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Silent information regulator 1 (SIRT1) is a nicotinamide adenine dinucleotide

(NAD+)-dependent protein deacetylase. In mice, mSirt1 deficiency causes the

onset of fatty liver via regulation of the hepatic nutrient metabolism pathway. In

this study, we demonstrate SIRT1 expression, activity and NAD+ regulation using

noncancerous liver tissue specimens from hepatocellular carcinoma patients with

non-B non-C (NBNC) hepatitis. SIRT1 expression levels were higher in NBNC

patients than in healthy donors, while SIRT1 histone H3K9 deacetylation activity

was suppressed in NBNC patients. In the liver of hepatitis patients, decreased

NAD+ amounts and its regulatory enzyme nicotinamide phosphoribosyltransfer-

ase expression levels were observed, and this led to inhibition of SIRT1 activity.

SIRT1 expression was associated with HIF1 protein accumulation in both the

NBNC liver and liver cancer cell lines. These results may indicate that the NBNC

hepatitis liver is exposed to hypoxic conditions. In HepG2 cells, hypoxia induced

inflammatory chemokines, such as CXCL10 and MCP-1. These inductions were

suppressed in rich NAD+ condition, and by SIRT1 activator treatment. In conclu-

sion, hepatic SIRT1 activity was repressed in NBNC patients, and normalization of

NAD+ amounts and activation of SIRT1 could improve the inflammatory condition

in the liver of NBNC hepatitis patients.

I n Japan, the incidence of infection with hepatitis B virus
(HBV) and hepatitis C virus (HCV) is decreasing, and con-

tinued drug development is contributing to the control of viral
hepatitis-induced hepatocellular carcinoma (HCC).(1) However,
the incidence of non-viral hepatitis (e.g. alcoholic steatohepati-
tis [ASH] and non-alcoholic steatohepatitis [NASH]-induced
HCC) is increasing.(1) Globally, the prevalence of non-alco-
holic fatty liver disease ranges between 15 and 30%,(2) and
appears to be on the increase. Therefore, it is likely that there
will be a continued increase in NASH patients. Unfortunately,
the development of drugs to treat these types of hepatitis is yet
to progress. ASH and NASH display similar pathological pro-
cesses, such as steatosis, hepatic inflammation, liver fibrosis,
cirrhosis and hepatocarcinogenesis.(3) To manage ASH and
NASH progression, regulation of the inflammatory response
may be beneficial. Indeed, inflammatory chemokine, such as
Cxcl10 or Mcp-1, disrupted animals are resistant to non-viral
hepatitis.(4,5) In the liver of ASH patients, CXC chemokine
expression levels are upregulated.(6)

An animal model with HCC incidence through NASH-like
pathology has not been fully developed. Recently, however, a
NASH-HCC mouse model, named STAM mice, was developed

using neonatal exposure to streptozotocin and continuous high-
fat diet feeding.(7) STAM mice display diabetes mellitus (DM)
and progression of NASH, such as fatty liver, hepatitis, fibrosis
and high incidences of HCC.(7)

Silent information regulator 1 (SIRT1) is a nicotinamide
adenine dinucleotide (NAD+)-dependent protein deacetylase. It
deacetylates histones and several proteins.(8,9) For example,
SIRT1 deacetylates p53,(10) NF-jB,(11) FOXOs(12) and PGC1-
a.(13) SIRT1 is able to either repress or activate the transcrip-
tional activities of these targets, thereby regulating diverse
cell cycle and inflammatory pathways. In the liver of mice,
mSirt1 is expressed in the nucleus of periportal hepato-
cytes.(14) SIRT1 deficiency causes the onset of fatty liver via
regulation of the hepatic nutrient metabolism pathway.(15)

Researchers have reported that SIRT1 overexpression or acti-
vator treatment attenuates the progression of diet-induced
fatty liver.(14,16–18)

