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Sirtuins (SIRTs) are well-known histone deacetylases that are capable of modulating

various cellular processes in numerous diseases, including the infection of hepatitis

B virus (HBV), which is one of the primary pathogenic drivers of liver cirrhosis and

hepatocellular carcinoma. Mounting evidence reveals that HBV can alter the expression

levels of all SIRT proteins. In turn, all SIRTs regulate HBV replication via a cascade of

molecular mechanisms. Furthermore, several studies suggest that targeting SIRTs using

suitable drugs is a potential treatment strategy for HBV infection. Here, we discuss the

molecular mechanisms associated with SIRT-mediated upregulation of viral propagation

and the recent advances in SIRT-targeted therapy as potential therapeutic modalities

against HBV infection.
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INTRODUCTION

Chronic infection with hepatitis B virus (HBV), which can cause cirrhosis and hepatocellular
carcinoma (HCC), remains a serious global public health problem (1, 2). To date, two types of
drugs-namely, interferon-α (IFN-α) and nucleos(t)ide analogs-have been approved for treating
diseases caused by HBV (1, 3). Although clinical evidence has shown that these drugs have the
capability to suppress viral replication and improve liver histology, current standard antiviral
treatment strategies rarely cure HBV infection; moreover, drug resistance and disease recurrence
after therapy cessation remain prevalent. Given the fact that the interaction between HBV and host
cells determines the clinical outcomes of HBV infection, targeting cellular factors that contribute
to viral replication is a clinically viable strategy to eliminate the virus. Sirtuins (SIRTs) are
nicotinamide adenine dinucleotide (NAD)+-dependent histone deacetylases that regulate various
biological processes, including stress responses, apoptosis, and metabolism (4, 5). In particular,
emerging evidence shows that SIRTs play a significant role in chronic HBV infection (6–16).
Here, we present a review on the role of HBV in the alteration of SIRTs, function of SIRTs in
the modulation of viral replication, and therapeutic potential of SIRT-targeting strategies in the
suppression of HBV infection.

EFFECT OF HBV ON SIRTS

The SIRT protein was first discovered in Saccharomyces cerevisiae as a silent information regulator
2 (SIR2) that contributes to extension of life span under different types of stress (17–19).
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To date, a total of seven mammalian SIRT proteins have been
identified. All seven SIRTs are present in all living organisms
but with diverse intracellular localizations. SIRT1 and SIRT2 are
present in the cell nucleus and cytoplasm; SIRT3, SIRT4, and
SIRT5 are primarily localized in the mitochondria; and SIRT6
and SIRT7 are mainly present in the nucleus. Additionally, all
SIRTs are members of class III histone deacetylases. In addition
to their constitutive deacetylase activity, some SIRTs have
alternative enzymatic activities, including ADP ribosyltransferase
(SIRT4 and SIRT6), demalonylase (SIRT5), desuccinylase (SIRT5
and SIRT7), and demyristoylase (SIRT6) (18, 19). Given their
diverse localizations and enzymatic activities, SIRTs are known
to play a significant role in a wide range of biological functions.
Owing to their ability to target various cellular substrates, SIRTs
are crucial for numerous biological processes, including DNA
repair, proliferation, mitochondrial energy homeostasis, and
metabolism (17, 19). In particular, increasing evidence shows
that SIRTs are implicated in the persistence and pathogenesis
of viral infections (20) caused by human immunodeficiency
virus, influenza A virus, herpes simplex virus 1, and human
papillomavirus (18, 19). Considering the potential importance
of SIRTs in viral infections, an improved understanding of the
interaction between SIRTs and viruses may help researchers to
develop alternative novel antiviral therapeutic agents.

To date, the effect of HBV on all proteins in the SIRT family
has been extensively investigated by several groups. Notably,
current evidence shows that the expression of all SIRT proteins
can be modulated by HBV. In particular, expression levels
of SIRT1 (6), SIRT2 (7), SIRT5 (8), and SIRT7 were found
to be increased in HBV-infected cells (8, 9), whereas those
of SIRT3, SIRT4, and SIRT6 were decreased in HBV-infected
hepatocytes (10–12, 21). Of note, studies have also demonstrated
that changes in the expression level of SIRT1 (14), SIRT2 (7),
SIRT3 (11), SIRT4 (10), and SIRT7 are associated with a non-
structural viral protein, HBx (9). Specifically, Wang et al. showed
that, compared with those in the hepatoma cell line HepG2,
the levels of SIRT1 mRNA and its protein were increased in
HepG2.2.15 (HepG2 harboring HBV genome). Additionally,
the HBV-mediated alteration in SIRT1 expression was further
confirmed in HepAD38 cells, in which HBVs were continuously
produced in the presence of tetracycline (14). Among the HBV-
encoded proteins, only HBx has been found to increase SIRT1
expression at the mRNA and protein levels (14). The expression
of HBx could also be upregulated by SIRT1 in the HBV-
expressing hepatocytes. However, the cellular factors associated
with the upregulation of SIRT1 mediated by viral proteins are
still unknown.

