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Abstract. Cholestatic liver disease is characterized by the 
progressive destruction of biliary epithelial cells  (BECs) 
followed by fibrosis, cirrhosis and liver failure. Activated 
hepatic stellate cells (HSCs) and portal fibroblasts are the major 
cellular effectors of enhanced collagen deposition in biliary 
fibrosis. Apamin, an 18 amino acid peptide neurotoxin found 
in apitoxin (bee venom), is known to block Ca2+-activated 
K+ channels and prevent carbon tetrachloride-induced liver 
fibrosis. In the present study, we aimed to ascertain whether 
apamin inhibits biliary fibrosis and the proliferation of HSCs. 
Cholestatic liver fibrosis was established in mouse models with 
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) feeding. 
Cellular assays were performed on HSC-T6 cells (rat immor-
talized HSCs). DDC feeding led to increased hepatic damage 
and proinflammtory cytokine levels. Notably, apamin treat-
ment resulted in decreased liver injury and proinflammatory 
cytokine levels. Moreover, apamin suppressed the deposition 
of collagen, proliferation of BECs and expression of fibrogenic 
genes in the DDC-fed mice. In HSCs, apamin suppressed 
activation of HSCs by inhibiting the Smad signaling pathway. 
These data suggest that apamin may be a potential therapeutic 
target in cholestatic liver disease.

Introduction

Hepatic fibrosis is caused by various types of chronic liver 
injury. This progressive pathological process is described 
as accumulation of extracellular matrix (ECM) proteins in 
and around injured liver tissues  (1). Cholestasis results in 
intrahepatic accumulation of cytotoxic bile acids and hepatic 
inflammation, which is then followed by biliary fibrosis, 

cirrhosis and finally end-stage liver disease (2,3). Cholestatic 
liver disease such as primary biliary cirrhosis and primary 
sclerosing cholangitis is characterized by a progressive 
destruction of biliary epithelial cells (BECs) and inflamma-
tory and autoimmune disorders (4,5).

Proliferating BECs have been shown to secrete trans-
forming growth factor-β1 (TGF-β1) and platelet-derived 
growth factor  (PDGF), which stimulate the activation and 
proliferation of hepatic stellate cells (HSCs) and portal 
fibroblasts (6,7). Activated HSCs and portal fibroblasts cause 
enhanced collagen deposition and are the major cellular 
effectors in liver fibrosis (1,8). This ultimately leads to exces-
sive generation of ECM and accelerates the progression of 
fibrosis (9). Thus, the suppression of proliferating BECs and 
activated HSCs has been considered to be a therapeutic target 
for treating liver fibrosis.

Apamin is an 18 amino acid peptide neurotoxin found 
in apitoxin (bee venom) (10). It has long been known as a 
specifically selective blocker of Ca2+-activated K+ (SK) chan-
nels (11). These channels play an important role in mediating 
the increase in transepithelial secretion due to increases in 
intracellular Ca2+ (12). Moreover, apamin has been demon-
strated to exhibit anti-inflammatory and anti-fibrotic activity 
in various cell types and mouse models (13,14). A previous 
study carried out by our group confirmed that apamin is an 
anti-fibrotic agent which acts through suppression of TGF-β1-
induced hepatocyte epithelial-mesenchymal transition (13). 
However, the effects of apamin in biliary cirrhosis and the 
molecular mechanism underlying HSC proliferation have not 
been explored.

In the present study, we fed mice with 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine (DDC), which induces sclerosing 
cholangitis and biliary fibrosis. We demonstrated that apamin 
inhibited DDC-induced liver fibrosis and mediated BEC 
proliferation and ductular reaction, which are repair responses 
to cholestatic injury. Moreover, apamin treatment caused the 
suppression of activated HSCs through the TGF-β1/Smad 
signaling pathway.

Materials and methods

Reagents. Apamin was purchased from Sigma (St. Louis, 
MO, USA). TGF-β1 was purchased from R&D  Systems 
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(Minneapolis, MN, USA) and dissolved in 4  mM  HCl 
containing 0.1% bovine serum albumin (BSA).