SIRT1 activity is dependent on the amount of NAD+. The
amount of NAD+ is regulated by its salvage pathway, which
consists of nicotinamide nucleotide adenylyltransferase 1
(NMNAT1) and nicotinamide phosphoribosyltransferase
(NAMPT).(19) NAD+ metabolism is associated with cancer cell
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biology or metabolic syndromes.(20,21). In the liver, NAMPT
expression is downregulated as NASH progresses.(22) Glucose
and alcohol metabolism require NAD+.(23,24) Therefore, SIRT1
activation may be restricted by intracellular NAD+ decreases.
Alcohol consumption induces a disruption of the hepatic

microenvironment, such as sinusoid narrowing or edema for-
mation, and leads to inhibition of oxygenation of the liver.
Oxygen consumption is increased in alcohol dehydrogenation
by CYP2E1. In the NASH liver, hepatocyte ballooning by lipid
deposition impairs the peripheral microenvironment, which
could cause oxygenation to decrease. Therefore, a hypoxic
condition would be induced in hepatocytes of ASH and NASH
patients. Hypoxia inducible factor (HIF) has been reported as
accumulating in the liver of alcohol-fed mice.(25) Hypoxia
enhances inflammatory chemokine expression.(26) Therefore, a
hepatic hypoxic condition would exacerbate ASH and NASH.
To identify a novel therapeutic target for non-viral hepatitis-
induced tumorigenesis, we analyzed SIRT1 gene expression
and activity in livers of patients with non-B non-C (NBNC)
hepatitis (either ASH or NASH). Activation of SIRT1 may
result in an improvement to the inflammatory condition in the
liver of NBNC hepatitis patients.

Materials and Methods

Human tissue specimens. We retrospectively analyzed mRNA
expression using noncancerous liver tissue from 28 patients
with NBNC hepatitis, 20 HBsAg positive patients as HBV
patients, and 73 patients with chronic HCV infection. Histone
acetylation and NAD+ ⁄NADH ratio were analyzed using tis-
sues from 8 NBNC, 9 HBV and 14 HCV patients, whose tis-
sue samples were available enough for those analyses, among
the patients in this study. Patients in the present study had
undergone a liver resection for HCC between 2003 and 2010
at our institute. For healthy control tissue, we analyzed liver
samples taken from the living donors of the liver transplanta-
tion. The study protocol conformed to the ethical guidelines of
the 1975 Declaration of Helsinki. Samples were collected fol-
lowing an established protocol approved by the Ethics Com-
mittee of Kyushu University after patients had given their
informed consent. The data does not contain any information
that could lead to the identification of patients.

Measurement of mRNA expression using real-time RT-PCR.

Total RNA was extracted from resected liver tissue or cells
using reagents for RNA extraction, including ISOGEN and
Ethachinmate (Nippon Gene, Tokyo, Japan). Synthesis of first-
strand cDNA was performed using the SuperScript III First-
Strand synthesis system for qRT-PCR (Life Technologies,
Tokyo, Japan) according to the manufacturer’s protocol. Real-
time RT-PCR was performed using Taqman reagents (Life
Technologies). Gene expression assays were purchased from
Life Technologies.

Immunohistochemistry. Formalin-fixed paraffin-embedded
3-lm sections were deparaffinized in xylene, rehydrated
through graded ethanol, and rinsed in PBS. Heat-induced epi-
tope retrieval was performed in 10 mM citrate buffer, pH 6.0,
with 1 mM EDTA, at 125°C for 4 min in a pressure boiler.
Endogenous peroxidase activity was blocked by incubation
with 0.3% H2O2 for 10 min. Nonspecific antibody binding was
blocked by incubating the sections with normal goat serum
(Dako, Glostrup, Denmark) for 10 min. The sections were then
incubated with anti-SIRT1 (1:200, Sigma-Aldrich, Tokyo,
Japan) or HIF1 rabbit polyclonal antibodies (1:50, Sigma-
Aldrich) for 30 min and labeled using the Envision Detection

System (Dako) for 30 min at room temperature. Sections were
then developed with 3,30-diaminobenzidine tetrahydrochloride
(DAB plus; Dako) and counterstained with 10% Mayer’s
hematoxylin, dehydrated and mounted.

Western blotting. Cells were lysed in Cell Lysis Buffer (Cell
Signaling Technology, Tokyo, Japan) containing Protease
Inhibitor Cocktail (Sigma-Aldrich). Rabbit polyclonal antibod-
ies against HIF1 were purchased from Cell Signaling Technol-
ogy. Rabbit polyclonal antibodies against SIRT1 were
purchased from Epitomics (Burlingame, CA, USA). Mouse
monoclonal antibodies against b-actin (AC-15) were purchased
from Sigma-Aldrich. Proteins were detected using an ECL Plus
Western Blotting Detection System (GE Healthcare, Tokyo,
Japan).

