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Abstract We previously reported that SIRT1, an NAD?-

dependent deacetylase belonging to the class III histone

deacetylases, enhances hepatitis virus B (HBV) replication

by targeting the transcription factor AP-1. However, the

potential antiviral effects of nicotinamide, a SIRT1 inhi-

bitor, have not yet been explored. In this study, we show

that nicotinamide exhibits potent anti-HBV activity with

little cytotoxicity. Nicotinamide suppressed both HBV

DNA replicative intermediates and 3.5-kb mRNA expres-

sion. Moreover, nicotinamide treatment also suppressed

core protein expression and the secretion of the hepatitis B

surface antigen (HBsAg) and the hepatitis B e antigen

(HBeAg) in HBV-expressing cell models. Importantly,

nicotinamide treatment suppressed serum HBV DNA,

HBsAg and HBeAg levels and liver HBV DNA in HBV-

transgenic mice. Furthermore, using a dual-luciferase

reporter assay, it was found that nicotinamide exhibited a

marked inhibitory effect on the HBV core, SpI, SpII and X

promoters, accompanied by decreased expression of the

transcription factors AP-1, C/EBPa and PPARa. Therefore,
nicotinamide suppresses HBV replication in vitro and

in vivo by diminishing HBV promoter activity. This study

highlights the potential application of nicotinamide in HBV

therapy.

Introduction

Hepatitis B virus (HBV) is a major global health problem.

HBV causes acute and chronic hepatitis, which progresses

to cirrhosis and hepatocellular carcinoma (HCC) [10].

Although an efficient vaccine has been used for 20 years in

many countries, there are still nearly 350 million chronic

carriers of HBV worldwide, and more than 600,000 people

die of HBV-related diseases each year [11, 32]. Current

treatments for chronic hepatitis B include nucleoside/nu-

cleotide analogue and interferon alpha therapy [14, 25].

Nucleoside/nucleotide analogue therapies can reduce the

viral load but often lead to drug resistance when used for

long-term treatment [38]. Interferon alpha therapy causes

many side effects and can be used for only a limited

duration [20, 37]. Potential therapy targets of HBV infec-

tion are urgently needed.

SIRT1 is a newly discovered NAD?-dependent class

III histone deacetylase (HDAC). SIRT1 is involved in

apoptosis, regulation of cell division, aging, DNA damage

repair, and genomic silencing [5, 21, 24]. Our group

recently reported that SIRT1 enhances HBV core pro-

moter activity by targeting transcription factor AP-1 [29].

Based on these findings, we assumed that an SIRT1

inhibitor would have potential antiviral activity. Nicoti-

namide (NAM) is the most potent inhibitor of the class III

histone deacetylase SIRT1 [13, 30]. Nicotinamide is an

active form of nicotinic acid, also known as vitamin B3,

and a precursor of nicotinamide adenine dinucleotide

(NAD?) [9].

In this study, we investigated whether nicotinamide

plays a role in HBV replication and whether it has an

antiviral effect. We found that nicotinamide decreased the

levels of HBV replicative intermediates, 3.5-kb mRNA,

HBV core protein and the secretion of HBsAg and HBeAg
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in vitro and in vivo. Furthermore, nicotinamide inhibited

the activities of the HBV core, SpI, SpII and X promoters.

These data suggest the possibility of using nicotinamide as

an alternative therapy strategy for HBV.

Materials and methods

Drugs and antibodies

Nicotinamide was purchased from Sigma-Aldrich (Sigma-

Aldrich, Missouri, USA). Nicotinamide was prepared in a

1 M phosphate-buffered saline (PBS) solution and stored at

-20�. The c-Jun antibody (#9165) was provided by Cell

Signaling Technology (CST, Beverly, MA, USA). HBV

core antibody (B0586) was obtained from Dako (Dako,

Berchem, Denmark). The C/EBPa (sc-365318) and b-actin
(sc-1616-R) antibodies were obtained from Santa Cruz

Biotechnology (Santa Cruz, Texas, USA). The PPARa
antibody (BS1689) was obtained from Bioworld Technol-

ogy (Bioworld Technology, Minnesota, USA).

