon on hepatic gluconeogenesis mainly 
at the transcriptional level through the transcriptional 
coactivator PGC-1α [32]. Glucose is converted into fatty 
acids in the liver through a process called lipogenesis, 
which is also regulated by PGC-1α. This process is 
increased in people who have diabetes, hepatitis, fatty 
liver disease and cancer. PGC-1α coordinately regulates 
mitochondrial and fatty acid metabolism to promote tumor 
growth [17]. Recent studies have indicated that metabolic 
drugs, such as metformin [42] or dichloroacetate (DCA) 
[39], might reduce the risk of HCC. Metformin reduces 
the level of glucose and inhibits fatty acid synthesis. 
Treatment with metformin may result in cancer cells 
with no energy to proliferate and then prevent tumors 
from developing [43]. Similarly, HH-F3 inhibits key 
gluconeogenic enzymes and lipogenesis-related proteins 
via the suppression of PGC-1α (Figure 2 and Figure 6). 
These results implicate that HH-F3 might regulate the 
action of glucagon on hepatic gluconeogenesis, fatty acid 
synthesis and lipid accumulation mainly through the PGC-
1α signaling pathway.

The HBV genome is a 3.2-kb partially double-
stranded circular DNA with four open reading frames 
that encode viral core antigen, viral DNA polymerase, 
viral surface antigen (HBsAg), and X protein. During 
HBV replication, the 3.5-kb mRNA not only serves as 
the template for reverse transcription but also encodes 
the viral core protein and HBV DNA polymerase [44]. 
HBV-specific protein, RNA, and DNA are all involved in 
the process of viral replication. It has been reported that 
mutations in core promoter sequences frequently occurs. A 
core promoter mutation would increase the ability of viral 
replication and further increase the risk of liver cancer [7]. 
In the present study, we found that HH-F3 could suppress 
viral core protein expression and core promoter activity 
and could decrease virus replication via the inhibition 
of the metabolism regulator PGC-1α (Figures 3–5). 
Consistently, previous reports have shown that PGC-
1α is a critical determinant in both gluconeogenesis and 
HBV biosynthesis, suggesting that the regulation of viral 
transcription and metabolic gene expression might utilize 
similar hepatic signal transduction pathways [32, 33, 45].

Lipids have been linked to many pathological 
processes, including hepatic steatosis (fatty liver), 
which manifests as an excess accumulation of lipids in 
hepatocytes. Abnormal lipid accumulation is associated 
with multiple genetic defects in energy metabolism and 
liver malignancy. Liver cancer cells require more energy 
for survival through dysregulated de novo lipogenesis, 
which may contribute to liver oncogenesis and human 
HCC [46]. In HCC, the extent of aberrant lipogenesis 

correlates with clinical aggressiveness, activation of 
the AKT-mTOR signaling pathway, and suppression of 
AMPK [47]. In addition, the protein expression of FASN, 
a key enzyme of lipogenesis that is overexpressed in 
HCC, is known to be negatively regulated by AMPK. 
Our previous study demonstrated that HH-F3 can 
inhibit PTEN/PI3K/AKT pathways in HCC cells. In 
the current study, we found that HH-F3 inhibited FASN 
protein expression and activated the AMPK pathway 
in HCC cells (Figure 6 and Supplementary Figure 2). 
HH-F3 modulated the expression of lipogenesis-related 
proteins and gluconeogenic enzyme gene expression via 
AMPK and in a PGC-1α-dependent manner. The AMPK 
inhibitor compound C could partially reverse HH-F3-
suppressed G6Pase promoter activity and lipid accum-
ulation (Supplementary Figure 2B and 2D). However, 
compound C could not reverse the inhibition of HH-F3 
at the core promoter in Hep3B/T2 cells (Supplementary 
Figure 2C). These results indicate that HH-F3 regulates 
HBV gene expression and replication only through PGC-
1α signaling.

