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Abstract: Cholangiopathy is a chronic immune-mediated disease of the liver, which is 

characterized by cholangitis, ductular reaction and biliary-type hepatic fibrosis. There is no 

proven medical therapy that changes the course of the disease. In previous studies, melittin 

was known for attenuation of hepatic injury, inflammation and hepatic fibrosis. This study 

investigated whether melittin provides inhibition on cholangitis and biliary fibrosis in vivo. 

Feeding 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) to mice is a well-established 

animal model to study cholangitis and biliary fibrosis. To investigate the effects of melittin 

on cholangiopathy, mice were fed with a 0.1% DDC-containing diet with or without melittin 

treatment for four weeks. Liver morphology, serum markers of liver injury, cholestasis 

markers for inflammation of liver, the degree of ductular reaction and the degree of liver 

fibrosis were compared between with or without melittin treatment DDC-fed mice. DDC 

feeding led to increased serum markers of hepatic injury, ductular reaction, induction of  

pro-inflammatory cytokines and biliary fibrosis. Interestingly, melittin treatment attenuated 
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hepatic function markers, ductular reaction, the reactive phenotype of cholangiocytes and 

cholangitis and biliary fibrosis. Our data suggest that melittin treatment can be protective 

against chronic cholestatic disease in DDC-fed mice. Further studies on the anti-inflammatory 

capacity of melittin are warranted for targeted therapy in cholangiopathy. 
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1. Introduction 

Liver fibrosis refers to a classical outcome of many chronic liver diseases irrespective of the etiology 

of injury. It is characterized by changes in the composition and quantity of extracellular matrix (ECM) 

deposits distorting the normal structure by forming fibrotic scars. Failure to degrade the accumulated 

ECM is a major reason why fibrosis progresses to cirrhosis in liver. Various insults, such as viral 

infection, drugs or metabolic disorders, contribute to the progression of liver fibrosis. Among them, 

improper regulation of bile flow (i.e., cholestasis), which causes hepatic inflammation and subsequent 

tissue injury, is one of the main insults for cholangiopathies [1]. 

As the main cause of liver-related death, cholangiopathies are also the leading cause of liver 

transplantations in paediatric patients (50%) and the third leading cause in adults (20%) [1,2]. 

Cholangiopathies, such as primary sclerosing cholangitis (PSC), primary biliary cirrhosis (PBC) and 

drug-induced bile duct damage, may result in cholestasis, which is characterized by the loss of 

cholangiocytes through necrosis by apoptosis [3]. Cholangiocyte proliferation can occur during 

cholangiopathies, resulting in the formation of new side branches to ducts in an effort to regain function 

and portal/periportal inflammation [4,5]. 

Cholangiocyte proliferation is described as the expanded population of epithelial cells at the interface 

of the biliary tree, which refers to the proliferation of pre-existing ductules, progenitor cell activation 

and the appearance of intermediate hepatocytes [6,7]. The ability of cholangiocytes to proliferate is 

important in many different human pathological conditions, such as the regaining of proper liver function 

and the remodelling of biliary cirrhosis in chronic cholestatic conditions. 

Lately, 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-fed mice have been suggested to be used 

as a novel model for sclerosing cholangitis and biliary fibrosis. Chronic feeding of DDC in mice causes 

cholangitis with a pronounced ductular reaction, onionskin-type periductal fibrosis and, finally, biliary 

fibrosis, reflecting several specific pathological hallmarks of human PSC [8]. This model is therefore 

especially useful to investigate the mechanisms of chronic cholangiopathies and their consequences, 

including biliary fibrosis, and to test novel therapeutic approaches, such as melittin, for these diseases [8,9]. 

Melittin is a cationic, haemolytic peptide that is the major bioactive component in honey bee  

(Apis mellifera) venom, and it has been shown to play a role in attenuating fibrosis in various animal 

models [10,11]. Previous studies have shown that melittin treatment reduced the expression of 

inflammatory proteins in inflammatory diseases [12]. These studies are informative, but they are not 

enough to demonstrate that melittin can prevent the development of the inflammatory molecular 

mechanisms of sclerosing cholangitis. Therefore, the aim of this work was to determine how melittin 
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could become a profibrogenic control and to characterize the underlying mechanism for this effect.  

The biological properties of melittin were examined in chronic liver injury using DDC-fed model. 