DDC-induced mouse model of biliary fibrosis. For induction 
of liver injury, 8-week-old C57BL/6 male mice (20-25  g; 
Samtako, Osan, Korea) were selected. Male C57BL/6 mice 
were fed a control diet or a DDC supplemented diet (0.1%) 
for 4 weeks to induce advanced biliary fibrosis as previously 
described (15). All animal protocols were approved by the 
Institutional Animal Care and Use Committee of Catholic 
University of Daegu (Daegu, Korea). The mice received an 
intraperitoneal injection of apamin (0.1 mg/kg) dissolved in 
saline twice a week. Mice were sacrificed after 4 weeks from 
the first DDC diet administration.

Cell culture. HSC-T6 cells, an immortalized rat hepatic stel-
late cell line, which has a stable phenotype and biochemical 
characteristics, was kindly provided by Dr S.L. Friedman 
(Liver Center Laboratory, San Francisco General Hospital, 
San Francisco, CA, USA). Cells were cultured at 37˚C in a 
humidified incubator under a 5% CO2 atmosphere. HSC-T6 
cells were seeded in complete medium for 24 h. The cells were 
changed to fresh serum-free media containing the indicated 
concentrations of apamin (0.5, 1 and 2 µg/ml). After 24 h, the 
cells were replaced with fresh serum-free media containing 
2 ng/ml of TGF-β1 for 24 h.

Histopathology and immunohistochemistry. Hematoxylin and 
eosin (H&E), Masson's trichrome and immunohistochemical 
staining were performed according to a previously described 
procedure (15). Sections were stained with H&E and Masson's 
trichrome. For immunohistochemical analysis, sections were 
incubated with anti-fibroblast specific protein-1  (FSP-1) 
(ab41532; Abcam, Cambridge, UK) for 1 h at 37˚C, processed 
by an indirect immunoperoxidase technique using a commer-
cial kit (Dako, Carpinteria, CA, USA). The slides were 
examined with an Eclipse 80i microscope (Nikon, Tokyo, 
Japan) and analyzed with iSolution DT software (IMT i-Solu-
tion, Vancouver, BC, Canada).

Immunofluorescence staining. Paraffin-embedded mouse liver 
sections (3-µm thickness) were prepared by a routine proce-
dure. After blocking with 10% donkey serum for 30 min, the 
slides were immunostained with primary antibodies against 
cytokeratin (CK)7 (ab9021), CK19 (ab52625) (Abcam), and 
proliferating cell nuclear antigen (PCNA) (sc-56; Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA). After washing, 
they were incubated with the secondary antibodies (Alexa 
Flour 488 and/or Alexa Fluor 594) for 30 min at 37˚C. Sections 
were then counterstained with Hoechst 33342. Stained slides 
were imaged using a Nikon A1+ confocal microscope (Nikon).

Immunocytochemistry. HSC-T6 cells were grown on chamber 
slides and were fixed with 3.7% paraformaldehyde for 10 min. 
Cells were permeated with 0.5% Triton X-100 for 10 min and 
then incubated with primary antibodies against SMA (A5228; 
Sigma) for 1 h at 37˚C. After washing, the cells were incubated 
with the secondary antibodies (Alexa Fluor 594) for 30 min at 
37˚C. Cells were counterstained with Hoechst 33342. The cells 
were imaged using a Nikon A1+ confocal microscope.

Enzyme-linked immunosorbent assay (ELISA). Concentrations 
of interleukin-6  (IL-6) and interferon-γ (IFN-γ) in serum 
were measured with ELISA kit (R&D  Systems). The OD 
was measured at 450 nm in an ELISA reader (BMG Labtech, 
Mornington, Germany).

Western blot analysis. Western blotting was performed as 
previously described (16). Primary antibodies used in this study 
were the following; anti-p-Smad2/3 (#8828), anti‑Smad2/3 
(#8685) (Cell Signaling Technology, Danvers, MA, USA), 
anti‑IL-1β (sc‑7884), anti‑Smad4 (sc-7966), anti-glyceraldehyde 
3-phosphate dehydrogenase (GAPDH; sc-25778) (Santa Cruz 
Biotechnology, Inc.), anti-SMA (A5228; Sigma), anti-tumor 
necrosis factor-α (TNF-α; ab6671), anti‑collagen I (ab34710) 
(Abcam), TGF-β1 (MAB240-100; R&D Systems) and anti‑fibro-
nectin (610077; BD Biosciences, San Diego, CA, USA).