In previous studies, mTORC1 could increase mito-
chondrial DNA content and the expression of genes involved  
in oxidative metabolism through mediating PGC-1α and 
the transcr iption factor Ying-Yang 1 (YY1), which regulate 
mitochondrial biogenesis and oxidative function. mTOR 
inhibitor rapamycin decreased the gene expression of 
the mitochondrial transcriptional regulators PGC-1α in 
skeletal muscle cells [48]. However, some reports showed 
that the activation of the mTOR-signaling pathway could 
inhibit HBV RNA transcription and DNA replication  
[49, 50]. Recent report also indicated that lower 
concentration (~200 nM) of rapamycin could enhance 
HBV production, but higher concentration (more than 
200 nM) resulted in decrease HBsAg level [51]. To 
evaluate whether rapamycin might affect HBV gene 
expression through PGC-1α, we used the Hep3B/T2 
cell line, which can continuously secrete HBsAg into 
the culture medium, as our cell model. Supplementary 
Figure 4A showed that rapamycin only decreased PGC-1α  
expression, but not FOXO1 and HNF4α expression in 
HCC cell lines. In addition, rapamycin only slightly 
decreased HBsAg expression in Hep3B/T2 cells 
(Supplementary Figure 4B). In our study, HH-F3 could 
regulate HBV replication through down-regulation of 
PGC-1α, FOXO1, and HNF4α. Consequently, HH-F3 is a 
better HBV inhibitor than rapamycin.

In summary, GP extract and its active fraction HH-F3 
not only suppressed gluconeogenesis and lipogenesis but 
also inhibited HBV gene expression and DNA replication 
through a PGC-1α-dependent pathway in HCC cells. 
Targeting PGC-1α may be a novel therapeutic strategy for 
HBV infection. Together, our results indicate that HH-F3 
might be a potent agent for the treatment of patients with 
chronic hepatitis B associated with metabolic syndrome.
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MATERIALS AND METHODS

Reagents

Hepatitis B surface antigen (HBsAg) enzyme 
immunoassay (EIA) kits were purchased from GBC 
(General Biologicals, Taiwan). Dulbecco’s modified Eagle’s 
medium (DMEM) and fetal calf serum were obtained from 
Invitrogen Life Science Inc (Grand Island, NY). MTT 
(3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium 
bromide), 8-bromoadenosine 3’, 5’-monophosphate sodium, 
bovine insulin, and Rapamycin were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA).

Cell culture

The human hepatoma Huh7 cell line was obtained 
from Dr. Zhong-Zhe Lin, National Taiwan University 
Hospital, Taiwan. The HepG2 cell line was purchased 
from Bioresource Collection and Research Center (BCRC, 
http://www.bcrc.firdi.org.tw/), Taiwan. The Mahlavu 
cell line was provided by Dr. Muh-Hwa Yang, Institute 
of Clinical Medicine, National Yang-Ming University, 
Taiwan. The Hep3B/T2 cell line can continuously secrete 
HBsAg into the culture medium [26]. The 1.3ES2 cell 
line is a clonal derivative of HepG2 cells in which the 1.3 
copies of the entire HBV genome were stably integrated 
into the host genome [27]. Cultures of human hepatoma 
cells Huh7, HepG2, Mahlavu, Hep3B/T2 and 1.3ES2 were 
maintained in DMEM supplemented with 10% fetal calf 
serum and antibiotics (100 IU/ml each of penicillin and 
streptomycin) in a humidified atmosphere containing 5% 
CO2 and 95% air at 37°C. The cultures were passaged by 
trypsinization every 3–4 days.

GP extraction and purification

The leaves of Graptopetalum paraguayense were 
ground and lyophilized into powder at −20°C and stored in 
a moisture buster at 25°C before extraction. First, 1.5 g of 
Graptopetalum paraguayense powder was vortexed with 
10 ml of 100% methanol (MeOH) for 5 minutes and then 
centrifuged for 5 min. After removal of the supernatant, 
10 mL of 30% DMSO was added to each pellet to 
resuspend them. The suspension was mixed by vortexing 
for 5 min, centrifuged twice for 5 min, and filtered using 
a 0.45-μm filter at room temperature. The 30% DMSO 
supernatant was either stored at −20°C as a 150-mg/ml 
stock solution (referred to as GP extracts) or fractionated 
into four fractions (F1–F4) by a Sephadex LH-20 column. 
Using the analysis of AURKA, AURKB, and FLJ10540 
protein levels via Western blotting, active molecules were 
obtained in fraction 3, referred to as the HH-F3 fraction. 
The HH-F3 fraction was further analyzed by HPLC with 
a UV detector (Shimadzu SPD-M10A), a normal-phase 
HPLC column (Phenomenex Luna 5 μm Silica (2) 100 

Å, 4.6 × 250 mm), and 1H- and 13C-NMR spectra to 
identify the structure of the active molecules. HH-F3 was 
then subjected to dialysis against water using a dialysis 
membrane (MWCO 12–14,000) (Spectrum Laboratories, 
Rancho Dominguez, CA) to obtain active compounds.