Cell culture and transfection

HepAD38 and HepG2.2.15 were purchased from the

Shanghai Second Military Medical University and cultured

in modified Eagle medium (MEM) with 10% fetal bovine

serum (FBS) (Corning, New York, USA), sodium pyruvate

and 400 lg of G418 per ml. Huh-7 was acquired from the

Health Science Research Resource Bank (Osaka, Japan)

and cultured in Dulbecco’s modified Eagle medium

(DMEM) containing 10% FBS and 100 U of penicillin and

100 lg of streptomycin per ml (Thermo Fisher Scientific,

Massachusetts, USA). HepG2 was purchased from ATCC

(American Type Culture Collection, USA) and maintained

in MEM supplemented with 10% FBS, and 100 U of

penicillin and 100 lg of streptomycin per ml. All of the

cells were maintained in a humidified incubator at 37�C
with 5% CO2. Transfection was carried out using a DNA

transfection reagent (Roche, Mannheim, Germany)

according to the manufacturer’s instructions.

Animals

HBV transgenic mice (HBV-Tg C57BL/6) were kindly

provided by Prof. Xia Ningshao (Xia Men University,

China). These animals encode a 1.2-overlength copy of the

HBV genome (serotype awy). All animals were housed in

specific pathogen-free rooms under strict barrier condi-

tions. The animal studies were carried out in accordance

with the Chinese Council on Animal Care and approved by

Chongqing Medical University. In all experiments, the

mice were matched for age (8 to 12 weeks), sex (male),

and serum HBsAg, HBeAg and HBV DNA levels. The

mice were randomly assigned to four groups of 4-5 indi-

viduals per group. Nicotinamide was diluted in 500 ll PBS
and injected through the caudal vein once daily for 5 days

in each group at a specified dose (0 lg/g, 10 lg/g, 100 lg/
g, 200 lg/g body weight). Twenty-four hours after the last

injection, the mice were euthanized to collect serum and

liver samples.

Cell viability assays

To determine the cytotoxic effects of nicotinamide on cells, a

(3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (MTS) assay

was applied (Promega, Wisconsin, USA). Briefly, 1.5 9 104

cells were plated into a 96-well plate and treated with various

concentrations of nicotinamide (0 mM, 1 mM, 2 mM, 4 mM,

8 mM, 16 mM, 32 mM, 64 mM and 108 mM) for 72 h and

incubated in freshmedium for another 48 h. Viable cells were

detected via the MTS assay according to the manufacturer’s

instructions. Fifty-percent cytotoxicity concentrations (CC50)

were calculated via non-linear regression using GraphPad

Prism 5.0.

Enzyme-linked immunosorbent assay (ELISA)

HBsAg andHBeAg in the cell culturemediumand themouse

serum were collected and detected using two commercial

enzyme-linked immunosorbent assay kits (KHB, Shanghai,

China) according to the manufacturer’s instructions.

Real-time PCR

The absolute quantification of the HBV replicative inter-

mediates and mouse serum HBV DNA was conducted

using Fast Start Universal SYBR Green Master (Roche,

Mannheim, Germany), and the quantification of the liver

HBV DNA was carried out using a TaqMan PCR Real

Master Mix (Probe) (Tiangen, Beijing, China). The results

were standardized using serial dilutions of HBV DNA

plasmids. Relative quantification of HBV 3.5-kb mRNA

and transcription factors were performed using Fast Start

Universal SYBR Green Master with b-actin mRNA as an

endogenous control. The levels of expression in the various

treatments were calculated using the 2-44Ct method. Real-

time PCR experiments were performed on an IQTM 5

Multicolor Real-Time PCR Detection system (Bio-Rad,

California, USA). The real-time PCR reaction was carried

out at 95�C for 2 min, followed by 34 cycles of 94�C for

20 s, 60�C for 20 s, 72�C for 20 s and 75�C for 1 s. The

sequences of the experimental primers are as follows: HBV

replicative intermediates: forward, 5’- CCTAGTAGTCAG

TTATGTCAAC-3’ reverse, 5’-TCTATAAGCTGGAGGA
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GTGCGA-3’. Mouse serum HBV DNA: forward, 5’-CCT

CTTCATCCTGCTGCT-3’; reverse, 5’-AACTGAAAGCC

AAACAGTG-3’. Mouse liver HBV DNA, forward 5’-T

GCGGCGTTTTATCATATTCC-3’; reverse, 5’-ATACCT

TGGTAGTCCAGAAGAACCA-3’ and probe 5’-FamTTC

ATCCTGCTGCTATGCCTGATCTTCTTG Tam-3’. The

sequences of primers for transcription factors screening and

3.5-kb mRNA are summarized in Supplementary Table 1.