Similar to the expression of SIRT1, SIRT2 and SIRT7 are
increased in HBV-expressing hepatocytes (7, 9) although the
mechanisms underlying the upregulation of SIRT2 and SIRT7
expression by the viral protein HBx is different. HBx-induced
overexpression of SIRT2 mRNA and its proteins has been
observed. Furthermore, HBx is capable of enhancing SIRT2
transcription by activating its promoters in the HBV-infected
hepatoma cells (7). HBx has no effect on the expression of SIRT7
mRNA in hepatoma cells. However, the viral protein can interact
and co-localize with SIRT7 (primarily in the nucleus), collectively

enhancing SIRT7 stability by restraining its degradation that is
regulated via the ubiquitin-proteasome pathway (9).

HBx suppresses the expression level of SIRT3 and SIRT4 in
hepatoma cells (10, 11). A study showed that SIRT3 inhibition
could increase the release of reactive oxygen species (ROS)
induced byHBx (11). HBx-mediated SIRT4 suppression is related
to an increase in cell cycle progression and the inhibition of
apoptosis in hepatoma cells (10). Nevertheless, the detailed
mechanisms of HBx-mediated SIRT3 and SIRT4 expression
alterations are yet to be fully elucidated. Moreover, although
HBV can modulate the expression levels of SIRT5 and SIRT6
(8, 21), the exact virus-encoded proteins that are responsible for
the virus-mediated modification of SIRT5 and SIRT6 expression
are still unknown.

FUNCTION OF SIRTS IN HBV
REPLICATION

The replication cycle of the small enveloped double-stranded
circular DNA of HBV has been fully deciphered (Figure 1)
(3, 22). The covalently closed circular DNA (cccDNA) mini-
chromosome of HBV acts as the central replication and
transcription template and thus plays a central role in its
replication (3). Although all viral transcripts are derived from
HBV cccDNA, elements such as viral proteins, transcriptional
regulators, and epigenetic modulators are known to regulate the
transcription of cccDNA. Specifically, the HBV cccDNA mini-
chromosome is stably maintained in host hepatocytes to facilitate
the persistence of HBV infection. In particular, current studies
have shown that not only can SIRT1 interact with HBx (13) but
also can both SIRT1 and HBx be recruited to the viral cccDNA,
resulting in a more robust production of cccDNA, pregenomic
RNA, as well as surface antigen. To date, various research groups
have investigated the effect of SIRT1 on HBV replication. Li
et al. showed that SIRT1 facilitates HBV replication by activating
all viral promoters located in the HBV cccDNA, including the
core, X, preS1, and preS2 promoters (15). Moreover, previous
studies have indicated that SIRT1 can sensitize the FXRα, PGC-
1α, and c-Jun to enhance viral transcription via the activation of
HBV core promoter (6, 16). In addition, C/EBPα and PPARα,
which contribute to the activation of the core, X, preS1, and
preS2 promoters (23), participate in the SIRT1-mediated HBV
replication (15, 24) (Figure 1).

Autophagy is an important non-selective self-degradation
physiological process, by which cell constituents are sequestered
in autophagosomes that consecutively fuse with lysosomes to
facilitate substrate degradation (25). A growing body of evidence
shows that SIRT1 induces autophagy by directly deacetylating
autophagy-related molecule markers, including ATG5, ATG7,
and ATG8 (26). Of note, studies have demonstrated that
autophagic response is crucial for HBV replication (27), and
particularly, Yang and Gao reported that SIRT1 facilitates HBV
replication through viral-induced autophagy (28, 29). However,
miR-141 and miR-224 may play a role of suppressing autophagy-
induced HBV replication by targeting SIRT1 (Figure 1).
Yamai et al. showed that SIRT1 is capable of promoting
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FIGURE 1 | The molecular mechanisms associated with the regulation SIRT-mediated HBV replication and the SIRT-targeting antiviral agents to inhibit viral replication.

After entering hepatocytes, HBV is uncoated and transferred into the nucleus and its genome is converted into cccDNA. Subsequently, the cccDNA forms a

mini-chromosome and is transcribed into various viral mRNA, including pregenomic RNA (pgRNA) and preC mRNA, two envelope mRNAs, and X mRNA. The pgRNA

serves as a translation template for HBc and viral polymerase proteins (HBp). The preC mRNA encodes pre-core protein, which is secreted as HBe antigen. X mRNA

is translated to HBx protein. The two envelope mRNAs encode preS1, S, and preS2 domains to construct the various viral surface proteins. The pregenomic RNA is

encapsulated into viral particles, and reverse-transcribed into viral DNA. The enveloped HBV particles are secreted from the HBV-expressing hepatocytes. During the

cccDNA mini-chromosome-dependent HBV replication, SIRT1 interacts with HBx and then recruited to cccDNA. SIRT1 activates the transcription factors, inculding

FXRα, PGC-1α, c-Jun, C/EBPα, and PPARα, which can promote the activation of HBV promoters, to facilitate viral replication. In addition, SIRT1 also enhances HBV

replication via autophagy. However, miR-141 and miR-224 inhibit SIRT1 to block autophagy-mediated viral replication. SIRT2 and SIRT2.1 increase the replication of