8-Bromo-cAMP/dexamethasone induction

Cultured human hepatoma Hep3B/T2 cells were 
treated with 0.5 mM 8-Bromo-cAMP (8-Br-cAMP) alone 
or 0.5 μM dexamethasone (Dex) alone or both for 30 min 
in serum-free DMEM medium, and then the different 
concentrations of HH-F3 were added in the serum-free 
DMEM for 24 h.

Transient transfection and luciferase assay

Hep3B/T2 cells were transfected with pCP-
Luc and pG6Pase-Luc (0.45 μg/mL) plasmid using 
Maestrofectin transfection reagent (Maestrogen, Taiwan). 
The transfected cells were changed to serum-free DMEM 
with drug for 24 h. To prepare total cell lysates from 
transfected cells for luciferase activity measurement, the 
medium was aspirated from the cell culture, and the cells 
were gently rinsed with PBS. Cells were scrapped from 
the plates using lysis buffer (0.1 M potassium buffer, 
1% Triton X-100, 1 mM DTT, 2 mM EDTA) in 4°C for 
15 min. Lysates were analyzed for luciferase activity 
using a luminometer and the Promega Luciferase Assay 
System as described by the manufacturer. Luciferase 
activities were normalized to the amount of protein 
in each lysate. For all transient transfections with the 
promoter-luciferase reporter construct, the luciferase 
activity level without drug treatment was set to one. The 
transfection efficiency was normalized using the activity 
of β-galactosidase as an internal control. The values 
are represented as the mean ± SD from at least three 
independent experiments.

Plasmid construction

The HBV sequence used in this study is of the ayw 
subtype [28] and is derived from the GenBank accession 
number V01460 with the EcoRI site as nucleotide 1. To 
generate pXP-Luc, the XbaI-HindIII fragments containing 
the X promoter from pXP-CAT were inserted into the 
MluI-HindIII site of the pGL3-Basic vector (Promega). 
The pCP-Luc, pCPD1-Luc, pCPD2-Luc, and pCPD3-
Luc plasmids were generous gifts from Dr. Chung-ming 
Chang (National Health Research Institutes, Taiwan). 
The pPGC-1α plasmid was a generous gift from Dr. Chin-
Wen Chi (National Yang-Ming University, Taiwan). To 
construct the pG6Pase-Luc plasmid, an 800-bp (from-
826 to +7 bp) DNA fragment containing the hG6Pase 
gene promoter was cloned into the pGL3-Basic vector 
(Promega).
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Nucleocytoplasmic protein extraction and 
Western blotting

Cells were lysed using the NE-PER Nuclear and 
Cytoplasmic Extraction Reagents kit (Thermo Scientific, 
USA). Protein concentrations were measured using the 
Bradford method. Cell lysates were separated by SDS–
PAGE followed by Western blot analysis. The signals of 
the secondary antibodies were visualized by adding HRP 
substrate peroxide solution/luminol reagents (Immobilon™ 
Western Chemiluminescent Substrate, Millipore; mixed 
at a 1:1 ratio) and detected by the Fujifilm LAS4000 
luminescent image analysis system. The following primary 
antibodies were used: anti-PDH, anti-p-PDH, anti-PDHK, 
anti-PKM2, anti-HK2, anti-p-AMPK anti-AMPK, anti-
FOXO1, anti-PGC-1α (Cell Signaling); anti-ACC, anti-
FASN, anti-PPARγ (GeneTex); anti-B23, anti-HNF4α 
(Santa Cruz Biotechnology). All of the antibodies were 
used at a 1:1000 dilution.

