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Abstract
Objective  Saikosaponin c (SSc), a compound purified from the traditional Chinese herb of Radix Bupleuri was previously 
identified to exhibit anti-HBV replication activity. However, the mechanism through which SSc acts against HBV remains 
unknown. In this study, we investigated the mechanism of SSc mediated anti-HBV activity.
Methods  HepG2.2.15 cells were cultured at 37 ℃ in the presence of 1–40 μg/mL of SSc or DMSO as a control. The expres-
sion profile of HBV markers, cytokines, HNF1α and HNF4α were investigated by real-time quantitative PCR, Elisa, Western 
blot and Dot blotting. Knockdown of HNF1α or HNF4α in HepG2.2.15 cells was mediated by two small siRNAs specifically 
targeting HNF1α or HNF4α.
Results  We found that SSc stimulates IL-6 expression, leading to attenuated HNF1α and HNF4α expression, which further 
mediates suppression of HBV pgRNA synthesis. Knockdown of HNF1α or HNF4α in HepG2.2.15 cells by RNA interference 
abrogates SSc’s anti-HBV role. Moreover, SSc is effective to both wild-type and drug-resistant HBV mutants.
Conclusion  SSc inhibits pgRNA synthesis by targeting HNF1α and HNF4α. These results indicate that SSc acts as a promis-
ing compound for modulating pgRNA transcription in the therapeutic strategies against HBV infection.
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Introduction

As a leading cause of liver cirrhosis and hepatocellular 
carcinoma (HCC), hepatitis B virus (HBV) chronic infec-
tion is one of the major public health problems worldwide. 

Currently, interferon and nucleoside analogs (NAs) such as 
lamivudine, telbivudine and entecavir have been widely used 
in anti-HBV therapy. However, none of them are perfect. 
NAs target viral polymerase, which can suppress HBV viral 
replication, but long term treatment may result in devel-
opment of drug-resistant mutants. Therapy with IFN-α or 
PEG-IFN-α has the advantages of finite treatment duration, 
absence of drug resistance, and higher rates of hepatitis B 
surface antigen (HBsAg) and hepatitis B e antigen (HBeAg) 
seroconversion, but the disadvantage of great side effects is 
also obvious [1]. Therefore, screening or development of 
new drugs with potent anti-HBV activity, low toxicity and 
novel modes of actions is undoubtedly essential to combat 
the chronic HBV infection.

In the life cycle of HBV, the viral genome is transcribed 
to produce the 3.5-, 2.4-, 2.1- and 0.7 kb viral mRNAs, 
among which, the 3.5-kb pgRNA encodes both the polymer-
ase and core protein and also acts as the template for HBV 
DNA replication intermediates synthesis inside nucleocap-
sid [2]. Previous work showed that the synthesis of HBV 
mRNA was governed by liver enriched transcription factors 
such as hepatocyte nuclear factor 4α (HNF4α), farnesoid 
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X receptor (FXRα), peroxisome proliferator-activated 
receptors (PPARs), retinoid X receptor α (RXRα) and the 
CCAAT/enhancer binding protein (C/EBP). Among these 
transcription factors, HNF4α has been shown playing a cen-
tral role in HBV transcription, especially for the generation 
of pgRNA [3–5].

HNF4α is a member of nuclear receptor superfamily that 
controls as much as 60% of liver genes expression. Since its 
discovery in the early 90’s, HNF4α has been well character-
ized and widely associated with a diverse group of cellular 
functions including carbohydrate, lipid, amino acid metab-
olism, differentiation, inflammation, morphogenesis and 
immune response [6]. In addition to these multiple known 
functions, HNF4α has been evidenced contribute to many 
pathologies development, including inflammatory bowel dis-
ease [7], cancer [8], and chronic HBV infection [9].