HBV via activating AKT, inhibiting GSK-3β, and then sensitizing the β-catenin signaling. SIRT2.5 recruits histone methyltransferases, including SETDB1, EZH2,

SUV39H1, PR-Set7, and H3K27me3, H3K9me3, and H4K20me1 to cccDNA. The interactions of PR-Set7 and SETDB1 with SIRT2.5 are increased upon HBV

replication. Upon recruitemnt to HBV mini-chromosome, SIRT3 can lead to an increase in histone lysine methyltransferases SUV39H1 but a decrease in SETD1A on

viral cccDNA, which results in increased recruitment of H3K9me3 but decreased binding of H3K4me3 to HBV cccDNA. SIRT3-mediated viral cccDNA transcriptional

repression is similar to the decreased recruitment of RNAPII and transcription factor YY1 on the viral cccDNA. HBx enhances cccDNA transcription by suppressing

the expression of SIRT3 and inhibiting the recruitment of proteins to cccDNA. In addition, SIRT3 overexpression inhibits viral replication by reducing cellular ROS level.

HBx can induce ROS production to promote viral replication, which is associated with the inhibition of SIRT3. SIRT6 activates the HBV promoters via upregulating

PPARα expression. However, SIRT6 is able to repress HBV replication via interacting with HBc and downregulating H3K56 acetylation (H3K56ac) and H3K9

acetylation (H3K9ac) on the viral cccDNA mini-chromosome. SIRT7 binds to cccDNA by interacting with HBc and inducing the decrease of H3K122 succinylation

(H3K122succ). Specifically, SIRT7 cooperates with SETD2 and SUV39H1 to induce the inhibition of viral transcription. The inhibitors, including sirtinol, Ex527,

butyrate, dandelion, taraxasterol, and nicotinamide, can suppress viral replication via SIRT1-targeting. The inhibitor AGK2 suppresses HBV replication by blocking

SIRT2 and SIRT2.1. OSS_128167, a SIRT6 inhibitor, can repress HBV replication. Whereas, MDL-800 can suppress viral replication by activating SIRT6. ROS,

reactive oxygen species; RNAPII, RNA polymerase II; H3K9me3, trimethyl-H3K9; H4K20me1, monomethyl-H4K20; H3K27me3, trimethyl-H3K27; H3K4me3,

trimethyl-H3K4; H3K9ac, H3K9 acetylation; H3K56ac, H3K56 acetylation; H3K122succ, succinylation of histone H3K122; SETDB1, SET domain bifurcated 1; EZH2,

enhancer of zeste homolog 2; SETD1A, SET domain containing 1A; SUV39H1, suppressor of variegation 3–9 homolog 1; cccDNA, covalently closed circular DNA.
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autophagy-induced HBV replication, the role of SIRT in viral
replication is independent of autophagy (30). Therefore, further
investigation is required to clarify the exact role of autophagy in
SIRT1-dependent HBV replication. In addition to SIRT1, studies
have demonstrated that other SIRTs, including SIRT2, SIRT3,
and SIRT 6, can also induce autophagy via alternative molecular
mechanisms (5, 31). However, it remains ambiguous whether
these SIRTs can regulate HBV replication via autophagy, and
therefore, warranting further studies.

A study from Piracha et al. indicates that HBV can increase
the expression level of SIRT2 as well as its alternatively spliced
transcripts SIRT2.1 and SIRT2.5 (32). It has been demonstrated
that the activation of AKT, a core molecule in the PI3-K
pathway, is involved in the replication of HBV (33). As a
deacetylase, SIRT2 interacts with AKT to enhance its activation
via deacetylation (34). In particular, Piracha et al. showed that,
via their interaction with AKT, SIRT2 and SIRT2.1 induce AKT
activation to downregulate GSK-3β, which in turn upregulates β-
catenin expression to increase the transcriptional activity of HBV
(35). Unlike SIRT2.1, SIRT2.5 could only slightly activate the
AKT/GSK-3β/β-catenin signaling pathway. However, SIRT2.5
plays an exact opposite role of SIRT2.1, which is to reduce
the expression level of HBV cccDNA and mRNAs. Studies
have further revealed that, unlike SIRT2.1, SIRT2.5 is primarily
recruited to HBV cccDNA (32). The recruitment of histone
lysine methyltransferases, such as enhancer of zeste homolog 2
(EZH2), suppressor of variegation 3–9 homolog 1 (SUV39H1),
SET domain bifurcated 1 (SETDB1), and PR-Set7, and the
methylation of distinct histones, including trimethyl-H3K9
(H3K9me3), monomethyl-H4K20 (H4K20me1), and trimethyl-
H3K27 (H3K27me3), are also increased in the cccDNA of
SIRT2.5-overexpressing HBV (32). Among these histone lysine
methyltransferases, SIRT2.5 could interact with PR-Set7 and
SETDB1 on cccDNA, and these interactions are increased upon
the replication of HBV (Figure 1). As mentioned earlier, Cheng
et al. demonstrated that SIRT2 expression could be upregulated
by HBx to promote HBV replication (7). However, Piracha et al.
showed that SIRT2-mediated upregulation of HBV replication
are independent of HBx (32, 35). Taken together, the findings
on the mediating effect of SIRT2 on HBV replication obtained
by different researcher groups remain inconclusive. Therefore,
further investigation is vital to examine the exact role of
SIRT2 and its alternatively spliced transcripts in HBx-mediated
HBV replication.