Quantification of HBsAg

Cells were seeded in 24-well plates at a density of 
8 × 104 cells/well in DMEM medium containing 10% 
fetal calf serum. After 48 h of incubation, Hep3B/T2 
cells were washed twice with phosphate-buffered saline 
(PBS), pH 7.4, and treated with various concentrations 
of drugs in serum-free DMEM for 48 h. The amount of 
HBsAg production in the culture medium was determined 
by enzyme immunoassay (EIA) kits (GBC, Taiwan). 
The viability of cells was determined by the MTT cell 
proliferation assay.

Quantitative RT-PCR

Total cytoplasmic RNA was isolated using the 
Maestrozol RNA extraction kit (Maestrogen, Taiwan). 
A total of 5 μg of RNA and 0.5 μg of oligo-dT primer 
was heated for 10 min at 70°C. After cooling on ice, 
the first strand of cDNA was synthesized by Improm II 
reverse transcriptase (Promega). Quantitative RT-PCR 
was performed using Light Cycler Fast Start DNA 
Master SYRB Green I and the LightCycler real-time PCR 
instrument (Roche Diagnostics). The PCR cycling program 
consisted of an initial denaturing step at 95°C for 10 min, 
followed by 45 amplification cycles at 95°C for 12 s, 
and 54°C for 20 s. RT-PCR analysis used the following 
primers: HBV FW: CAGGTCTGTGCCAAGT; HBV Rev: 
TGCGGGATAGGACAAC; (GenBank accession number: 
V01460). G6Pase FW: GGGTGTAGACCTCCTGTGGA; 
G6Pase Rev: GAGCCACTTGCTGATTTCC. PEPCK 
FW: GGGTGCTAGACTGGATCTGC; PEPCK Rev:  
GAGGGAGAACAGCTGAGTGG; PGC-1α FW: GTCAC 
CACCCAAATCCTTAT. PGC-1α Rev: ATCTACTGCCT 
GGAGACCTT. β-actin FW: CCTCTATGCCAACA 
CAGTGC; β-actin Rev: CATCGTACTCCTGCTTGCTG.

Quantitative detection of HBV DNA by real-time 
light cycler PCR

The standard curve showed a good linear range 
when 101~107 copies of HBV DNA were used. Cells 
were seeded in 60-mm culture dishes at a density of 
1 × 106 cells/well before being treated with various 
concentrations of drug in serum-free DMEM for 48 h. For 
quantification of HBV DNA, viral DNA was extracted 
from culture media using the High Pure Viral Nucleic 
Acid Kit (Roche, Mannheim, Germany) according to the 
manufacturer’s instructions.

Sulforhodamine B (SRB) assay

Cells were seeded into plates and cultured over night 
at 37°C in a 5% CO2 incubator. The cells were then treated 
with GP and HH-F3 for 24 h. The medium was removed 
immediately after the drug treatment and replaced with 
10% precooled trichloroacetic acid (TCA). The cells were 
fixed for 1 h at 4°C, and the plate was then washed with 
distilled water and dried. One hundred microliters of a 
4-mg/mL solution of SRB (Sigma, St. Louis, MO, USA) 
in 1% acetic acid was added to each well, and the plate 
was incubated for 1 h. The plate was then washed five 
times with 1% acetic acid solution and dried. The SRB in 
the cells was subsequently dissolved in 150 μL of 10 mM 
Tris–HCl and measured at 540 nm using an ELISA reader.

Oil red O assay

For Oil red O staining experiments, Huh7 cells were 
inoculated at 1 × 104 cells/well in 24-well culture slides and 
incubated at 37°C overnight. After cells were treated with 
oleic acid (OA)/palmitic acid (PA) or HH-F3 for 1 day, 
cells were washed twice with phosphate-buffered saline 
and fixed with 4% paraformaldehyde. Further processes 
of Oil Red O staining were performed according to the 
manufacturer’s instructions. After the Oil Red O retained 
in the cells was extracted with isopropanol, the observance 
was spectrophotometrically determined at 520 nm.

Collection of HCC up- and down-regulated gene 
lists for pathway analysis

Up- and down-regulated gene lists were extracted 
from the Encyclopedia of Hepatocellular Carcinoma 
genes Online 3 (EHCO3) database (http://ehco.iis.sinica.
edu.tw/)  based on majority vote, meaning that the up or 
down annotation is supported by at least 1 dataset and 
has at least 33.33% more annotations than its opposite 
as described previously [29]. The gene lists were used 
for over-representation analysis for the KEGG pathway 
database on ConsensusPathDB (http://cpdb.molegen.
mpg.de/). Based on the pathway enrichment results, the 
network diagrams for up- and down-regulated genes were 
also generated using ConsensusPathDB.
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Statistical analysis

All results were expressed as the mean ± standard error 
of the mean. Levels of significance were evaluated by two-
tailed paired Student’s t-test or one-way analysis of variance 
(ANOVA). P < 0.05 was considered statistically significant.