In liver biopsy specimens collected from chronic HBV 
infected patients,there is a positive correlation between 
HNF4α expression and HBV replication [10]. Samples with 
higher HNF4α expression contains higher levels of HBV 
DNA. Moreover, overexpression of HNF4α in Huh7 cells 
increases pgRNA synthesis 14-fold [11], while knockdown 
of HNF4α by specific short hairpin RNAs decreases pgRNA 
expression by more than 70% in both HepG2 cells and mice 
liver [12], suggesting that HNF4α may function as a promis-
ing drug target for anti-persistent HBV infection.

Chinese herb Radix Bupleuri represents one of the most 
important herbal drugs in Asia. It has been widely used 
to treat fever, malaria, influenza and hepatitis diseases in 
Eurasia, North Africa and many Asian countries [13]. In 
recent decades, many valuable biological activities of 
Radix Bupleuri have been identified, such as anti-tumor, 
anti-inflammatory, anti-depressant, immunomodulatory, 
hepatoprotective and antiviral [14, 15]. With the develop-
ment of modern pharmacology, over 100 compounds have 
been isolated from Radix Bupleuri, among them saikosapo-
nin a (SSa), saikosaponin b2 (SSb2), saikosaponin c (SSc) 
and saikosaponin d (SSd) are considered to be the major 
bioactive constituents [16]. Although the three sakosapo-
nins of SSa, SSc and SSd share the same basal structure, 
their biological activities are not always the same. For 
example, both SSa and SSd have been well documented for 
their anti-inflammatory activities [17], whereas little has 
been reported about SSc’s inflammation regulatory role. 
In addition, among the four major bioactive components 
of Radix Bupleuri, SSc is the only saikosaponin that has 
been identified exhibiting anti-HBV replication activity [18, 
19]. Interestingly, unlike SSd who stimulates mitochondrial 
apoptosis in hepatocytes to exhibit hepatotoxicity [20], SSc 
exerts anti-apoptotic effects on both primary human umbili-
cal vein endothelial cells (HUVECs) and HepG2 cells [18, 
21]. Therefore, SSc appears to be a promising therapeutic 
candidate for chronic HBV infection. Despite great progress, 

the mechanism through which SSc acts to inhibit HBV rep-
lication remains unknown.

In this study, we investigated the anti-HBV activity of 
SSc in a stably expressed HBV cell line, HepG2.2.15. We 
provide evidence that SSc attenuates pgRNA synthesis 
by stimulating IL-6 expression, which further attenuates 
HNF1α and HNF4α expression.

Materials and methods

Compounds

SSc was from J&K Scientific (Catalogue No: 143658). 
Dimethyl sulfoxide (Catalogue No: D2650) and PEG8000 
(Catalogue No: 89510) were from Sigma.

Cell culture

The human hepatoma cell lines HepG2 and HepG2.2.15 
were cultured in tissue culture dishes at 37 ℃, 5% CO2 in 
DMEM medium containing 10% FBS (Gibco), 100 unit/mL 
penicillin streptomycin (Hyclone) and 1% glutamine.

Cytotoxicity assay

The effect of SSc on HepG2 and HepG2.2.15 cell growth 
was determined by using cell counting kit-8 assay (TransGen 
Biotech, FC101-02) in 96-well microtiter plates with a total 
volume of 200 μL. Cells at a density of 8000 cells/well were 
treated with SSc (2–40 mg/mL) or 1% DMSO (v/v) for 72 h 
and replaced with drug-free medium. Then, the cell count-
ing kit-8 assay was carried out using the manufacturer’s 
instructions.