Detection of HBV DNA replicative intermediates

via Southern blot

HBV DNA replicative intermediates in HBV core particles

were extracted as described previously [29]. The normal-

ized HBV DNA replicative intermediates were separated

on 0.9% agarose gels and transferred to a positive nylon

membrane (Roche, Mannheim, Germany). After fixing at

120�C for 30 min and prehybridization, the membranes

were hybridized with digoxigenin-labeled DNA probes

formed through the random labeling of full-length HBV

DNA using a DIG-High Prime DNA Labeling and Detec-

tion Starter Kit (Roche, Mannheim, Germany). The signal

was detected using X-ray film.

Western blot

Cell or tissue proteins were collected using a RIPA lysis

buffer with protease inhibitors (Roche, Mannheim, Ger-

many). The protein concentration was determined using

protein assay reagent (Bio-Rad, California, USA). Protein

lysates containing 30 lg of protein was separated on SDS–

polyacrylamide gels and transferred to nitrocellulose

membranes (GE Healthcare, Buckinghamshire, UK). The

membrane was blocked with 5% skim milk, incubated with

a designated primary antibody (Anti-HBV core protein

1:1000; Anti-GAPDH 1:5000; Anti-c-Jun 1:1000; Anti-C/

EBPa 1:1000; Anti-PPARa 1:1000) and further incubated

with the corresponding HRP-conjugated secondary anti-

body. Blots were visualized with ECL Western blot

reagents (Millipore, Massachusetts, USA). GAPDH was

used as a loading control, and signal intensity was quan-

tified via ImageJ (National Institutes of Health, Bethesda,

MD).

Luciferase reporter assays

The luciferase vector pGL3-control (containing a SV40 pro-

moter) was purchased from Promega (Promega, Wisconsin,

USA). Briefly, pGL3-Cp, pGL3-Xp, pGL3-SpI, and pGL3-

SpII were constructed by replacing the SV40 promoter of

pGL3-control with one of four HBV promoters between the

NheI and Hind III sites. Four HBV inner promoters were used

for amplification from pCH9/3091 (containing a 1.1-unit-

length HBV genome driven by a cytomegalovirus promoter)

with the following primers: SpI sense, AACGCTAGCTCG-

CAGACGAAGGTCTC; SpI antisense, ATTAAGCTTTG

AGGCGCTATGTGTTG; SpII sense, AACGCTAGCCAA

TCCCAACAAGGAC, SpII antisense, ATTAAGCTTGGC

CTGAGGATGAGTG; core sense, AACGCTAGCTTGCC

CAAGGTCTTAC; core antisense, ATTAAGCTTGCTTGG

AGGCTTGAAC; X sense, ACCGCTAGCAACCTTTTCG

GCTCCT; X antisense, ATTAAGCTTGCCATGGAAACG

ATGT.

These four HBV promoter plasmids and the pGL3-

control were used for cotransfection with pRL-TK, which

was used to normalize for differences in transfection

Fig. 1 Cytotoxic effects of nicotinamide in the HepAD38 and

HepG2.2.15 cell lines. Cells were plated in 96-well plates, treated

with the specified concentration of nicotinamide for 72 h and cultured

for another 48 h in a fresh medium. Cell viability was measured via

MTS assays. The CC50 value of nicotinamide in HepAD38 cells was

36.38 mM (A). The CC50 value of nicotinamide in HepG2.2.15 cells

was 44.44 mM (B). The results shown are from at least three

individual experiments. NAM, nicotinamide
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efficiency. The medium was replaced 14 h later with a

fresh growth medium containing various concentrations of

nicotinamide (0 mM, 8 mM, or 16 mM). After 24 h of

incubation, the cells were harvested and assayed using the

Dual Luciferase Report Assay System (Promega, Wiscon-

sin, USA) according to the manufacturer’s instructions.