Unlike SIRT1 and SIRT2, SIRT3 exerts an inhibitory effect
on HBV replication by targeting the cccDNA via epigenetic
regulation. Specifically, SIRT3 can induce a decrease in H3K9
acetylation (H3K9ac) on viral cccDNA, leading to an increase
in histone lysine methyltransferase SUV39H1 and a decline in
the SET domain containing 1A (SETD1A) on cccDNA. The
recruitment of SIRT3 to viral cccDNA also results in an increase
in H3K9me3 and a decrease in trimethyl-H3K4 (H3K4me3) on
HBV cccDNA. Furthermore, the transcriptional repression of
HBV cccDNA mediated by SIRT3 is also related to a decrease
in RNA polymerase II (RNAPII) and the transcription factor
YY1 on cccDNA (Figure 1). However, HBx can relieve cccDNA
transcriptional repression by restricting the expression of SIRT3

and blocking the recruitment of the proteins to cccDNA (12).
As a major mitochondrial deacetylase, SIRT3 plays a crucial
role in the regulation of ROS by targeting proteins involved
in mitochondrial functions and antioxidant defenses (36). Ren
et al. reported that SIRT3 can also inhibit HBV replication by
decreasing ROS levels in the HBV-expressing hepatocytes. In
contrast, HBx can induce ROS to promote viral replication, a
process similar to viral protein-mediated SIRT3 inhibition (11).

Findings from two separate studies by Deng et al. and Jiang
et al. showed that SIRT6 can promote HBV replication and
activate the HBV core promoter via upregulating the expression
of transcription factor PPARα (13, 37). However, the latest
evidence from Yuan et al. indicated that SIRT6 is a restricting
factor of HBV. SIRT6 can interact with HBV core protein
(HBc) and suppress viral replication through its deacetylase
activity by inhibiting H3K56 acetylation (H3K56ac) and H3K9
acetylation (H3K9ac) on the HBV cccDNA mini-chromosome
(21) (Figure 1). The reasons for the contrasting effect of SIRT6 on
HBV replication by different researchers are unclear. Therefore,
further investigations are warranted to examine the exact role of
SIRT6 in HBV replication.

Although SIRT7 is involved in the modulation of HBV
replication, results on the effect of SIRT7 on HBV replication
reported by different groups remain inconclusive. Deng et al.
showed that SIRT7 contributes to HBV replication (13), but
the molecular mechanisms that contribute to the replication of
HBV remains ambiguous. Yu et al. reported that SIRT7 can
bind to cccDNA by interacting with the HBc protein. Due to
its desuccinylase activity, SIRT7 induces a decrease in histone
H3K122 succinylation (H3K122succ) on the cccDNA (Figure 1).
Furthermore, SIRT7 can act cooperatively with histone lysine
methyltransferase SUV39H1 and SETD2 to modulate the
chromatin structure of cccDNA and facilitate the inhibition of
HBV transcription (38). Similar to SIRT6, further studies are
vital to investigate the exact role of STIR7 in HBV replication.
Although SIRT4 and SIRT5 can enhance HBV replication (13),
the exact molecular mechanisms mediated by these two SIRTs are
still not fully clarified.

SIRTS AS POTENTIAL THERAPEUTIC
TARGETS IN HBV INFECTION

Owing to the growing evidence on the importance of SIRTs
in HBV infection, targeting SIRTs using antiviral agents is
an appropriate strategy to attenuate the replication of HBV
(Figure 1). For example, inhibition of SIRT1 with sirtinol and
Ex527 has a significant antagonistic effect on the replication
of HBV (13). Emerging data indicate that butyrate can inhibit
HBV replication by targeting SIRT1 (39). In addition, dandelion
and taraxasterol, which have the role of targeting SIRT1,
also exert a significant inhibitory effect on HBV replication
(40). Additionally, nicotinamide, another SIRT1 inhibitor, could
suppress HBV replication in vitro and in vivo (15).

As mentioned above, SIRT2 and SIRT2.1 have been
demonstrated to accelerate viral replication (32, 35), and
AGK2 could suppress HBV replication by targeting SIRT2
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and SIRT2.1 in vitro and in vivo (35, 41). Jiang et al. and
Yuan et al. reported contradicting effect of SIRT6 on the
replication of HBV (21, 37). The inhibitor or activator of SIRT6
exhibited an inhibitory effect on HBV replication in these two
studies. Jiang et al. demonstrated that the selective inhibitor
OSS_128167 could target SIRT6 to restrict viral replication in
both HepG2.2.15 cells and HBV-transgenic mice (37). However,
data from Yuan et al. indicated that a specific activator of SIRT6,
MDL-800, can suppress the replication of the virus in vitro
and in vivo (21) (Figure 1). Therefore, further study is vital to
examine the exact effect of SIRT6 inhibitors or activators on
HBV replication.