PEG‑precipitation and quantification of HBV DNA

Core-associated HBV DNA was extracted as described 
with minor modification [22]. Briefly, PEG8000 buffer 
(16% PEG8000 and 70 mM NaCl) was added to the cellular 
lysate or supernatant of HepG2.2.25 cells at a volume ratio 
of 1–1. The mixture was shaken slowly overnight at 4 ℃, and 
then centrifuged at 12,000g for 30 min at 4 ℃ (Centrifuge 
5424R, Eppendorf, Germany). The PEG-precipitated pellet 
was digested with DNase I (Takara, 2212) and proceeded 
for DNA extraction. HBV DNA was then isolated using the 
Qiamp DNA blood mini kit (Qiagen, 51106) according to 
the manufacturer’s instructions. The primers used to detect 
HBV DNA were as follows: F: 5′-ATG GTG GAT TCG 
CAC TCC T -3′ and R: 5′-GAT TTC TTC TTC TAG GGG 
ACC TG-3′. A total of 20 μL PCR mixture containing 1 μL 
of forward primer (10 μM), 1 μL of reverse primer (10 μM), 
10 μL of SYBR PCR mix (Takara, RR420A), 0.4 μL of ROX 
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and 7.6 μL of HBV DNA was prepared for real-time PCR 
assay. The thermocycling conditions were: hot start at 95 ℃ 
for 5 min, and 40 cycles of 95 ℃ for 30 s, 60 ℃ for 20 s, 
72 ℃ for 30 s, followed by 1 cycle of 72 ℃ for 60 s.

Reverse transcription and quantification of HBV 
pgRNA, HNF1α and HNF4α

The EasyPure Viral RNA Kit (TransGen Biotech, ER201-
01) was used for RNA extraction. Isolated HBV RNA was 
reverse transcribed using PrimeScript™RT Master Mix 
(Takara, RR036A) with random primers and reverse tran-
scription was carried out as the manufacturer instructed. 
The quantification of HBV DNA was performed with the 
ABI 7500 real-time PCR system. Primers to detect HBV 
3.5 kb-pgRNA was described previously [22]. Primers used 
to detect HBV 3.5 kb RNA were as follows: F: 5′-AYA 
GAC CAT CAA ATG CCC-3′, and R: 5′-ATT CTC AGA 
CCG TAG CAC ACG ACA C-3′. The primers used to 
detect HBV total RNA were as follows: F: 5′-TCA CCA 
GCA CCA TGC AAC-3′, and R: 5′-AAG CCA CCC AAG 
GCA CAG-3′. Primers used to detect HNF4α and HNF1α 
were as follows: F-4a: 5′-GAG TGG GCC AAG TAC A-3′, 
R-4a: 5′-GGC TTT GAG GTA GGC ATA-3′, F-1a: 5′-TGT 
GCG CTA TGG ACA G-3′, R-1a: 5′-GTG TTG GTG AAC 
GTA GGA-3′. Primers specific to GAPDH (internal control) 
were as follows: F: 5′-GAT TCC ACC CAT GGC AAA TTC 
CA-3′, R: 5′-TGG TGA TGG GAT CAT TGA TGA-3′. The 
real-time PCR reaction mixture (20 μL) contained 0.8 μL 
forward primer (10 μM), 0.8 μL reverse primer (10 μM), 
10 μL SYBR PCR mix (takara RR420A), 0.4 μL ROX and 
8 μL cDNA. The thermocycling conditions were: hot start 
at 95 ℃ for 5 min, and 40 cycles of 95 ℃ for 30 s, 60 ℃ for 
20 s, 72 ℃ for 30 s, followed by 1 cycle of 72 ℃ for 60 s.

Quantification of HBsAg and HBeAg

The levels of HBsAg and HBeAg in the culture medium 
were measured by a commercial enzyme linked immu-
nosorbent kit (HBsAg kit: Abnova, KA0286; HBeAg kit: 
Abnova, KA0290) respectively. All samples were examined 
in triplicate and results were presented as fold changes to 
the negative controls after normalization with luciferase 
activities.