Statistical analysis. The experimental results are expressed 
as mean ± SE. ANOVA and paired or unpaired t-test were 
performed for statistical analysis as appropriate. p-value <0.05 
was considered to indicate a statistically significant result. All 
experiments were performed at least three times.

Results

Apamin ameliorates liver damage and inflammatory hepatic 
injury. To investigate the effects of apamin treatment on 
liver fibrosis, a mouse model induced by DDC diet feeding 
was used. When challenged with the DDC diet for 4 weeks, 
the structure of the hepatic lobule was clear in the NC group 
(Fig. 1A) and there was a large amount of bile duct prolif-
eration, accompanied by inflammatory cell infiltration in 
the DDC-fed group as shown by H&E staining (Fig. 1C). In 
addition, the above pathological changes were reduced in the 
apamin-treated group (Fig. 1D) compared with these changes 
noted in the DDC-fed group. Masson's trichrome staining 
indicated collagen deposition surrounding the proliferated bile 
duct in the DDC-fed group (Fig. 2C). In contrast, apamin treat-
ment resulted in diminished fibrosis and collagen deposition 
(Fig. 2D).

In cholangiopathies, inflammation and reactive prolifera-
tion of bile ducts are closely related with the development of 
biliary fibrosis (17). ELISA and western blot analyses indi-
cated that expression levels of IL-6, IFN-γ, TNF-α and IL-1β 
were significantly higher in the DDC-fed group compared 
with these levels in the NC group (Fig. 3). However, apamin 
treatment attenuated inflammatory cytokine expression, 
including IL-6, IFN-γ, TNF-α and IL-1β compared with 
expression levels in the DDC-fed group. Taken together, 
these data confirm the anti‑inflammatory and moderate anti-
fibrotic effects of apamin on the DDC-fed mice.

Effect of apamin on BEC proliferation in DDC-fed mice. 
We next determined the effect of apamin on ductular reac-
tion in the DDC-fed mice by immunofluorescence of CK19 
expression. Chronic DDC feeding in mice was previously 
demonstrated to result in cholangitis and immune responses 
against BECs with the destruction of bile ducts and duct-
ules (18). CK19 is regarded as a hallmark of bile epithelial 
cells (19). Immunofluorescence staining showed that CK19 
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was highly expressed in the BECs in bile ductules in enlarged 
portal tracts (Fig. 4). The DDC-fed group had significantly 
increased expression of CK19 compared with the NC group. 
In contrast, apamin treatment significantly reduced biliary 
activation and proliferation as evidenced by CK19 staining, 
indicating a defect in the ductular reaction. In addition, 
immunofluorescence staining of PCNA showed that apamin 

treatment suppressed the proliferation of BECs compared with 
the DDC-fed group. These results indicate that apamin may 
inhibit cholestatic liver fibrosis by suppressing BEC prolifera-
tion and ductular reaction induced by the DDC diet.

Apamin inhibits ECM deposition in the livers of DDC-fed 
mice. To investigate the anti-fibrotic effect of apamin on ECM 

Figure 1. Apamin inhibits liver fibrosis in a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-induced mouse model as determined by hematoxylin and eosin 
staining. (A) Normal control, (B) apamin, (C) DDC, (D) DDC + apamin group. Histological examinations were performed at x200 magnification under light 
microscopy.

Figure 2. Apamin suppresses liver fibrosis in a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-induced mouse model as determined by Masson's trichrome 
staining. (A) Normal control, (B) apamin, (C) DDC, (D) DDC + apamin group. Histological examinations are performed at x200 magnification under light 
microscopy.
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deposition in the DDC-fed mice, we used western blot analysis, 
immunohistochemistry and immunofluorescence assay to 
determine the effects of this compound on ECM molecules. 
Liver fibrosis induced by DDC was confirmed by induction 
of fibrogenic genes, FSP-1, α‑smooth muscle actin (α-SMA) 
and collagen I expression. Expression of α-SMA was strongly 
expressed in the myofibroblasts and HSCs around the prolif-
erated bile duct in the DDC-fed group and clearly with the 
apamin treatment (Fig. 5). Moreover, expression of collagen I 
in the DDC-fed group was significantly increased, especially 
in the portal tracts. Compared to the DDC group, apamin treat-
ment inhibited collagen I expression. During tissue remodeling 
in liver fibrosis, FSP-1 is considered as a marker of fibroblasts 