Cell culture and reagents. HepG2 and Hep3B cells were cul-
tured in DMEM (Life Technologies) supplemented with 10%
FBS. Cells were subjected to 1% O2 to create the hypoxic con-
dition. For iron deficiency or iron-rich conditions, HepG2 cells
were incubated with 100 lM deferoxamine (DFX) (Sigma-
Aldrich) or 50 lM transferrin (Sigma-Aldrich) for 24 h. SIRT1
activator, SRT1720, was purchased from Selleck Chemicals
(Houston, TX, USA). Recombinant TNF protein was obtained
from R&D Systems (Minneapolis, MN, USA). For the high
glucose medium, a DMEM containing 25 mM glucose (Life
Technologies) was used.

Nicotinamide adenine dinucleotide ⁄NADH quantification. Nic-
otinamide adenine dinucleotide and NADH were extracted
from frozen liver tissue and quantified using a NAD ⁄NADH
Quantitation Colorimetric Kit (BioVision, Milpitas, CA, USA)
according to the manufacturer’s protocol. The NAD+ ⁄NADH
ratio was calculated.

Total histone H3 and acetylated-histone H3K9 quantifica-

tion. Histones were extracted from frozen liver tissue using an
EpiQuik Total Histone Extraction Kit according to the manu-
facturer’s protocol. Total histone H3 and acetylated-histone
H3K9 were quantified using EpiQuik Total Histone H3 Quanti-
fication and EpiQuik Global Acetyl Histone H3K9 Quantifica-
tion Kits, respectively. The acetylated-H3K9 value was
normalized using the amount of total histone H3. These kits
were purchased from Epigentek (Farmingdale, NY, USA).

STAM mice study. STAM mice liver tissue was obtained
from Stelic Institute (Tokyo, Japan).(7) Briefly, pathogen-free
14-day pregnant C57BL ⁄6J mice were purchased from CLEA
Japan (Tokyo, Japan). NASH-HCC was induced in male mice
by a single s.c. injection of 200 lg STZ (Sigma-Aldrich) at
2 days after birth and fed with HFD32 (CLEA Japan) ad libi-
tum after 4 weeks of age.
All animal procedures were performed in accordance with

the “Guide for the Care and Use of Laboratory Animals” pre-
pared by the National Academy of Sciences and published by
the National Institutes of Health (NIH publication 86-23,
revised 1985).
Total RNA extractions and mRNA quantifications were per-

formed, similar to those for human liver tissues.
Statistical analysis. Pearson’s v2-test was used for qualitative

variables. Non-parametric Wilcoxon and Student’s t-tests were
used for quantitative variables.

Results

Silent information regulator 1 expression and histone acetyla-

tion in livers of non-B non-C patients. Table 1 displays the
patients’ characteristics in this study. Body mass index and
DM complication rates in NBNC patients were significantly
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higher than in viral-hepatitis patients. ALT and the activity
grade in HCV patients were higher than in other patients. We
measured SIRT1 mRNA expression levels using RT-PCR, and
compared expression levels between healthy donors, NBNC,
HBV and HCV patients. SIRT1 mRNA expression levels were
significantly higher in the livers of patients with NBNC hepati-
tis than in HCV infection patients (P < 0.001) and healthy
controls (P = 0.001) (Fig. 1a). Immunohistochemistry (IHC)
using anti-SIRT1 antibodies showed staining to mainly hepatic
parenchymal cellular nuclei in the perivascular area. Represen-
tations of positive sections (Fig. 1b, left panel) and negative
sections (Fig. 1b, right panel) are shown. More vessels showed
staining in NBNC hepatitis patients than in HCV infection
patients (P = 0.005) (Fig. 1c).
To evaluate SIRT1 activity, we detected a SIRT1-targeted

deacetylation site, lysine 9 of histone H3 (H3K9),(27) using
total H3 and acetylated-H3K9 specific ELISA. Interestingly,
H3K9 relative acetylation levels were significantly higher in
patients with hepatitis than in the healthy donors (NBNC,
P = 0.005; HBV, P = 0.007; HCV, P = 0.03) (Fig. 1d).