HBV cccDNA extraction and quantification

HBV cccDNA purification and quantification were carried 
out as described previously with slight modification [23]. 
In detail, total DNA extracted from either HepG2.2.15 
cells or HepAD38 cells were treated for 5 h at 37 °C with 
10 U of plasmid-safe ATP dependent DNase (PSAD, Epi-
centre, E3110K) to digest single-strand DNA and linear 

double-strand DNA. PSAD digestion was carried out using a 
50 μL reaction volume containing 5 μL of 10× PSAD buffer, 
2 μL of 25 mM ATP (Takara, 4041), 1 μL of PSAD, 37 μL 
of de-ionized water and 5 μL (400 ng/μL) of total DNA. 
Digested samples were further purified by a QIAamp DNA 
blood mini kit (Qiagen, 51104) and resuspended in 20 μL 
of steriled water. To quantify HBV cccDNA, specific prim-
ers targeting the HBV DNA gap region and a fluorescence 
hybridization probe were used. The sequence of primers and 
probes are as follows: HBV cccDNA-f: 5′-CGT CTG TGC 
CTT CTC ATC TGC-3′ (nt 1550-1570), HBV cccDNA-r: 
5′-GCA CAG CTT GGA GGC TTG AA-3′ (nt 1882-1863), 
HBV cccDNA-probe: 5′-FAM-CTG TAG GCA TAA ATT 
GGT CTG CGA A-BHQ1-3′. HBV cccDNA was amplified 
using ABI 7500 real-time PCR system with the following 
amplification profile: an initial denaturation cycle of 10 min 
at 95 °C, followed by 40 cycles of denaturation for 30 s at 
95 °C, annealing for 60 s at 63 °C and a final incubation of 
10 min at 95 °C. Plasmid pHBV-1.3mer was used to generate 
the standard curve for quantification.

Western blot

Whole cell extracts were prepared in ice-cold RIPA buffer 
(Beyotime, P0013C), followed by Bradford protein deter-
mination using Bio-Rad protein assay Kit (Bio-Rad, 500-
0002). Proteins were then separated by 12% SDS-PAGE, 
transferred to PVDF membranes (Amersham Biosciences, 
USA) and hybridized to anti-HNF1α (CST, 89670S) anti- 
HNF4α (CST, 3113S), anti-H3 (ProtienTech, 17168.I-
AP), anti-GAPDH (CST, 3683S), anti-HBcAg (Abcam, 
GR24077-2) antibodies. After incubation with horseradish 
peroxidase-conjugated secondary antibodies (ProtienTech, 
SA00001), immunoblots were visualized by chemillumines-
cence (Beyotime, P0018A).

Gene cloning

The lamivudine-resistant (L180M plus M204V), telbivu-
dine-resistant (M204V), or entecavir-resistant (L180M plus 
M204V plus S202G) were constructed by altering its wild-
type HBV-1.3mer plasmid through substitution of fragment 
of the HBV polymerase gene with mutant one. In detail, 
fragments containing the above mutations were amplified 
by PCR, purified by a gel extraction kit, digested by two 
restriction endonucleases (HindIII and XhoI). The HBV-
1.3mer plasmid was digested by the two restriction endo-
nucleases (HindIII and XhoI). After ligation, all constructs 
were verified by DNA sequencing. For L180M amplifica-
tion, four primers were used. NYF: 5′-CTG TTC TGA CTA 
CTG CCT CTC-3′, L180 M-R1: 5′-GTA AAC TGA GCC 
ATG AGA AAC G-3′ paired to generate frament1; L180M-
F1: 5′-CTC ATG GCT CAG TTT ACT AGT GC-3′, NY-R: 
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5′-CAA GCT CTA ATA CGA CTC ACT-3′ paired to gener-
ate fragment 2. The fragment 1 and fragment 2 were purified 
by a gel extraction kit respectively. To get fragments with 
L180 M mutation, a third round of PCR was then performed 
with the fragment 1 and fragment 2 as the template and the 
NY-F and NY-R as primers. Using sequencing confirmed 
L180M mutants as the template and primers specific to 
M204V or S202GM204V, the lamivudine-resistant (L180M 
plus M204V), telbivudine-resistant (M204V), or entecavir-
resistant (L180M plus M204V plus S202G) mutants were 
then constructed respectively. For M204V amplification, 
four primers including the above NYF, NFR and two other 
primers were used. M204V-R1: 5′-GTA AAC TGA GCC 
ATG AGA AAC G-3′, M204 V-F1: 5′-CTC ATG GCT CAG 
TTT ACT AGT GC′. For S202GM204V amplification, four 
primers were used as follows: NYF, NFR, S202G M204V-F: 
5′-CTT TCG GTT ATG TGG ATG ATG TGG TAT TG-3′, 
S202GM204 V-R: 5′-ATC ATC CAC ATA ACC GAA AGC 
CAA ACA GTG-3′.