ACKNOWLEDGMENTS

We are grateful to Dr. Yau-Jan Chyan (Development 
Center for Biotechnology, Taiwan) for communication of 
unpublished results. We are grateful to Dr. Chia-Chuan Chang 
provided crucial reagents and assisted in the experiments.

FINANCIAL SUPPORT

This work was supported by the grants from the 
NSC102-2627-B-194-003-, NSC102-2627-B-010-001-, 
NSC102-2627-B-030-001-, MOST103-2627-B-010-001-,  
MOST103-2627-B-194-001-, and MOST103-2627-B-030- 
001-, by the grant from Ministry of Education, Aim 
for the Top University Plan (103AC-T503), and by the 
grant from National Health Research Institutes (NHRI- 
EX102-10029BI).

DISCLOSURE OF POTENTIAL 
CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

Author contributions

Wei-Hsiang Hsu and Hong-Jhih Jhuang initiated 
the studies, performed and analyzed the majority of the 
experiments, and wrote the manuscript with Chi-Ying F. 
Huang, Sheau-Farn Yeh, and Chen-Kung Chou. Kuan-
Ting Lin, Ann-Ping Tsou, and Feng-Sheng Wang work on 
bioinformatics analysis. Jin-Mei Lai and Shih-Lan Hsu 
provided crucial reagents, assisted in the experiments, and 
wrote the manuscript. Kuen-Haur Lee provided crucial 
reagents and supervised several experiments.

REFERENCES

1. Elgouhari HM, Abu-Rajab Tamimi TI, Carey WD. Hepatitis 
B virus infection: understanding its epidemiology, course, 
and diagnosis. Cleveland Clinic journal of medicine. 2008; 
75:881–889.

2. Chen CL, Yang HI, Yang WS, Liu CJ, Chen PJ, You SL, 
Wang LY, Sun CA, Lu SN, Chen DS, Chen CJ. Metabolic 
factors and risk of hepatocellular carcinoma by chronic 
hepatitis B/C infection: a follow-up study in Taiwan. 
Gastroenterology. 2008; 135:111–121.

3. Welzel TM, Graubard BI, Quraishi S, Zeuzem S, Davila JA, 
El-Serag HB, McGlynn KA. Population-attributable 

fractions of risk factors for hepatocellular carcinoma in the 
United States. The American journal of gastroenterology. 
2013; 108:1314–1321.

4. Xu C, Zhou W, Wang Y, Qiao L. Hepatitis B virus-
induced hepatocellular carcinoma. Cancer letters. 2014; 
345:216–222.

5. Zhu Y, Jin Y, Cai X, Bai X, Chen M, Chen T, Wang J, 
Qian G, Gu J, Li J, Tu H. Hepatitis B virus core protein 
variations differ in tumor and adjacent nontumor tissues 
from patients with hepatocellular carcinoma. Intervirology. 
2012; 55:29–35.

6. Hadziyannis SJ, Papatheodoridis GV. Hepatitis B e antigen-
negative chronic hepatitis B: natural history and treatment. 
Seminars in liver disease. 2006; 26:130–141.

7. Jammeh S, Tavner F, Watson R, Thomas HC, Karayiannis 
P. Effect of basal core promoter and pre-core mutations on 
hepatitis B virus replication. The Journal of general virol-
ogy. 2008; 89:901–909.

8. van Bommel F, Berg T. Antiviral therapy of chronic hepa-
titis B. Intervirology. 2014; 57:171–180.

9. Locarnini S, Mason WS. Cellular and virological mecha-
nisms of HBV drug resistance. Journal of hepatology. 2006; 
44:422–431.

10. Lee YS, Suh DJ, Lim YS, Jung SW, Kim KM, Lee HC, 
Chung YH, Lee YS, Yoo W, Kim SO. Increased risk of 
adefovir resistance in patients with lamivudine-resistant 
chronic hepatitis B after 48 weeks of adefovir dipivoxil 
monotherapy. Hepatology. 2006; 43:1385–1391.