Impairment of nicotinamide adenine dinucleotide salvage path-

way in the liver with hepatitis. In NBNC patients, H3K9 acetyla-
tion levels were increased; however, SIRT1 expression levels
were higher than levels in healthy donors. Therefore, the NAD+

salvage pathway and the amount of NAD+ in the liver were ana-
lyzed to clarify the regulation of SIRT1 activity in the NBNC
liver. NAMPT mRNA expression levels were significantly lower
in patients with hepatitis than those levels in healthy donors
(NBNC, P < 0.001; HBV, P < 0.001; HCV, P < 0.001). In par-
ticular, NAMPT expression in the NBNC liver was significantly
lower than in HBV (P = 0.004) or HCV (P = 0.04) patients
(Fig. 2a). NMNAT1 mRNA expression levels of healthy donors
and NBNC livers were similar (Fig. 2b). The NAD+ ⁄NADH
ratio was measured. The NAD+ ⁄NADH ratio was significantly
lower in the hepatitic liver than the ratio for healthy donor livers
(Fig. 2c). NAD+ and NADH amounts could not be measured in
some tissues. The analysis of the NAD+ ⁄NADH ratio revealed a
relationship, but not significantly, between healthy donor and
NBNC livers. (Fig. S1) A decrease in NAD+ levels would
impair SIRT1 activity and result in an increase of H3K9 acetyla-
tion. These results indicate a disruption of the NAD+ salvage
pathway in the hepatitis liver.

Induction of silent information regulator 1 expression in the

hypoxic liver. To assess the state of the liver in NBNC patients,
we explored the trigger that induced SIRT1 expression. We
cultured human hepatoma HepG2 cells in the medium with
H2O2 as a reactive oxygen species, high glucose, transferrin,
tumor necrosis factor (TNF), transforming growth factor-b, or

SIRT1 inhibitor. These treatments did not induce SIRT1
mRNA and protein expression. Chen et al.(28) reported that
hypoxia induces SIRT1 expression in Hep3B cells. In addition
to Hep3B cells, we confirmed SIRT1 expression in hypoxic
condition or by iron-chelator treatment in another liver cell
line, HepG2 cells.
An iron chelator, DFX, induce both SIRT1 protein and

mRNA expression (Fig. 3a and data not shown). DFX also
induced HIF1 protein accumulation (Fig. 3a, left panel); there-
fore, we examined whether the hypoxic condition induces
SIRT1 expression.
SIRT1 expression was induced in HepG2 cells cultured in

1% O2 (Fig. 3b,c). The hypoxic condition also induced SIRT1
expression in another hepatome cell, Hep3B (Fig. 3d). We
then detected HIF1 protein in liver tissue using IHC. HIF1 was
observed to accumulate in the nuclei of hepatic parenchymal
cells in the perivascular area (Fig. S2a, upper panels).
HIF1 positive cells were also stained with SIRT1 antibodies

(Fig. S2a, lower panels) in comparison with the serial sections.
All HIF1 positive tissue sections were also positive for SIRT1,
and 12 sections of the 22 HIF1 negative sections were stained
with SIRT1 antibodies (Fig. S2b).
These results suggest that SIRT1 expression is associated

with the accumulation of HIF1 in the liver of NBNC hepatitis
patients.

Impact of nicotinamide adenine dinucleotide and silent infor-

mation regulator 1 on chemokine expression in the hypoxic con-

dition. CXCL10 deficiency or neutralization antibodies
attenuate non-viral hepatitis in mice.(4) Therefore, we investi-
gated whether CXCL10 increases in the livers of NBNC
patients in this study. CXCL10 expression levels in some of
the healthy donors were under the detection limit. Expression
levels were higher in livers of NBNC patients than in livers of
healthy donors (P = 0.04) (Fig. 4a).
HepG2 cells were then incubated in 1% O2. The medium

included either high or low glucose. Intracellular NAD+ and
CXCL10 expression levels were measured. The NAD+ ⁄NADH
ratio showed a decrease in the 1% O2 condition with high glu-
cose (Fig. 4b). CXCL10 expression levels showed a decrease in
the 1% O2 condition with low glucose (rich NAD+ condition).
SIRT1 activator, SRT1720,(29,30) inhibited CXCL10 induction
most effectively (Fig. 4c). SRT1720 treatment also inhibited
TNF-induced CXCL10 expression in HepG2 cells (Fig. 4d).
Another hepatitis-related chemokine, Mcp-1, was induced in

the liver of STAM mice (Fig. S3a) and alcohol-fed mice.(25)

Therefore, MCP-1 expression in HepG2 cells incubated in the
hypoxic condition was analyzed. MCP-1 expression was more
strongly induced in the high glucose medium than in the low