Luciferase activity was measured using a GloMax micro-

plate luminometer (Promega, Wisconsin, USA).

Liver HBV DNA analysis

Frozen mouse liver tissues weighing 10-20 mg were

minced, and total DNA was extracted using a Wizard

Genomic DNA Purification Kit (Promega, Madison, Wis-

consin, USA). The DNA was diluted in 20 ll of water.

HBV DNA was determined using a quantitative TaqMan

PCR assay as described above, and liver HBV replicative

levels were calculated as HBV copies/mg liver tissue.

Serum HBV DNA analysis

Serum was separated from collected blood by incubating

the sample at 37�C for 1 h, followed by centrifugation at

3,000 rpm for 10 min at 4�C. DNA was prepared using

20 ll of mouse serum and dissolved in 20 ll of nuclease-
free water using a TIANamp Virus DNA/RNA Kit (Tian-

gen, Beijing, China). The quantity of isolated HBV DNA

templates was detected by real-time PCR with the HBV-

specific primers described above. The serum HBV DNA

levels were calculated as copies per 10 ll of serum.

Serum enzyme activities

Serum alanine transaminase (ALT) and aspartate

transaminase (AST) were measured using commercial kits

purchased from Nanjing Jiancheng Bioengineering Insti-

tute (Jiancheng, Jiangsu, China) according to the manu-

facturer’s protocols.

Statistical analysis

Results were expressed as the mean ± SD for three inde-

pendent experiments. Statistical analysis was conducted

with Student’s t test or one-way ANOVA using SPSS 16.0.

p-values less than 0.05 were considered statistically

significant.

Results

Inhibition of HBV replication by nicotinamide

in HepAD38 and HepG2.2.15 cells

We first determined the cytotoxicity of nicotinamide in

HepAD38 and HepG2.2.15 cells, which are HBV stably

transfected cell lines that constitutively produce HBV. An

MTS assay showed that nicotinamide was not cytotoxic at

concentrations lower than 8 mM in either of the cell lines.

The concentrations causing 50% cytotoxicity were

36.38 mM in HepAD38 cells (Fig. 1A) and 44.44 mM in

HepG2.2.15 cells (Fig. 1B).

To investigate the potential effect of nicotinamide on

HBV replication, HepAD38 cells and HepG2.2.15 cells

were treated with various concentrations of nicotinamide

(0 mM, 4 mM, 8 mM, 16 mM, 32 mM and 64 mM). Real-

time PCR revealed that nicotinamide treatment decreased

the levels of HBV DNA replicative intermediates in a dose-

dependent manner, and the 50% inhibitory concentration

(IC50) of nicotinamide was 18.85 mM in HepAD38 cells

and 9.73 mM in HepG2.2.15 cells (Fig. 2A). The selec-

tivity index (CC50/IC50) was approximately 1.92 in

HepAD38 cells and 4.56 in HepG2.2.15 cells. The inhibi-

tory effect of nicotinamide on HBV DNA intermediates

was confirmed by Southern blotting analysis (Fig. 2B).

HBV 3.5-kb mRNA is composed of two pregenomic

(pgRNA) and precore (pcRNA) mRNAs. It serves as the

template for HBV reverse transcription, genomic DNA

formation, and the translation of several viral proteins,

including HBc, Pol and the secreted HBeAg. Therefore, we

also measured 3.5-kb mRNA levels by real-time PCR.

Treatment with 8 mM and 16 mM nicotinamide resulted in

a nearly 50% and 70% reduction, respectively, of HBV 3.5-

kb mRNA levels in HepAD38 cells. Similar results were

also observed in HepG2.2.15 cells (Fig. 2C). Western

blotting showed that nicotinamide significantly suppressed

HBV core protein expression in both HepAD38 and

HepG2.2.15 cells (Fig. 2D). Secretion of HBsAg and

HBeAg in the cell medium was also markedly reduced in

the nicotinamide-treated cells compared to the control cells

(Fig. 2E and F). These data indicate that nicotinamide

inhibits HBV replication in vitro.