HNF4α and HNF1α knockdown

Two small interfering RNAs specifically targeting HNF1α 
(s529260), HNF4α (s6697) were purchased from Thermo 
Fisher Scientific. The knockdown effects of both siRNAs 
were measured by western blot assays. A nonspecific siRNA 
targeting the replicase 1A region of the severe acute res-
piratory syndrome (SARS) coronavirus genome (siSARS: 
5′- GCA CUU GUC UAC CUU GAU GdTdT-3′), which had 
no homology to HBV or the human genome, was used as the 
negative control in this part of the study.

Results

SSc was noncytotoxic to either HepG2.2.15 
or HepG2 cells

We first examined cytotoxicity of SSc by CCK-8 assay. In 
this experiment, SSc did not show any toxicity to either 
HepG2.2.15 or HepG2 cells (Fig. 1), consistent with previ-
ous study that SSc was non-toxic to HepG2.2.15 cells up to 
40 μg/mL [18].

SSc suppressed 3.5‑kb pgRNA synthesis and HBcAg 
expression

To fully evaluate the anti-HBV activity of SSc, we deter-
mined HBV DNA replication, 3.5-kb pgRNA synthesis 
and antigens (HBsAg, HBeAg) expression in HepG2.2.15 
cells. As Fig. 2a showed, incubation of Hep2.2.15 cells with 
20 μg/mL of SSc for 48 h decreased intracellular HBV DNA 
by 51% and supernatant HBV DNA by 72%. To confirm our 

results, HBsAg and HBeAg were examined by a commer-
cially available Elisa kit. As Fig. 2b showed, in response to 
SSc treatment, HBeAg expression decreased by about 40%, 
while no HBsAg decrease was observed. Interestingly, we 
found that SSc treatment suppresses HBV 3.5-kb pgRNA 
synthesis in a dose dependent manner (Fig. 2c), which was 
not mentioned in any previous works before. In addition to 
3.5-kb pgRNA, HBV cccDNA was also examined to inves-
tigate which step in the HBV life cycle was affected by SSc. 
As showed in Fig. 2d, although the intracellular pgRNA 
decreased with SSc treatment, the HBV cccDNA remained 
stable. It seems that the transcription from cccDNA to 
mRNA is interrupted by SSc. To further determine the func-
tion of SSc, we quantified HBV total mRNA and HBcAg 
expression in HepG2.2.15 cells. As showed in Fig. 2e and f, 
the addition of SSc resulted in decrease of both HBV total 
RNA and HBcAg.

Fig. 1   Effect of SSc on cell viability. a HepG2.2.15 cells were incu-
bated with various concentrations of SSc or 1% DMSO for 48 h and 
cell survival rate was measured with CCK8 reagent. b Cell viabil-
ity of HepG2 cells was measured using CCK8 reagent. Data were 
obtained from the average of six independent studies and cell survival 
rate was calculated by comparing data with that of the DMSO control
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SSc suppressed 3.5‑kb pgRNA synthesis 
by downregulating HNF1α and HNF4α expression