Table 1. Patient characteristics

Factor NBNC (n = 28) HBV (n = 20) HCV (n = 73) P-value (univariate)

Sex, male ⁄ female 23 ⁄ 5 15 ⁄ 5 58 ⁄ 15 0.833

Age, mean years (range) 71 (34–86) 59 (36–81) 70 (55–87) <0.001

BMI (kg ⁄m2), mean � SD 25 � 4 23 � 3 22 � 3 0.004

ALT (IU ⁄ L), mean � SD 35 � 25 38 � 22 60 � 42 0.003

Albumin (g ⁄ dL), mean � SD 3.9 � 0.4 3.9 � 0.4 3.9 � 0.4 0.777

Cholesterol (mg ⁄ dL), mean � SD 179 � 35 188 � 38 154 � 31 <0.001

Total-bilirubin (mg ⁄ dL), mean � SD 0.8 � 0.3 0.8 � 0.4 0.8 � 0.4 0.659

DM complication (%) 62 16 26 0.001

Fibrosis stage, F0 ⁄ 1 ⁄ 2 ⁄ 3 ⁄ 4 7 ⁄ 6 ⁄ 4 ⁄ 5 ⁄ 6 3 ⁄ 4 ⁄ 3 ⁄ 3 ⁄ 7 5 ⁄ 13 ⁄ 15 ⁄ 19 ⁄ 21 0.414

Activity grade, A0 ⁄ 1 ⁄ 2 ⁄ 3 4 ⁄ 19 ⁄ 5 ⁄ 0 1 ⁄ 14 ⁄ 5 ⁄ 0 1 ⁄ 18 ⁄ 38 ⁄ 16 <0.001

Fibrosis stage and activity grade were classified according to the New Inuyama Classification. ALT, alanine aminotransferase; BMI, body mass
index; DM, diabetes mellitus.
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glucose medium, as with CXCL10 expression (Fig. 4e).
SRT1720 treatment also attenuated MCP-1 expression induced
by hypoxia (Fig. 4e). Normalization of the NAD+ ⁄NADH ratio
and activation of upregulated SIRT1 could improve the inflam-
matory condition in the liver of NBNC hepatitis patients.

Discussion

Several previous studies have reported an association
between SIRT1 and liver disease. For example, in mice stud-
ies, it has been reported that liver-specific mSirt1 deficiency
promotes fatty liver development;(15) and mSirt1 forced-

expression improves fatty liver progression.(14) However, the
role of SIRT1 in the liver with non-viral hepatitis is still
unknown.
In this present study, we demonstrate SIRT1 expression, activ-

ity and NAD+ regulation using noncancerous liver tissue speci-
mens from NBNC patients. We observed that hepatic SIRT1
expression levels in NBNC patients increased compared with
healthy donors or in case of HCV infection (Fig. 1a). Recently,
in vitro studies have shown that SIRT1 expression is repressed
by HCV replication, and SIRT1 inhibition contribute to HCV
replication.(31,32) HCV replication may also be associated with
low expression levels of SIRT1 in clinical liver tissue.

(a)

(c)
(d)

(b)

Fig. 1. Silent information regulator 1 (SIRT1) expression and histone acetylation in the livers. (a) Comparison of hepatic SIRT1 mRNA expression
levels between healthy donors, non-B non-C (NBNC), hepatitis B virus (HBV) and hepatitis C virus (HCV) patients. (b) Hepatic SIRT1 protein expres-
sion in NBNC patients determined by immunohistochemistry (IHC). Representative images of positive sections (left panels) and negative sections
(right panel). (c) Comparison of SIRT1 positive tissue rates by IHC in liver between NBNC and HCV. (d) Comparison of intrahepatic H3K9 relative
acetylation levels between healthy donors, NBNC, HBV and HCV patients. H3K9 relative acetylation is determined by calculating the acetylated-
histone H3K9 ⁄ total histone H3 ratio.
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SIRT1 expression is upregulated and, therefore, we hypothe-
sized that SIRT1 contributes to hepatic inflammation or HCC
incidence. To clarify whether SIRT1 activity is upregulated,
histone H3K9, the SIRT1-targeted deacetylation site(27) and
acetylation levels were determined. Unexpectedly, histone
H3K9 acetylation levels were higher in NBNC patients than
levels observed in healthy donors (Fig. 1d). This indicates a
repression of SIRT1 activity in NBNC patients.
NAMPT expression (that converts nicotinamide [NAM] into