11. Spiegelman BM, Puigserver P, Wu Z. Regulation of adipo-
genesis and energy balance by PPARgamma and PGC-1. 
International journal of obesity and related metabolic disor-
ders : journal of the International Association for the Study 
of Obesity. 2000; 24:S8–10.

12. Koo SH, Satoh H, Herzig S, Lee CH, Hedrick S, 
Kulkarni R, Evans RM, Olefsky J, Montminy M. PGC-1 
promotes insulin resistance in liver through PPAR-alpha-
dependent induction of TRB-3. Nature medicine. 2004; 
10:530–534.

13. Lin J, Wu PH, Tarr PT, Lindenberg KS, St-Pierre J, 
Zhang CY, Mootha VK, Jager S, Vianna CR, Reznick RM, 
Cui L, Manieri M, Donovan MX, Wu Z, Cooper MP, 
Fan MC, et al. Defects in adaptive energy metabolism with 
CNS-linked hyperactivity in PGC-1alpha null mice. Cell. 
2004; 119:121–135.

14. Arany Z, He H, Lin J, Hoyer K, Handschin C, Toka O, 
Ahmad F, Matsui T, Chin S, Wu PH, Rybkin II, 
Shelton JM, Manieri M, Cinti S, Schoen FJ, Bassel-Duby R, 
et al. Transcriptional coactivator PGC- alpha controls the 
energy state and contractile function of cardiac muscle. Cell 
metabolism. 2005; 1:259–271.

15. Shlomai A, Shaul Y. The metabolic activator FOXO1 
binds hepatitis B virus DNA and activates its transcription. 
Biochemical and biophysical research communications. 
2009; 381:544–548.



Oncotarget7802www.impactjournals.com/oncotarget

16. Finck BN, Kelly DP. PGC-1 coactivators: inducible regu-
lators of energy metabolism in health and disease. The 
Journal of clinical investigation. 2006; 116:615–622.

17. Bhalla K, Hwang BJ, Dewi RE, Ou L, Twaddel W, 
Fang HB, Vafai SB, Vazquez F, Puigserver P, Boros L, 
Girnun GD. PGC1alpha promotes tumor growth by induc-
ing gene expression programs supporting lipogenesis. 
Cancer research. 2011; 71:6888–6898.

18. Hajjou M, Norel R, Carver R, Marion P, Cullen J, 
Rogler LE, Rogler CE. cDNA microarray analysis of HBV 
transgenic mouse liver identifies genes in lipid biosynthetic 
and growth control pathways affected by HBV. Journal of 
medical virology. 2005; 77:57–65.

19. Chen S-J, Chang C-T, Chung Y-C, Chou S-T. Studies on 
the inhibitory effect of Graptopetalum paraguayense E. 
Walther extracts on the angiotensin converting enzyme. 
Food Chemistry. 2007; 100:1032–1036.

20. Chung Y-C, Chen S-J, Hsu C-K, Chang C-T, Chou S-T. 
Studies on the antioxidative activity of Graptopetalum para-
guayense E. Walther. Food Chemistry. 2005; 91:419–424.

21. Duh PD, Lin SL, Wu SC. Hepatoprotection of Graptopetalum 
paraguayense E. Walther on CCl(4)-induced liver damage 
and inflammation. J Ethnopharmacol. 2011; 134:379–385.

22. Su LJ, Yang CH, Huang SF, Yuo YL, Hsieh HC, Tseng 
TL, Chen CH, Hsu SL, Huang CY. Evaluation of the 
Chinese Medicinal Herb, Graptopetalum paraguayense, as 
a Therapeutic Treatment for Liver Damage in Rat Models. 
Evidence-based complementary and alternative medicine : 
eCAM. 2012; 2012:256561.

23. Su LJ, Chang CC, Yang CH, Hsieh SJ, Wu YC, Lai JM, 
Tseng TL, Huang CY, Hsu SL. Graptopetalum paraguay-
ense ameliorates chemical-induced rat hepatic fibrosis in 
vivo and inactivates stellate cells and Kupffer cells in vitro. 
PloS one. 2013; 8:e53988.