bFig. 2 Inhibition of HBV replication by nicotinamide in the

HepAD38 and HepG2.2.15 cell lines. Cells were incubated in a

medium containing varying concentrations of nicotinamide (0 mM,

4 mM, 8 mM, 16 mM, 32 mM and 64 mM) for 72 h. The cells were

further cultured for 48 h prior to analysis. (A-B) Nicotinamide

decreased HBV DNA replicative intermediates in a dose-dependent

manner in HepAD38 and HepG2.2.15 cells, detected via real-time

PCR (A) and Southern blotting (B). M, marker; rcDNA, relaxed

circular DNA; dsDNA, double-strand DNA; ssDNA, single-strand

DNA; NAM, nicotinamide. (C) Nicotinamide inhibited HBV 3.5-kb

mRNA dose-dependently in both cell lines. *, p\ 0.001. (D) Western

blotting showed the repressive effect of nicotinamide on HBV core

protein. (E–F) Cell culture medium was collected for HBsAg and

HBeAg analysis via ELISA. Nicotinamide caused a dramatic

repression of HBsAg and HBeAg secretion. *, p\ 0.001
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Inhibition of HBV replication by nicotinamide

in transgenic mice

To investigate whether nicotinamide can inhibit HBV

replication in vivo, HBV-transgenic mice (C57BL/6 J)

were injected with various doses of nicotinamide solutions

for 5 days through the caudal vein. Mouse serum was

collected 24 h after the last injection. The possible toxicity

of nicotinamide to the liver was evaluated by measuring

serum alanine transaminase (ALT) and aspartate transam-

inase (AST) levels. No significant difference in the levels

of AST and ALT was found between the NAM-injected

mice and the control mice (Fig. 3A and B). Serum HBV

DNA was analyzed by using real-time PCR, and HBsAg/

HBeAg levels were analyzed by using ELISA. As shown in

Fig. 3C, serum HBV DNA was significantly reduced after

injection of the indicated dose of nicotinamide. Moreover,

nicotinamide treatment also repressed HBsAg and HBeAg

secretion (Fig. 3D and E). Additionally, liver HBV DNA

was extracted from 10-20 mg of liver tissue and analyzed

using TaqMan PCR, and lower levels of HBV DNA were

found in the liver of nicotinamide-treated mice than in the

control mice (Fig. 3F). These data indicate that nicoti-

namide inhibits HBV replication in vivo.

Suppression of HBV promoter activity

by nicotinamide

To determine the mechanism by which nicotinamide

inhibits HBV replication, we first examined whether

nicotinamide plays a role in the activity of four HBV

promoters (the SpI, SpII, core and X promoters). Using a

dual-luciferase reporter assay, it was found that nicoti-

namide suppressed SpI, SpII, core and X promoter activity

in both Huh-7 and HepG2 cells (Fig. 4A and B). To

exclude the nonspecific effects of nicotinamide on the

promoter activity, the luciferase vector pGL3-control,

containing a SV40 promoter, was tested as a negative

control. No significant difference was observed in the level

of the SV40 promoter following nicotinamide treatment

(Supplementary Fig. 1). Various transcription factors such

as nuclear factor jB (NF-jB), activator protein-1(AP-1),

and PPARa have been reported to affect HBV gene

expression and replication [27]. To investigate the mech-

anism of transcriptional inhibition of nicotinamide on HBV

promoters, a panel of transcription factors, including NF-

jB, HNF4a, CREB1, p53, p65, AP-1, TR4, C/EBPa,
C/EBPb, COUP-TF1, TR2, PPARa, CREB2, TBP, PXPa,
PGC-1 and NRF1 were screened using real-time PCR

(Fig. 4C). Interestingly, nicotinamide treatment markedly

decreased the mRNA levels of AP-1, C/EBPa and PPARa.
Western blot analysis showed that nicotinamide signifi-

cantly inhibited the expression of C/EBPa, PPARa and

c-Jun unit of AP-1 in HepAD38 and HepG2.2.15 cells

(Fig. 4D-F). Transcription factor C/EBPa binds to the

HBV core and SpII promoters. Transcription factor PPARa
regulates HBV core, SpI and X promoters. AP-1 regulates

the HBV core promoter. These data suggest that nicoti-

namide regulates HBV promoter activity, possibly by tar-

geting transcription factors C/EBPa, PPARa and AP-1.