nicotinamide mononucleotide)(19) levels were significantly
lower in hepatitis patients than in healthy donors (Fig. 2a).
Therefore, we could not measure the NAM amount in the liver
tissue, although the NAM amount in the hepatitic liver would
be increased. The amount of NAD+ was also significantly

lower (Fig. 2c). NAD+ is indispensable in SIRT1 activity, and
NAM is a SIRT1 inhibitor.(33) SIRT1 inactivation in the hepat-
itic liver would be caused by NAD+ shortage and NAM accu-
mulation.
We measured hepatic mNampt and mSirt1 expression levels

using a NASH animal model (STAM mice)(7) to analyze
whether or not there is an association between the expression
of mNampt and mSirt1 and disease progression. Mcp-1 and
Col1a1 expression levels, inflammation and fibrosis progres-
sion markers in this model(7), showed an increase compared
with control mice (Fig. S3a). mNampt expression showed a
significant decrease in the livers of 12-week-old STAM mice
(P = 0.02) (Fig. S3a). These results indicate that NASH-like
hepatitis progression is associated with a reduction in mNampt

(a) (b) (c)

Fig. 2. Suppression of nicotinamide phosphoribosyltransferase (NAMPT) expression and NAD ⁄NADH ratio in liver of hepatitis. (a) Comparison
of hepatic NAMPT mRNA expression levels between healthy donors, non-B non-C (NBNC), hepatitis B virus (HBV) and hepatitis C virus
(HCV) patients. (b) Comparison of hepatic NMNAT1 mRNA expression levels between healthy donors and NBNC patients. (c) Comparison of the
intrahepatic NAD+ ⁄NADH ratios between healthy donors and hepatitis patients, including NBNC (n = 6), HBV (n = 8) and HCV (n = 2). n.s., Not
significant.

(a) (b) (c) (d)

Fig. 3. Silent information regulator 1 (SIRT1) expression in hypoxic condition. (a) HepG2 cells were treated with 50 lM transferrin (TF) or
100 lM deferoxamine (DFX) for 24 h. SIRT1 and HIF1a protein expression levels were detected by western blotting (left panels). Total RNA was
extracted and SIRT1 mRNA was measured by real-time RT-PCR (right graph). Relative expression of non-treated cells (NT) is shown. (b, c) HepG2
cells were cultured in the hypoxic condition (1% O2) for 6, 12 and 24 h. (b) SIRT1 and HIF1a protein expression levels in cells were detected by
western blotting. (c) Total RNA was extracted and SIRT1 mRNA was measured by real-time RT-PCR. Relative expression of normoxia-cultured
(21% O2) cells is shown. (d) Hep3B cells were cultured in the hypoxic condition for 24 and 48 h. SIRT1 and HIF1a protein expression levels in cells
were detected by western blotting.
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expression. mSirt1 expression was also measured in STAM
mice. A slight but insignificant increase in 16- and
20-week-old mice was observed (Fig. S3b). SIRT1 static
expression in STAM mice would be an interesting observation.
The cause of SIRT1 induction might be independent of the
cause of NAMPT decrease. Analysis using another NASH
model with HCC incidence may be needed to address the
SIRT1 induction mechanism in vivo. As an alternative hypoth-
esis, decreased levels of mNampt expression could be followed
by increased levels of SIRT1 expression to compensate for the
impairment of SIRT1 activity.
We then explored how SIRT1 induction occurred in the

NBNC liver. We treated HepG2 cells with transferrin or DFX.
DFX induced SIRT1 expression (Fig. 3a). The hypoxic condi-
tion induced SIRT1 expression (Fig. 3b–d). Therefore, we

focused on HIF1 protein, because accumulation of HIF1 pro-
tein was observed in DFX-treated and hypoxia-exposed cells.
Several liver sections from NBNC patients were stained with
HIF1 antibodies. HIF1 positive blood vessels were also posi-
tive for SIRT1 expression (Fig. S2). In HepG2 cells, DNA
damage inducers moderately increased SIRT1 expression (data
not shown). DNA damage or other stimuli may associate with
SIRT1 expression in HIF1 negative tissues.
In the ASH and NASH liver the microenvironment is

impaired and oxygenation is decreased. This results in a hyp-
oxic condition with HIF1 protein accumulating in hepatocytes
of NBNC patients. Therefore, HepG2 cells were exposed to
hypoxic and low NAD+ conditions (Fig. 4b) and CXCL10 and
MCP-1 expression were induced (Fig. 4c,e). Improvement in
the NAD+ ⁄NADH ratio was achieved by culturing cells in low