CONCLUSION AND FUTURE
PERSPECTIVES

Currently, the standard treatment regimens for HBV are mainly
limited to IFN-α and nucleos(t)ide analogs. IFN-α treatment
strategy is primarily employed to elicit cytokine-induced antiviral
immune response via the expression and antiviral activity
of IFN-stimulated genes. Nucleos(t)ide analogs inhibit viral
replication via their accumulation on the viral genome and
thereby disrupt the transcription of viral polymerase (1, 42).
However, these two drugs cannot cure the HBV-induced diseases
and often result in serious side effects, drug resistance, and
disease recurrence. Therefore, novel molecular targets for HBV
treatment are urgently needed. Based on this review, we
infer that HBV can alter the expression of SIRTs and that
SIRTs are capable of promoting viral replication via multiple
pathways. First, SIRTs regulate HBV replication by controlling
the activity of viral promoters that rely on various transcription
factors, including FXRα, PGC-1α, and c-Jun. Second, SIRTs can
modulate many biological processes, including the induction
of autophagy, increase in ROS production, and activation of
signaling pathways to regulate HBV replication. Third, SIRTs
can also modify the chromatin structure of HBV cccDNA via
epigenetic regulation based on histone methylation, acetylation,
and succinylation to modulate viral replication. Besides these,
the utilization of different inhibitors or activators associated
with SIRTs can effectively inhibit HBV replication in vitro and
in vivo. Therefore, targeting SIRTs, as a means to disrupt the
biological processes that benefit viral replication via suppressing
the activation of HBV promoters and altering the chromatin
structure of viral cccDNA, is a promising treatment strategy
against HBV infection.

In the search for potential novel SIRTs antagonists, many
significant breakthroughs have been attained in recent years (43,
44). Importantly, several preclinical and clinical trials have been
conducted to assess the effect of SIRT-targeting drug candidates
for the treatment of various diseases, including diabetes, obesity,
and cancer (43, 45). Nevertheless, the use of SIRT-targeting
drug candidates may cause other side effects attributed by the
interacting effect between the drugs on other biological processes
in which SIRTs are involved. Although some SIRT-targeting
agents, including EX-527 and resveratrol, are reported to be
safe and well-tolerated in various clinical trials (45–47), mild

adverse effects, including dizziness, headache, and epididymitis,
have been frequently reported in some participants administered
with resveratrol (45). Therefore, to better assess whether targeting
SIRTs is a novel promising treatment strategy against HBV-
induced diseases, large scale clinical trials in the near future are
vital. In addition, not only the clinical efficacy but also the safety
and tolerability of the SIRT-targeting antagonist candidates in
patients with HBV infection should be verified.

HBx is a non-structural viral protein that plays a vital role
in the replication of HBV (22). Our review provides clear
evidence that the HBV-mediated overexpression of SIRTs to
regulate viral replication is primarily HBx-dependent. However,
the exact molecular mechanisms underlying the HBx-induced
alteration of SIRT expression are still not fully elucidated. To
better understand the exact effect of SIRTs on HBV replication
regulated by the viral proteins, further investigation on the
interactions between HBx and SIRTs is needed. In this review,
our analysis of current data was primarily focused on the effect of
SIRTs on HBV replication; the role of SIRTs in the development
of cirrhosis and HBV-induced HCC remains poorly understood.
Therefore, it is crucial to further examine the functions and
molecular mechanisms of SIRTs in regulating the development
of HBV-induced diseases.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

The study was supported by the Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD).
The figures presented in the study were created using
BioRender (https://Biorender.com/).

REFERENCES

1. Xia Y, Liang TJ. Development of direct-acting antiviral and host-targeting

agents for treatment of hepatitis B virus infection. Gastroenterology. (2019)

156:311–24. doi: 10.1053/j.gastro.2018.07.057

2. Tsukuda S, Watashi K. Hepatitis B virus biology and life cycle. Antiviral Res.

(2020) 182:104925. doi: 10.1016/j.antiviral.2020.104925

3. Martinez MG, Boyd A, Combe E, Testoni B, Zoulim F. Covalently

closed circular DNA: the ultimate therapeutic target for curing hepatitis

B virus infections. J Hepatol. (2021) 18:827–44. doi: 10.1016/j.jhep.202

1.05.013

4. Chalkiadaki A, Guarente L. The multifaceted functions of sirtuins in cancer.

Nat Rev Cancer. (2015) 15:608–24. doi: 10.1038/nrc3985

5. Aventaggiato M, Vernucci E, Barreca F, Russo MA, Tafani M. Sirtuins’

control of autophagy and mitophagy in cancer. Pharmacol Ther. (2021)