in the fibrotic liver. DDC feeding increased the number of cells 
positive for FSP-1 expression (Fig. 6C). In contrast, apamin treat-
ment resulted in a reduction in FSP-1‑positive cells (Fig. 6D). 
Furthermore, western blot results showed that the expression 
levels of TGF-β1, collagen I, and fibronectin were significantly 
higher in the DDC-fed group, whereas apamin treatment mark-
edly decreased the protein level of TGF-β1, collagen I, and 
fibronectin compared with the DDC-fed group (Fig. 6F). Taken 
together, the data suggest that apamin may protect liver fibrosis 
during DDC feeding by suppressing fibrotic gene expression.

Apamin inhibits activation of HSCs through the Smad 
signaling pathway. TGF-β1 is a Smad family member, and it 

Figure 3. Apamin attenuates 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-induced liver fibrosis and pro-inflammatory cytokines in mouse model. 
Enzyme-linked immunosorbent assay (ELISA) for (A) interleukin-6 (IL-6) and (B) interferon-γ (IFN-γ) expression. (C) Western blotting for tumor necrosis 
factor-α (TNF-α) and IL-1β. *p<0.05 vs. normal control; †p<0.05 vs. DDC-fed group.

Figure 4. Apamin inhibits the proliferation of biliary epithelial cells (BECs) in a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-induced liver fibrosis mouse 
model. (A-D) Double immunofluorescence staining of cytokeratin 19 (CK19) (green) and proliferating cell nuclear antigen (PCNA) (red): (A) normal control, 
(B) apamin, (C) DDC, (D) DDC + apamin group. Scale bar, 100 µm. Morphometric assessment of (E) CK19- and (F) PCNA-positive areas. *p<0.05 vs. normal 
control; †p<0.05 vs. DDC-fed group.
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is known to stimulate the activation of HSCs (20). We next 
investigated whether the inhibitory effect of apamin on the 

activation of HSCs by TGF-β1 is through the Smad signaling 
pathway. α-SMA and collagen  I expression was increased 

Figure 6. Apamin suppresses extracellular matrix (ECM) deposition in a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-fed liver fibrosis mouse model. 
(A-D) Immunohistochemical staining of fibroblast specific protein-1 (FSP-1): (A) normal control, (B) apamin, (C) DDC, (D) DDC + apamin group. Histological 
examinations were performed at x200 magnification under light microscopy. Morphometric assessment of (E) FSP-1-positive areas. (F) Protein expression of 
transforming growth factor-β1 (TGF-β1), collagen I and fibronectin. *p<0.05 vs. normal control; †p<0.05 vs. DDC-fed group.

Figure 5. Apamin suppresses extracellular matrix (ECM) deposition in a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-fed liver fibrosis mouse model. 
(A-D) Double immunofluorescence staining of α‑smooth muscle actin (α-SMA) (green) and collagen I (red): (A) normal control, (B) apamin, (C) DDC, 
(D) DDC + apamin group. Scale bar, 100 µm. Morphometric assessment of (E) α-SMA- and (F) collagen I-positive areas. *p<0.05 vs. normal control; 
†p<0.05 vs. DDC-fed group.
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by TGF-β1 and was decreased by apamin treatment in the 
HSC-T6 cells (Fig. 7A). Also, immunofluorescence showed 
that TGF-β1 induced activation of HSC-T6 cells through 
increased α-SMA expression  (Fig.  7C). However, apamin 
treatment markedly reduced the expression of α-SMA in the 
TGF-β1-induced HSC-T6 cells. Western blot analysis showed 
that phosphorylation of Smad2/3 and Smad4 were stimulated 
by 2 ng/ml TGF-β1 (Fig. 7B). Apamin treatment abrogated the 
activation of p-Smad2/3 and Smad4 induced by TGF-β1. These 
results indicated that apamin may attenuate TGF-β1‑activated 
HSCs by inhibiting the Smad signaling pathway.