24. Lee BH, Lee CC, Cheng YH, Chang WC, Hsu WH, Wu SC. 
Graptopetalum paraguayense and resveratrol ameliorates 
carboxymethyllysine (CML)-induced pancreas dysfunc-
tion and hyperglycemia. Food and chemical toxicology: 
an international journal published for the British Industrial 
Biological Research Association. 2013; 62:492–498.

25. Yen CH, Chen SJ, Liu JT, Tseng YF, Lin PT. Effects of 
water extracts of Graptopetalum paraguayense on blood 
pressure, fasting glucose, and lipid profiles of subjects with 
metabolic syndrome. BioMed research international. 2013; 
2013:809234.

26. Aden DP, Fogel A, Plotkin S, Damjanov I, Knowles 
BB. Controlled synthesis of HBsAg in a differentiated 
human liver carcinoma-derived cell line. Nature. 1979; 
282:615–616.

27. Chou YC, Jeng KS, Chen ML, Liu HH, Liu TL, Chen YL, 
Liu YC, Hu CP, Chang C. Evaluation of transcriptional effi-
ciency of hepatitis B virus covalently closed circular DNA 
by reverse transcription-PCR combined with the restric-
tion enzyme digestion method. Journal of virology. 2005; 
79:1813–1823.

28. Galibert F, Mandart E, Fitoussi F, Tiollais P, Charnay P. 
Nucleotide sequence of the hepatitis B virus genome (sub-
type ayw) cloned in E. coli. Nature. 1979; 281:646–650.

29. Hsu CN, Lai JM, Liu CH, Tseng HH, Lin CY, Lin KT, 
Yeh HH, Sung TY, Hsu WL, Su LJ, Lee SA, Chen CH, 
Lee GC, Lee DT, Shiue YL, Yeh CW, et al. Detection of 
the inferred interaction network in hepatocellular carcinoma 
from EHCO. (Encyclopedia of Hepatocellular Carcinoma 
genes Online). BMC bioinformatics. 2007; 8:66.

30. Ward PS, Thompson CB. Metabolic reprogramming: a can-
cer hallmark even warburg did not anticipate. Cancer cell. 
2012; 21:297–308.

31. Benjamin DI, Cravatt BF, Nomura DK. Global profiling 
strategies for mapping dysregulated metabolic pathways in 
cancer. Cell metabolism. 2012; 16:565–577.

32. Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, 
Adelmant G, Stafford J, Kahn CR, Granner DK, Newgard 
CB, Spiegelman BM. Control of hepatic gluconeogen-
esis through the transcriptional coactivator PGC-1. Nature. 
2001; 413:131–138.

33. Shlomai A, Paran N, Shaul Y. PGC-1alpha controls hepa-
titis B virus through nutritional signals. Proceedings of 
the National Academy of Sciences of the United States of 
America. 2006; 103:16003–16008.

34. Chong CL, Chen ML, Wu YC, Tsai KN, Huang CC, Hu CP, 
Jeng KS, Chou YC, Chang C. Dynamics of HBV cccDNA 
expression and transcription in different cell growth phase. 
Journal of biomedical science. 2011; 18:96.

35. Tseng YP, Kuo YH, Hu CP, Jeng KS, Janmanchi D, 
Lin CH, Chou CK, Yeh SF. The role of helioxanthin in 
inhibiting human hepatitis B viral replication and gene 
expression by interfering with the host transcriptional 
machinery of viral promoters. Antiviral research. 2008; 
77:206–214.

36. Horike N, Sakoda H, Kushiyama A, Ono H, Fujishiro 
M, Kamata H, Nishiyama K, Uchijima Y, Kurihara Y, 
Kurihara H, Asano T. AMP-activated protein kinase activa-
tion increases phosphorylation of glycogen synthase kinase 
3beta and thereby reduces cAMP-responsive element tran-
scriptional activity and phosphoenolpyruvate carboxykinase 
C gene expression in the liver. The Journal of biological 
chemistry. 2008; 283:33902–33910.

37. Mues C, Zhou J, Manolopoulos KN, Korsten P, Schmoll D, 
Klotz LO, Bornstein SR, Klein HH, Barthel A. Regulation 
of glucose-6-phosphatase gene expression by insulin and 
metformin. Hormone and metabolic research = Hormon- 
und Stoffwechselforschung = Hormones et metabolisme. 
2009; 41:730–735.