(a)

(d) (e)

(b) (c)

Fig. 4. Silent information regulator 1 (SIRT1) activation and hypoxia-induced chemokine expression. (a) Comparison of hepatic CXCL10 mRNA
expression levels between healthy donors and non-B non-C (NBNC) patients. (b) HepG2 cells were cultured in the hypoxic condition in high glu-
cose (25 mM) and low glucose (5 mM) medium for 24 h. The intracellular NAD+ ⁄NADH ratio is shown. (c) Hypoxia-induced CXCL10 expression in
HepG2 cells is shown. Cells were cultured in the hypoxic condition in high glucose, low glucose or low glucose with 1 lM SRT1720 containing
medium for 24 or 48 h. (d) Tumor necrosis factor (TNF)-induced CXCL10 expression levels in HepG2 cells is shown. Cells were cultured in 1 ng ⁄mL
TNF or TNF with 1 lM SRT1720 containing medium for 24 h. (e) Hypoxia-induced MCP-1 expression in HepG2 cells is shown. Cells were cultured
in the hypoxic condition in high glucose, low glucose or low glucose with 1 lM SRT1720 containing medium for 24 or 48 h. n.s., Not significant.
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glucose which suppressed the expression of these chemokines.
Treatment with SIRT1 activator SRT1720 even more
significantly reduced expression (Fig. 4c,e). In the alcohol-
induced hypoxic liver, a HIF-1 activation in hepatocytes
results in liver abnormalities, and liver-specific deletion of
HIF-1 contributes to hepatocytes protection from alcohol-
induced liver injury.(25) SIRT1 suppresses HIF-1 activity via a
HIF-1 deacetylation(34) and, therefore, SIRT1 expression would
be induced to maintain the liver function in response to hyp-
oxic condition. However, SIRT1 activity is inhibited by the
impairment of the NAD+ ⁄NADH ratio due to excess alcohol
or nutrient metabolism in NBNC hepatitis, and that may lead
to the exacerbation of hepatic inflammation or abnormalities.
CXCL10 expression was higher in livers of NBNC patients
than in livers of healthy donors (Fig. 4a). CXCL10 deficiency
or neutralization antibodies attenuate non-viral hepatitis in
mice.(4) Mcp-1 inhibition also improves the hepatitic condi-
tion.(5) These results indicate that SIRT1 activation by normal-
ization of the NAD+ ⁄NADH ratio and SIRT1 activator could
improve the inflammatory condition of the liver in NBNC hep-
atitis patients.
A recent report suggests that the SIRT1 activator resveratrol

inhibited HBV X protein-induced hepatocarcinogenesis.(35) The
present study suggests that NBNC hepatitis and hepatitis B
have in common SIRT1 expression, activity and NAD+ regula-

tion (Figs 1a,d,2a). NAD+ normalization may suppress NBNC
hepatitis and hepatitis B exacerbation; however, the NAD+ sal-
vage pathway would be impaired in hepatitis. Therefore, regu-
lation of other NAD+ metabolize enzymes would be needed.
Other NAD+ase, CD38, inhibitor administration increased
NAD+ levels, and improved glucose and lipid metabolism in
obese mice.(36) NAD+ ⁄NADH ratio was disrupted in NBNC
hepatitis patients; therefore, CD38 inhibition could be a phar-
macological target to treat such liver diseases through SIRT1
activation. Further in vivo studies are required to determine
SIRT1 functions in non-viral hepatitis. SIRT1 regulation may
have the potential to be developed as a novel therapeutic target
to prevent non-viral hepatitis-induced hepatocellular carcino-
genesis.
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Fig. S1. Comparison of the intrahepatic NAD+ ⁄NADH ratios between healthy donors, non-B non-C (NBNC), hepatitis B virus (HBV) and hepati-
tis C virus (HCV) patients.

Fig. S2. Hepatic HIF1 and silent information regulator 1 (SIRT1) protein expression determined by immunohistochemistry (IHC).

Fig. S3. Comparison of hepatic mMcp-1, mCol1a1 mNampt and mSirt1 mRNA expression.
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