221:107748. doi: 10.1016/j.pharmthera.2020.107748

6. Ren JH, Tao Y, Zhang ZZ, Chen WX, Cai XF, Chen K, et al. Sirtuin

1 regulates hepatitis B virus transcription and replication by targeting

Frontiers in Medicine | www.frontiersin.org 5 October 2021 | Volume 8 | Article 751516

https://www.Biorender.com/
https://doi.org/10.1053/j.gastro.2018.07.057
https://doi.org/10.1016/j.antiviral.2020.104925
https://doi.org/10.1016/j.jhep.2021.05.013
https://doi.org/10.1038/nrc3985
https://doi.org/10.1016/j.pharmthera.2020.107748
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Kong et al. Sirtuins in HBV Infection

transcription factor AP-1. J Virol. (2014) 88:2442–51. doi: 10.1128/JVI.028

61-13

7. Cheng ST, Ren JH, Cai XF, Jiang H, Chen J. HBx-elevated SIRT2 promotes

HBV replication and hepatocarcinogenesis. Biochem Biophys Res Commun.

(2018) 496:904–10. doi: 10.1016/j.bbrc.2018.01.127

8. Jenke AC, Hensel KO, Klein A, Willuhn L, Prax S, Weil PP, et al. Restitution

of gene expression and histone acetylation signatures altered by hepatitis

B virus through antiviral microRNA-like molecules in nontransformed

murine hepatocytes. Clin Epigenetics. (2014) 6:26. doi: 10.1186/1868-70

83-6-26

9. Pandey V, Kumar V. Stabilization of SIRT7 deacetylase by viral oncoprotein

HBx leads to inhibition of growth restrictive RPS7 gene and facilitates

cellular transformation. Sci Rep. (2015) 5:14806. doi: 10.1038/srep

14806

10. Huang FY, Wong DK, Seto WK, Mak LY, Cheung TT, Yuen MF.

Tumor suppressive role of mitochondrial sirtuin 4 in induction of G2/M

cell cycle arrest and apoptosis in hepatitis B virus-related hepatocellular

carcinoma. Cell Death Discov. (2021) 7:88. doi: 10.1038/s41420-021-0

0470-8

11. Ren JH, Chen X, Zhou L, Tao NN, Zhou HZ, Liu B, et al.

Protective role of sirtuin3 (SIRT3) in oxidative stress mediated

by hepatitis B virus X protein expression. PLoS ONE. (2016)

11:e0150961. doi: 10.1371/journal.pone.0150961

12. Ren JH, Hu JL, Cheng ST, YuHB,Wong VKW, Law BYK, et al. SIRT3 restricts

hepatitis B virus transcription and replication through epigenetic regulation

of covalently closed circular DNA involving suppressor of variegation 3-

9 homolog 1 and SET domain containing 1A histone methyltransferases.

Hepatology. (2018) 68:1260–76. doi: 10.1002/hep.29912

13. Deng JJ, Kong KE, Gao WW, Tang HV, Chaudhary V, Cheng Y, et al.

Interplay between SIRT1 and hepatitis B virus X protein in the activation of

viral transcription. Biochim Biophys Acta Gene Regul Mech. (2017) 1860:491–

501. doi: 10.1016/j.bbagrm.2017.02.007

14. Wang Q, Cheng ST, Chen J. HBx mediated increase of SIRT1 contributes to

HBV-related hepatocellular carcinoma tumorigenesis. Int J Med Sci. (2020)

17:1783–94. doi: 10.7150/ijms.43491

15. LiWY, Ren JH, Tao NN, Ran LK, Chen X, ZhouHZ, et al. The SIRT1 inhibitor,

nicotinamide, inhibits hepatitis B virus replication in vitro and in vivo. Arch

Virol. (2016) 161:621–30. doi: 10.1007/s00705-015-2712-8

16. Curtil C, Enache LS, Radreau P, Dron AG, Scholtes C, Deloire A,

et al. The metabolic sensors FXRalpha, PGC-1alpha, and SIRT1

cooperatively regulate hepatitis B virus transcription. FASEB J. (2014)

28:1454–63. doi: 10.1096/fj.13-236372

17. Hong YA, Kim JE, Jo M, Ko GJ. The Role of sirtuins in kidney diseases. Int J

Mol Sci. (2020) 21:6686. doi: 10.3390/ijms21186686

18. Budayeva HG, Rowland EA, Cristea IM. Intricate roles of

mammalian sirtuins in defense against viral pathogens. J Virol. (2016)

90:5–8. doi: 10.1128/JVI.03220-14

19. Alqarni MH, Foudah AI, Muharram MM, Labrou NE. The pleiotropic

function of human sirtuins as modulators of metabolic pathways and viral

infections. Cells. (2021) 10:460. doi: 10.3390/cells10020460

20. Yang T, Li S, Zhang X, Pang X, Lin Q, Cao J. Resveratrol, sirtuins, and viruses.

Rev Med Virol. (2015) 25:431–45. doi: 10.1002/rmv.1858

21. Yuan S, Liao G, Zhang M, Zhu Y, Xiao W, Wang K, et al. Multiomics

interrogation into HBV (Hepatitis B Virus)-host interaction reveals novel

coding potential in human genome, and identifies canonical and non-

canonical proteins as host restriction factors against HBV. bioRxiv [Preprint].