Discussion

Liver fibrosis is a wound healing process that results in 
increased levels of ECM protein. Bee venom and its compo-
nents are known to have anti-inflammatory and anti-fibrotic 
effects on liver fibrosis (21-24). Recent studies have shown 
that melittin inhibited cholangitis and biliary fibrosis in a 
xenobiotic‑induced mouse model  (15). Apamin comprises 
2-3% of the dry weigh of bee venom (25). Moreover, apamin 
is a specific blocker of SK channels. It has been reported that 
apamin‑sensitive K+ channel is present in biliary cells and 
contributes to secretion in response to increased intracellular 
Ca2+ (11,26). Hence, we investigated the effects of apamin 
on the pathogenesis of DDC-induced biliary fibrosis and the 
suppression of activated HSCs.

The biliary system is lined by BECs, which make up 
~5% of all liver cells and function as important bile modi-

fiers (4,27). Hepatic fibrosis induced by DDC feeding is related 
to increased biliary pyophyrin secretion and the activation of 
BECs with development of bile duct injury, leading to peri-
cholangitis and ductular reaction resulting in portal-portal 
fibrosis  (28). Proliferating BECs can secrete a variety of 
profibrogenic cytokines, which promote the activation and 
proliferation of HSCs and also promote the synthesis of ECM, 
leading to the initiation and development of cholestatic hepatic 
fibrosis (6). Moreover, CK19 is particularly important for the 
proliferation of BECs during the ductular reaction, which is 
generally considered an attempt by the liver to restore bile 
flow between the lobules and the terminal bile ducts  (29). 
In the present study, apamin significantly inhibited bile duct 
proliferation through a decrease in CK7, CK19 and PCNA 
expression in the DDC-fed mice.

TGF-β1 is a major fibrogenic mediator involved in the 
activation and transdifferentiation of HSCs  (30). TGF-β1 
binds to the TGF-β1 type II receptor (TβRII) and phosphory-
lates Smad2/3, and then p-Smad2/3 interacts with Smad4 to 
trans‑activate target genes in the nucleus (31). Smad activa-
tion is critical for the induction of many TGF-β-responsive 
genes including collagen I, fibronectin and α-SMA (32). In 
the present study, TGF-β1, collagen I, fibronectin and α-SMA 
levels were significantly increased in the DDC-fed mouse 
group as determined by western blot analysis and immuno-
fluorescence (Figs. 5 and 6F). Treatment with apamin resulted 
in a significant reduction in TGF-β1, collagen I, fibronectin 
and α-SMA levels. Moreover, apamin treatment also inhibited 
α-SMA expression through the Smad signaling pathway in 

Figure 7. Apamin inhibits the activation of hepatic stellate cells (HSCs) through the Smad signaling pathway. Cells were pre-cultured in a serum-free medium 
in the presence or absence of apamin for 24 h. The cells were lysed, and proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). Western blot analysis was performed with antibodies specific for (A) α‑smooth muscle actin (α-SMA) and collagen I, and (B) p-Smad2/3, 
Smad2/3 and Smad4. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. (C) Immunocytochemistry of α-SMA expression. 
Scale bar, 50 µm. *p<0.05 vs. normal control; †p<0.05 vs. transforming growth factor-β1 (TGF-β1)-treated cells.
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the TGF-β1-induced HSCs (Fig. 7). These findings suggest 
that the HSCs are transformed into myofibroblasts and secrete 
TGF-β1, thus stimulating the production of ECM in the 
DDC-fed mouse model (15).

The principal finding of this study is the anti-fibrotic effects 
of apamin. Apamin suppressed the proliferation of BECs and 
activation of HSCs. In the present study, apamin significantly 
inhibited bile duct proliferation and reduced ECM deposi-
tion in the DDC-fed mice. Furthermore, apamin suppressed 
the protein expression of p-Smad2/3 and Smad4 induced 
by TGF-β1 in the HSCs. These results suggest that apamin 
inhibits the proliferation of BECs and activation of HSCs by 
suppressing the TGF-β1 signaling pathway in hepatic fibrosis.
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