Discussion

We previously reported that SIRT1, a member of the class

III deacetylases, plays an important role in HBV replica-

tion. A mechanistic study demonstrated that SIRT1 pro-

motes HBV core promoter activity by targeting the

transcription factor AP-1 [29]. These findings suggested

the antiviral potential of an SIRT1 inhibitor in HBV

replication. Nicotinamide is a well-established SIRT1

inhibitor that has been used to inhibit SIRT1 activity in

many experiments. Therefore, we focused on the role of

nicotinamide in HBV replication in our study.

Nicotinamide is an active form of niacin (vitamin B3).

In regard to cellular functions, nicotinamide serves mainly

as a precursor for the biosynthesis of nicotinamide adenine

dinucleotide (NAD?) and its derivatives [4]. It is also a

potent inhibitor of enzymes that require NAD? for their

activities, such as sirtuins [26]. Nicotinamide has been used

in the treatment of pellagra and schizophrenia and in the

prevention of type 1 diabetes [2, 7, 19]. Nicotinamide is

currently being evaluated for use in the prevention of

neurotoxicity [12], vascular injury [16], lung injury [33]

and ischemia [3].

Nicotinamide has also been found to have an effect on

virus infection. Several groups have reported the antiviral

bFig. 3 Inhibition of HBV replication by nicotinamide in HBV

transgenic mice. Age-, weight-, sex-, and serum-HBV-DNA-level-

controlled HBV transgenic mice were randomly divided into four

groups, 4-5 in each group. Different concentrations of nicotinamide

(0 lg/g, 10 lg/g, 100 lg/g and 200 lg/g) was dissolved in PBS and

injected into the caudal vein for 5 days. The mice were euthanized for

the following experiments 24 h after the last injection. (A-B) ALT

and AST in the mouse serum were detected by colorimetric

microplate assay based on the Retiman-Frankel method. (C) HBV

DNA in the mouse serum was examined by real-time PCR. The HBV

DNA serum levels after nicotinamide injection were compared with

the levels before treatment in each group. Nicotinamide treatment

decreased HBV DNA serum levels. (D-E) HBsAg and HBeAg in

mouse serum were analyzed by ELISA analysis before or after

nicotinamide treatment. Nicotinamide treatment caused a reduction in

HBsAg and HBeAg in serum in each group. (F) HBV DNA in the

mouse livers was examined via TaqMan PCR. Nicotinamide-treated

mice showed a decreased in HBV DNA levels in the liver of HBV-

transgenic mice compared with the controls without nicotinamide

treatment. *, p\ 0.05
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Fig. 4 The effect of nicotinamide on HBV promoters. (A-B)

Nicotinamide suppressed HBV promoter activity in Huh-7 cells

(A) and HepG2 cells (B). Huh-7 cells were transfected with various

luciferase reporter vectors. Cells were cotransfected with the plasmid

RL-TK to normalize for differences in transfection efficiency.

Luciferase activity was measured after 24 h of nicotinamide

treatment. *, p\ 0.05. (C) Real-time PCR analysis of gene expres-

sion of various transcription factors related to HBV transcription. *,

p\ 0.05. (D-E) c-Jun, C/EBPa and PPARa protein levels were

estimated by western blotting. Nicotinamide treatment downregulated

c-Jun, C/EBPa and PPARa protein expression in a dose-dependent

manner both in HepAD38 and HepG2.2.15 cells
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effect of nicotinamide on HIV [1, 23, 35]. Michael et al.

reported that nicotinamide inhibited the release of HIV

virions into the supernatant and the intracellular production

of p24 antigen, which comprises the HIV particle capsid

[23]. Nicotinamide suppresses UV-induced HIV-1 gene

expression directed by the HIV-1 long terminal repeat

(LTR), which is important for integration of the virus into

the host genome [35]. Moreover, nicotinamide exerts its

antiviral effect on adenovirus replication by acting as a

competitive inhibitor of the ADP-ribosylation reaction [8].