(2021). doi: 10.1101/2021.03.19.436126

22. Kong F, You H, Kong D, Zheng K, Tang R. The interaction of hepatitis B

virus with the ubiquitin proteasome system in viral replication and associated

pathogenesis. Virol J. (2019) 16:73. doi: 10.1186/s12985-019-1183-z

23. Quasdorff M, Protzer U. Control of hepatitis B virus at

the level of transcription. J Viral Hepat. (2010) 17:527–

36. doi: 10.1111/j.1365-2893.2010.01315.x

24. Shi Y, Li Y, Huang C, Ying L, Xue J, Wu H, et al. Resveratrol enhances

HBV replication through activating Sirt1-PGC-1alpha-PPARalpha pathway.

Sci Rep. (2016) 6:24744. doi: 10.1038/srep24744

25. Deretic V. Autophagy in inflammation, infection, and immunometabolism.

Immunity. (2021) 54:437–53. doi: 10.1016/j.immuni.2021.01.018

26. Lee IH, Cao L, Mostoslavsky R, Lombard DB, Liu J, Bruns NE, et al. A role

for the NAD-dependent deacetylase Sirt1 in the regulation of autophagy. Proc

Natl Acad Sci USA. (2008) 105:3374–9. doi: 10.1073/pnas.0712145105

27. Wang J, Chen J, Liu Y, Zeng X, Wei M, Wu S, et al. Hepatitis B

Virus Induces Autophagy to promote its replication by the axis of miR-

192-3p-XIAP through NF kappa B signaling. Hepatology. (2019) 69:974–

92. doi: 10.1002/hep.30248

28. Yang Y, Liu Y, Xue J, Yang Z, Shi Y, Shi Y. et al. MicroRNA-141 Targets sirt1 and

inhibits autophagy to reduce HBV replication. Cell Physiol Biochem. (2017)

41:310–22. doi: 10.1159/000456162

29. Gao K, Liu F, Guo H, Li J, Zhang Y, Mo Z. miR-224 Suppresses

HBV replication posttranscriptionally through inhibiting SIRT1-mediated

autophagy. Int J Clin Exp Pathol. (2018) 11:189–98.

30. Yamai T, Hikita H, Fukuoka M, Fukutomi K, Murai K, Nakabori

T, et al. SIRT1 enhances hepatitis virus B transcription independent

of hepatic autophagy. Biochem Biophys Res Commun. (2020) 527:64–

70. doi: 10.1016/j.bbrc.2020.04.031

31. Lee IH. Mechanisms and disease implications of sirtuin-mediated autophagic

regulation. Exp Mol Med. (2019) 51:1–11. doi: 10.1038/s12276-019-0

302-7

32. Piracha ZZ, Saeed U, Kim J, Kwon H, Chwae YJ, Lee HW, et al. An

alternatively spliced sirtuin 2 isoform 5 inhibits hepatitis B virus replication

from cccDNA by repressing epigenetic modifications made by histone

lysine methyltransferases. J Virol. (2020) 94:e00926–20. doi: 10.1128/JVI.00

926-20

33. Rawat S, Bouchard MJ. The hepatitis B virus (HBV) HBx protein activates

AKT to simultaneously regulate HBV replication and hepatocyte survival. J

Virol. (2015) 89:999–1012. doi: 10.1128/JVI.02440-14

34. Chen J, ChanAW, ToKF, ChenW, Zhang Z, Ren J, et al. SIRT2 overexpression

in hepatocellular carcinoma mediates epithelial to mesenchymal transition

by protein kinase B/glycogen synthase kinase-3beta/beta-catenin signaling.

Hepatology. (2013) 57:2287–98. doi: 10.1002/hep.26278

35. Piracha ZZ, Kwon H, Saeed U, Kim J, Jung J, Chwae YJ, et al. Sirtuin 2

isoform 1 enhances hepatitis B virus RNA transcription and DNA synthesis

through the AKT/GSK-3beta/beta-Catenin signaling pathway. J Virol. (2018)

92. JVI.00955-18. doi: 10.1128/JVI.00955-18

36. Park SH, Ozden O, Jiang H, Cha YI, Pennington JD, Aykin-Burns N, et al.

Sirt3, mitochondrial ROS, ageing, and carcinogenesis. Int J Mol Sci. (2011)

12:6226–39. doi: 10.3390/ijms12096226

37. Jiang H, Cheng ST, Ren JH, Ren F, Yu HB, Wang Q, et al. SIRT6 inhibitor,

OSS_128167 restricts hepatitis B virus transcription and replication through

targeting transcription factor peroxisome proliferator-activated receptors

alpha. Front Pharmacol. (2019) 10:1270. doi: 10.3389/fphar.2019.01270

38. Yu HB, Cheng ST, Ren F, Chen Y, Shi XF, Wong VKW, et al. SIRT7 restricts

HBV transcription and replication through catalyzing desuccinylation of

histone H3 associated with cccDNA minichromosome. Clin Sci. (2021)