Previous work showed that hepatocyte enriched transcription 
factors HNF1α and HNF4α determined pgRNA synthesis 
in a concerted action in hepatocytes [12, 24]. To evaluate 
whether HNF1α or HNF4α plays a role in SSc mediated 
pgRNA suppression, we compared expression of HNF1α 
and HNF4α in HepG2 and HepG2.2.15 cells. As Fig. 3a 
showed, HNF1α and HNF4α expression increased tremen-
dously in HBV producing HepG2.2.15 cells. To confirm our 
results, expression of HNF1α and HNF4α in HepG2 cells 
transfected with either pEGFP or pHBV plasmid was ana-
lyzed by western blot. Compared with the control, HNF1α 
and HNF4α expression increased significantly in pHBV 
transfected HepG2 cells, testifying the strong link between 

these two molecules and HBV infection (Fig. 3b). We then 
examined HNF1α and HNF4α expression in HepG2.2.15 
cells in the presence of 0–40 μg/mL of SSc. Compared with 
the control, SSc treatment significantly inhibited HNF1α and 
HNF4α expression (Fig. 3c and d). As previous work sug-
gested, HNF4α can bind to enhancer regions of HBV and 
play a critical role in regulating HBV transcription [12, 25]. 
We knocked down HNF1α or HNF4α with respective small 
siRNAs and compared pgRNA expression in the presence 
or absence of SSc. As presented, anti-HBV activity of SSc 
was greatly attenuated when either HNF1α or HNF4α was 
knocked down (Fig. 3e–g), demonstrating that both HNF1α 
and HNF4α play important roles in SSc mediated pgRNA 
transcription.

Fig. 2   SSc inhibits HBV 
replication and transcrip-
tion. a HepG2.2.15 cells were 
treated with 20 μg/mL of SSc 
or 1% DMSO (v/v) for 48 h. 
HBV DNA were purified and 
quantified by real-time PCR 
assay. b Expression of HBsAg 
and HBeAg in response to SSc 
treatment was measured by a 
commercially available Elisa 
kit as described in Materials 
and methods. c Evaluation of 
pgRNA synthesis in response to 
various concentrations of SSc 
by real-time PCR assay with 
DMSO as a negative control. d 
HBV cccDNA purified in SSc 
incubated cells was quantified 
by real-time PCR as described 
in “Materials and methods”. 
e HepG2.2.15 cells incubated 
with 0, 10 and 20 μg/mL of SSc 
for 48 h were lysed and HBcAg 
production was analyzed by 
western blot. f Total HBV RNA 
extracted from SSc treated 
HepG2.2.15 cells was quantified 
by real-time PCR assay
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SSc downregulates HNF1α and HNF4α 
by stimulating IL‑6 expression

Extracellular signals such as cytokines can affect HBV tran-
scription by dysregulating liver-enriched transcription fac-
tors. Previously, cytokines including IL-6, TGF-β, IL-1β, 
TNF-α and IFN-γ had been found control HNF1α or HNF4α 
expression through different signal pathways [24, 26]. To 
identify cytokines involved in SSc mediated anti-HBV signal 
pathway, HepG2.2.15 cells were treated with SSc for 48 h 
and mRNA was extracted for QPCR assay. As Fig. 4a and b 
showed, addition of SSc significantly stimulates IL-6 expres-
sion. Instead, other cytokines were not affected. Because 
IL-6 can activate the jun N-terminal kinase (JNK) and JNK 
phosphorylation controls HNF4α expression [24], we tested 
JNK phosphorylation in SSc incubated cells and found that 
SSc significantly enhances JNK phosphorylation (Fig. 4c). 

For detailed analysis of IL-6’s effects on HNF1α, HNF4α 
and pgRNA, we treated HepG2.2.15 cells with recombinant 
IL-6 (rIL-6, Thermo Fisher Scientific, PHC0066). As Fig. 4d 
and e showed, expression of HNF1α, HNF4α and pgRNA 
was significantly decreased in response to SSc treatment, 
consistent with previous studies that IL-6 targets nuclear 
cccDNA minichromosome and inhibits cccDNA transcrip-
tion [27].