38. Lee JS, Mendez R, Heng HH, Yang ZQ, Zhang K. 
Pharmacological ER stress promotes hepatic lipogenesis 
and lipid droplet formation. American journal of transla-
tional research. 2012; 4:102–113.

39. Michelakis ED, Webster L, Mackey JR. Dichloroacetate 
(DCA) as a potential metabolic-targeting therapy for cancer. 
British journal of cancer. 2008; 99:989–994.



Oncotarget7803www.impactjournals.com/oncotarget

40. Rardin MJ, Wiley SE, Naviaux RK, Murphy AN, Dixon JE. 
Monitoring phosphorylation of the pyruvate dehydrogenase 
complex. Analytical biochemistry. 2009; 389:157–164.

41. McFate T, Mohyeldin A, Lu H, Thakar J, Henriques J, 
Halim ND, Wu H, Schell MJ, Tsang TM, Teahan O, Zhou 
S, Califano JA, Jeoung NH, Harris RA, Verma A. Pyruvate 
dehydrogenase complex activity controls metabolic and 
malignant phenotype in cancer cells. The Journal of bio-
logical chemistry. 2008; 283:22700–22708.

42. Lai SW, Chen PC, Liao KF, Muo CH, Lin CC, Sung FC. 
Risk of hepatocellular carcinoma in diabetic patients and 
risk reduction associated with anti-diabetic therapy: a pop-
ulation-based cohort study. The American journal of gastro-
enterology. 2012; 107:46–52.

43. Bhalla K, Hwang BJ, Dewi RE, Twaddel W, 
Goloubeva OG, Wong KK, Saxena NK, Biswal S, Girnun 
GD. Metformin prevents liver tumorigenesis by inhibiting 
pathways driving hepatic lipogenesis. Cancer prevention 
research. 2012; 5:544–552.

44. Seeger C, Mason WS. Hepatitis B virus biology. Microbiology 
and molecular biology reviews : MMBR. 2000; 64:51–68.

45. Ondracek CR, Reese VC, Rushing CN, Oropeza CE, 
McLachlan A. Distinct regulation of hepatitis B virus bio-
synthesis by peroxisome proliferator-activated receptor 
gamma coactivator 1alpha and small heterodimer partner 
in human hepatoma cell lines. Journal of virology. 2009; 
83:12545–12551.

46. Patterson AD, Maurhofer O, Beyoglu D, Lanz C, 
Krausz KW, Pabst T, Gonzalez FJ, Dufour JF, Idle JR. 
Aberrant lipid metabolism in hepatocellular carcinoma 
revealed by plasma metabolomics and lipid profiling. 
Cancer research. 2011; 71:6590–6600.

47. Calvisi DF, Wang C, Ho C, Ladu S, Lee SA, Mattu S, 
Destefanis G, Delogu S, Zimmermann A, Ericsson J, 
Brozzetti S, Staniscia T, Chen X, Dombrowski F, Evert M. 
Increased lipogenesis, induced by AKT-mTORC1-RPS6 
signaling, promotes development of human hepatocellular 
carcinoma. Gastroenterology. 2011; 140:1071–1083.

48. Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, 
Mootha VK, Puigserver P. mTOR controls mitochondrial 
oxidative function through a YY1-PGC-1alpha transcrip-
tional complex. Nature. 2007; 450:736–740.

49. Guo H, Zhou T, Jiang D, Cuconati A, Xiao GH, Block TM, 
Guo JT. Regulation of hepatitis B virus replication by the 
phosphatidylinositol 3-kinase-akt signal transduction path-
way. Journal of virology. 2007; 81:10072–10080.

50. Teng CF, Wu HC, Tsai HW, Shiah HS, Huang W, Su IJ. 
Novel feedback inhibition of surface antigen synthesis by 
mammalian target of rapamycin (mTOR) signal and its 
implication for hepatitis B virus tumorigenesis and therapy. 
Hepatology. 2011; 54:1199–1207.

51. Huang W, Zhao F, Huang Y, Li X, Zhu S, Hu Q, Chen W. 
Rapamycin enhances HBV production by inducing cellular 
autophagy. Hepatitis monthly. 2014; 14:e20719.