135:1505–22. doi: 10.1042/CS20210392

39. Pant K, Mishra AK, Pradhan SM, Nayak B, Das P, Shalimar D, et al. Butyrate

inhibits HBV replication and HBV-induced hepatoma cell proliferation via

modulating SIRT-1/Ac-p53 regulatory axis. Mol Carcinog. (2019) 58:524–

32. doi: 10.1002/mc.22946

40. Yang Y, Ying G, Wu S, Wu F, Chen Z. In vitro inhibition effects of

hepatitis B virus by dandelion and taraxasterol. Infect Agent Cancer. (2020)

15:44. doi: 10.1186/s13027-020-00309-4

41. Yu HB, Jiang H, Cheng ST, Hu ZW, Ren JH, Chen J. AGK2, A SIRT2 inhibitor,

inhibits hepatitis B virus replication in vitro and in vivo. Int J Med Sci. (2018)

15:1356–64. doi: 10.7150/ijms.26125

42. Nassal M, HBV. cccDNA: viral persistence reservoir and key

obstacle for a cure of chronic hepatitis B. Gut. (2015) 64:1972–

84. doi: 10.1136/gutjnl-2015-309809

43. Mautone N, Zwergel C, Mai A, Rotili D. Sirtuin modulators: where are we

now? A review of patents from 2015 to 2019. Expert Opin Ther Pat. (2020)

30:389–407. doi: 10.1080/13543776.2020.1749264

44. KaramanMayack B, Sippl W, Ntie-Kang F. Natural products as modulators of

sirtuins.Molecules. (2020) 25:3287. doi: 10.3390/molecules25143287

45. Singh AP, Singh R, Verma SS, Rai V, Kaschula CH, Maiti P, Gupta SC. Health

benefits of resveratrol: evidence from clinical studies. Med Res Rev. (2019)

39:1851–91. doi: 10.1002/med.21565

Frontiers in Medicine | www.frontiersin.org 6 October 2021 | Volume 8 | Article 751516

https://doi.org/10.1128/JVI.02861-13
https://doi.org/10.1016/j.bbrc.2018.01.127
https://doi.org/10.1186/1868-7083-6-26
https://doi.org/10.1038/srep14806
https://doi.org/10.1038/s41420-021-00470-8
https://doi.org/10.1371/journal.pone.0150961
https://doi.org/10.1002/hep.29912
https://doi.org/10.1016/j.bbagrm.2017.02.007
https://doi.org/10.7150/ijms.43491
https://doi.org/10.1007/s00705-015-2712-8
https://doi.org/10.1096/fj.13-236372
https://doi.org/10.3390/ijms21186686
https://doi.org/10.1128/JVI.03220-14
https://doi.org/10.3390/cells10020460
https://doi.org/10.1002/rmv.1858
https://doi.org/10.1101/2021.03.19.436126
https://doi.org/10.1186/s12985-019-1183-z
https://doi.org/10.1111/j.1365-2893.2010.01315.x
https://doi.org/10.1038/srep24744
https://doi.org/10.1016/j.immuni.2021.01.018
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1002/hep.30248
https://doi.org/10.1159/000456162
https://doi.org/10.1016/j.bbrc.2020.04.031
https://doi.org/10.1038/s12276-019-0302-7
https://doi.org/10.1128/JVI.00926-20
https://doi.org/10.1128/JVI.02440-14
https://doi.org/10.1002/hep.26278
https://doi.org/10.1128/JVI.00955-18
https://doi.org/10.3390/ijms12096226
https://doi.org/10.3389/fphar.2019.01270
https://doi.org/10.1042/CS20210392
https://doi.org/10.1002/mc.22946
https://doi.org/10.1186/s13027-020-00309-4
https://doi.org/10.7150/ijms.26125
https://doi.org/10.1136/gutjnl-2015-309809
https://doi.org/10.1080/13543776.2020.1749264
https://doi.org/10.3390/molecules25143287
https://doi.org/10.1002/med.21565
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Kong et al. Sirtuins in HBV Infection

46. Broussy S, Laaroussi H, Vidal M. Biochemical mechanism and biological

effects of the inhibition of silent information regulator 1 (SIRT1) by EX-

527 (SEN0014196 or selisistat). J Enzyme Inhib Med Chem. (2020) 35:1124–

36. doi: 10.1080/14756366.2020.1758691

47. Fraiz GM, da Conceicao AR, de Souza Vilela DL, Rocha D, Bressan

J, Hermsdorff HHM. Can resveratrol modulate sirtuins in obesity

and related diseases? A systematic review of randomized controlled

trials Eur J Nutr. (2021) 60:2961–77. doi: 10.1007/s00394-021-0

2623-y

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Kong, Li, Zhang, Li, You, Pan, Zheng and Tang. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Medicine | www.frontiersin.org 7 October 2021 | Volume 8 | Article 751516

https://doi.org/10.1080/14756366.2020.1758691
https://doi.org/10.1007/s00394-021-02623-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Sirtuins as Potential Therapeutic Targets for Hepatitis B Virus Infection
	Introduction
	Effect of HBV on SIRTS
	Function of SIRTS in HBV Replication
	SIRTS as Potential Therapeutic Targets in HBV Infection
	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