SSc’s activity against drug‑resistant HBV mutants

To measure SSc’s activity against drug-resistant HBV 
mutants, we constructed three plasmid harboring HBV 
genomic DNA with respective mutations (lamivudine-
resistant mutant of L180M plus M204V, telbivudine-
resistant mutant of M204V, entecavir-resistant mutant of 
L180M plus M204V plus S202G) and examined anti-HBV 
activity of SSc to these three mutants. As showed in Fig. 5, 

Fig. 3   SSc downregulates HBV pgRNA synthesis through HNF1α 
and HNF4α. a Expression of HNF1α and HNF4α in HepG2 and 
HepG2.2.15 cells was examined by western blot. b HepG2 cells 
transfected with pEGFP or pHBV1.3 plasmid was lysed and expres-
sion of HNF1α and HNF4α was detected by western blot. c and d 

HNF1α and HNF4α expression in response to SSc treatment was 
examined by real-time PCR and western blot assay. e–g Knockdown 
of HNF1α or HNF4α by specific siRNAs significantly suppressed 
anti-HBV activity of SSc
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SSc exhibited significant anti-HBV activity against all of 
the three nucleoside-resistant mutants. The inhibition effi-
cacy of SSc to the three drug-resistant HBV mutants were 
similar to that in the wild-type one, demonstrating that SSc 
was effective against drug-resistant HBV mutants.

Discussion

Although the advent of nucleoside analogs and IFN-α makes 
significant progress in the management of HBV infection, 
for chronic HBV carriers that requires long-term antiviral 

Fig. 4   IL-6 downregulates expression of HNF1α and HNF4α in 
HepG2.2.15 cells. a Expression levels of IL-6, TGF-β, IL-1β, TNF-α 
and IFN-γ in response to SSc was examined by real-time PCR 
assay. b IL-6 expression was confirmed by dot botting with HBsAg 
as an internal control. c JNK phosphorylation in SSc incubated 

HepG2.2.15 cells were analyzed by western blot. d and e Transcrip-
tion of HBV pgRNA and total RNA in response to recombinant IL-6 
(rIL-6) was analyzed by real-time PCR. f Expression of HNF1α and 
HNF4α in SSc incubated HepG2.2.15 cells was measured by western 
blot. DMSO was used as a negative control
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treatment, the challenge to clinical therapy is substantial. 
There is an urgent need to search for novel drugs to address 
issues of availability, drug resistance and virus rebound. Nat-
ural products, especially Chinese herbal medicines (CHM) 
are important sources of new drugs. Over the last 20 years, 
CHM were widely used in the treatment of HBV carriers 
and some of the herbs including Radix Astragali, Radix Sal-
viae miltiorrhizae and Radix Bupleuri, have been proved to 
be effective in terms of seroreversion of HBsAg, HBeAg 
and HBV DNA [28]. Recently, a number of natural com-
pounds from CHM that block HBV replication have been 
identified, including epigallocatechin-3-gallate [29], cur-
cumin [30], wogonin [31], ellagic acid [32], artemisinin and 
artesunate [33], chrysophanol 8-O-β-d-glucoside [34], SSc 
[18], asiaticoside [35], helioxanthin [36], and oxymatrine 
[37]. In this study we investigated the anti-HBV activity of 
SSc, one of the saikosaponins extracted from the medicinal 
plant Radix Bupleuri. As presented, SSc significantly sup-
pressed pgRNA synthesis and showed little signs of toxicity 
in HepG2.2.15 cells, consistent with a previous study, which 
found that SSc inhibit apoptosis [21]. This has promoted us 
to search for potential intracellular targets of SSc.