Nicotinamide reduces the number of infectious vaccinia

virus (VV) particles by preventing VV core precursor

polypeptides (P94 and P65) from being cleaved into the

mature core proteins [6]. In contrast to the inhibitory effect

of nicotinamide on viruses, nicotinamide reactivates

Kaposi’s sarcoma-associated herpesvirus (KSHV) from

latency. Replication transcriptional activator (RTA) plays a

central role in the switch of KSHV from latency to lytic

replication. Nicotinamide reactivates KSHV by altering the

status of histone acetylation at the RTA promoter. Nicoti-

namide also induces the transcription of RTA and lytic

genes (ORF57, ORF59 and ORF65) and increases the

production of infectious virions in KSHV-infected cells

[15]. In this study, we found that treatment with nicoti-

namide inhibited the transcription of HBV 3.5-kb mRNA

expression and the replication of HBV DNA replicative

intermediates. Moreover, nicotinamide treatment also

reduced the amount of HBV core protein and the secretion

of HBsAg and HBeAg. Nicotinamide treatment in HBV

transgenic mice confirmed the antiviral effect of nicoti-

namide. These findings suggest an antiviral function of

nicotinamide in HBV replication.

HBV transcription is modulated by four promoters,

including the core, SpI, SpII and X promoters. The core

promoter is responsible for the transcription of 3.5-kb

pregenomic/precore (pre-C) mRNAs. The SpI promoter

controls the transcription of the 2.4-kb mRNA, which

encodes the large surface protein. TheSpII promoter controls

the transcription of the 2.1-kb mRNA, which encodes the

middle and small surface proteins [31]. The X promoter

controls the transcription of the 0.7-kb mRNA encoding the

X protein, a regulatory protein of HBV [22]. To investigate

the mechanism by which nicotinamide inhibits HBV, the

effect of nicotinamide on the four HBV promoters was

examined. The dual luciferase reporter assay showed that

nicotinamide significantly inhibited the core, SpI, SpII andX

promoters. Furthermore, we screened many transcription

factors related to HBV transcription by real-time PCR and

western blotting and found that nicotinamide inhibited

transcription factors AP-1, PPARa and C/EBPa. For most of

the other transcription factors examined, the RNA and pro-

tein levels were unchanged, but their functional activity was

not directly assessed. This finding was not in complete

agreement with our previous report that gene silencing of

SIRT1 inhibited the HBV core promoter by targeting tran-

scription factor AP-1. This discrepancy is possibly due to a

lack of specificity of nicotinamide for SIRT1. In a study by

Zhou et al., nicotinamide was also used to inhibit SIRT2

activity [36]. Nicotinamide has also been shown to lower

SIRT1, SIRT5 and SIRT6 mRNA levels [34] in neural stem

cells of adult mice.

The efficient transcription of HBV genes requires a

number of transcription factors. Various transcription fac-

tors have been reported to bind to the HBV core promoter

region, such as hepatocyte nuclear factor 4 (HNF4),

specificity protein 1 (Sp1), the C-AMP-response element

binding protein (CREB), and nuclear factor-kappa B (NF-

jB) [27]. The SpI promoter contains binding sites for

COUP-TF, PPARa-RXRa, HNF1, and HNF3a. Tran-

scription factors such as COUP-TF, PPARa-RXRa,
C/EBPa, C/EBPb, and HNF 3b could bind to the HBV SpII

promoter. The HBV X promoter contains binding sites for

PPARa-RXRa, HNF3a, b, and c and NRF-1 [27]. Tran-

scription factor C/EBPa is involved in the regulation of

HBV EnhII, core and SpII promoter activities [17, 18].

PPARa has been reported to increase transcription from the

SpI, core and X promoters [28]. AP-1 is also involved in

regulation of the HBV X and core promoters. The finding

which nicotinamide inhibits the expression of AP-1,

PPARa and C/EBPa may possibly explain the mechanism

by which nicotinamide regulates the four HBV promoters.

However, the mechanism by which nicotinamide regulates

HBV replication needs further investigation.

In conclusion, we found that nicotinamide, a SIRT1

inhibitor, inhibits HBV replication in vitro and in vivo.

Further experiments showed that it inhibits the function of

four HBV promoters by targeting transcription factors AP-

1, C/EBPa and PPARa. This study suggests that nicoti-

namide may serve as a potential antiviral drug in HBV

prevention and therapy.
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