Control of HBV at the level of transcription is regulated 
by precise recruitment of host factor with cccDNA. As dem-
onstrated in our study, SSc significantly suppressed HNF4α 
expression but has no effect on PPARα, FXRα, RXRα, C/
EBP or cccDNA (Supplementary Fig. 1 and Fig. 2d), sug-
gesting that SSc regulates pgRNA transcription through 
HNF4α. As a global regulator of gene expression, HNF4α 
has been generally involved in inflammation processes 
occurring in liver. Extracellular pro-inflammatory cytokines 

including IL-6 and TNF-α have been proved inhibiting 
pgRNA transcription by dysregulating HNF1α and HNF4α 
expression. We questioned whether SSc could regulate 
extracellular cytokines expression in HBV replicating cells. 
Our data showed that IL-6 expression was upregulated in 
SSc incubated HepG2.2.15 cells. However, no signs of IL-6 
promotion was observed in HepG2 cells without HBV infec-
tion (supplementary Fig. 2). It seems that SSc stimulated 
IL-6 expression in liver cells is specifically related to HBV 
infection. Consistent with our findings that SSc act as a 
pro-inflammatory molecular, Kou-Gi Shyu et al. found that 
SSc bore the properties to induce endothelial cells migra-
tion and the activation of mitogen-activated protein kinase 
(MAPK) and extracellular matrix-regulated kinase (ERK) 
[38]. In contrast, other saikosaponins such as SSa and SSd 
have been proved possess anti-inflammatory activities [17]. 
For example, SSa exerts anti-inflammatory activities by 
inhibiting the expression of pro-inflammatory cytokines and 
regulating inflammation-associated signal pathways, such 
as MAPK pathway and nuclear factor-κB (NF-κB) pathway 
[39]. In addition to inflammation, the contrary role of dif-
ferent saikosaponins in other signaling pathway was also 
be frequently observed. Kyo et al. found that while SSb2 
and SSd stimulated prostaglandin E2 release from peritoneal 
macrophages and C6 rat glioma cells, SSa and SSc were 
inhibitory [40, 41]. As observed, saikosaponins of SSa, SSc 
and SSd share the same basal structure, but their side chain 
groups are different. The structure of SSa and SSd contains 
the same di-saccharide of glucose-fucose. However, SSc 
contains a tri-saccharide of glucose–glucose-rhamnose [17]. 
We speculate that the differentially presented functions of 
saikosapoins may be attributed to their different side chains, 
which specifically determines target binding, protein interac-
tion or metabolism.

In addition to our findings, there are still a lot interest-
ing points worth further study. Previous studies in cancer 
treatment suggested that saikosaponins (SSa, SSb, SSc, SSd) 
be potent adjuvant that are able to override primary drug 
resistance [42–44], improve sensitivity to chemotherapy and 
radiotherapy [45–47], and enhance liver-targeting effects of 
anticancer drugs [48]. For chronic HBV therapy, various 
drug combination therapies have been tried. Combination 
therapy offers several advantages over single drug therapy 
and has been found to be necessary in chronic HBV infec-
tion. For example, more rapid achievement of an undetect-
able HBV DNA level or increase the rates of seroconversion 
of hepatitis B e antigen [49]. It is seems that the selection 
of adjuvant is very important for chronic HBV combination 
therapy [50]. As we observed, SSc showed no cytotoxicity 
and was effective to both wild-type and drug-resistant HBV 
strain. These features make it a potent choice for combina-
tion with drugs currently used in clinical therapy.

Fig. 5   SSc was effective against drug-resistant HBV. HepG2 cells 
were transfected with wild-type HBV or HBV mutants resistant to 
lamivudine (LAM), telbivudine (TbL), or entecavir (ETV). The cells 
were then treated with 1% DMSO or SSc (10–20 μg/mL) followed by 
measurement of the cellular HBV DNA by real-time PCR
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Despite many advantages of SSc have been found, some 
issues about SSc’s anti-HBV activity are still unsolved. For 
example, while studies from Tajiri H et al. showed that the 
prescription of ‘Xiao-Chai-Hu-Tang’ promoted clearance of 
HBeAg in children with chronic HBV infection, the toxicity 
of Radix Bupleuri were also be observed [51, 52]. Although 
SSc has been proved with effective anti-HBV activity and 
little toxicity, the conclusion summarized here was based on 
in vitro experiments. To investigate the effects and mecha-
nisms of SSc’s activity against HBV, related studies in vivo 
or in animals will be carried out in the near future.
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