2. Results 

2.1. Effects of Melittin on DDC-Fed Mice 

After four weeks of DDC feeding, liver showed ductules and small bile ducts, which frequently 

contained pigment plugs (Figure 1). Additionally, pronounced hepatic inflammatory response was 

observed near bile ducts with predominating neutrophil granulocytes. Furthermore, spontaneous DDC 

feeding resulted in the deposition of collagen fibres near fibrous septae and expanded bile ducts  

(Figure 2). These changes were improved by melittin treatment. The DDC + melittin (Mel) group 

showed the reduction of collagen deposition. DDC feeding also resulted in increased serum AST and 

ALT levels as an indicator of hepatocyte injury followed by significant elevations of cholestasis 

parameters of AP and bilirubin. Serum AST and ALT revealed no significant differences between DDC 

mice and DDC + Mel mice. However, DDC + Mel mice showed significantly lower serum AP and 

bilirubin levels (Figure 3). These results suggest that melittin treatment effects a decreased susceptibility 

of cholestasis in DDC-fed mice. 

 

Figure 1. Effect of melittin in DDC-induced liver fibrosis. Hematoxylin and eosin (H&E) 

staining results show that melittin effectively suppresses inflammation and ductular reaction 

(arrowheads in (C,D)) in response of DDC feeding. Representative H&E images from each 

study group (five mice per group): (A) NC, normal control group; (B) Mel, melittin  

(0.1 mg/kg)-treated group with normal diet; (C) DDC, 0.1% DDC-supplemented diet group; 

(D) DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet. 

Magnification ×200. 
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Figure 2. Effect of melittin in DDC-induced liver fibrosis. Masson’s trichrome staining 

results show that melittin effectively attenuates ECM remodelling following chronic DDC 

feeding in mice. Representative trichrome staining images from each study group  

(five mice per group): (A) NC, normal control group; (B) Mel, melittin (0.1 mg/kg)-treated 

group with normal diet; (C) DDC, 0.1% DDC-supplemented diet group; (D) DDC + Mel, 

melittin (0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet; magnification ×200; 

(E) morphometric assessment of the trichrome staining positive areas. Results are expressed 

as the mean ± SE of three independent determinations. * p < 0.05 compared to the NC group. 
† p < 0.05 compared to the Mel group. ‡ p < 0.05 compared to the DDC group. 

2.2. Melittin Treatment Attenuates DDC-Induced Inflammatory Changes 

DDC-fed mice demonstrated pronounced hepatic inflammatory response characterized by an increase 

of infiltrating inflammatory cells near bile ducts (Figure 1C). In contrast, treatment with melittin changed 

the inflammatory response in portal tracts (Figure 1D). To investigate whether melittin could influence 

inflammatory changes in DDC-fed mice, pro-inflammatory cytokines were examined in the livers of 

experimental mice. Pro-inflammatory cytokines, such as TNF-α and IL-6, are key players in eliciting an 

inflammatory reaction during liver fibrogenesis [13,14]. The expressions of TNF-α and IL-6 were 

significantly increased in the DDC-fed mice, whereas melittin treatment markedly abrogated this 

activation (Figure 4). During liver injury, IL-6 activates STAT3 in liver parenchymal and  

non-parenchymal cells [15,16]. While chronic DDC feeding activated p-STAT3 in the DDC group,  

the expression level of p-STAT3 was significantly reduced by treatment with melittin. Moreover,  

the expression level of MCP-1, which promotes liver fibrosis by recruitment of macrophages, was 

determined by immunohistochemical staining. As shown in Figure 5A,B, MCP-1-positive cells were 

barely detected in liver sections from the NC and Mel groups. However, MCP-1-positive areas in the 

DDC group were significantly increased in liver sections, especially near portal tracts (Figure 5C). 

Compared to the DDC group, treatment with melittin inhibited MCP-1 expression in DDC + Mel liver 



Toxins 2015, 7 3376 

 

(Figure 5D). These results indicate that melittin markedly attenuates the levels of pro-inflammatory 

cytokines during chronic DDC feeding, which may result in the suppression of DDC-induced cholangitis. 

(A) (B) 

(C) (D) 

Figure 3. Serum biochemistry of DDC-fed mice. Melittin treatment effectively suppresses 

serum alkaline phosphatase (AP) and bilirubin, but not aspartate aminotransferase (AST) 

and alanine transaminase (ALT). (A) Serum AST; (B) serum ALT; (C) serum AP;  

(D) serum bilirubin. NC, normal control group; Mel, melittin (0.1 mg/kg)-treated group with 

normal diet; DDC, 0.1% DDC-supplemented diet group; DDC + Mel, melittin  

(0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet. Results are expressed as the 

mean ± SE of three independent determinations. * p < 0.05 compared to the NC group.  
† p < 0.05 compared to the Mel group. ‡ p < 0.05 compared to the DDC group. 
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(A) 

(B) 

Figure 4. Melittin inhibits pro-inflammatory cytokine expression in DDC-fed mice.  

(A) Western blotting results demonstrated that melittin effectively suppresses the expressions 

of TNF-α, IL-6 and p-STAT3; (B) graphical presentation of the ratio of TNF-α, IL-6 and  

p-STAT3 to GAPDH in various groups. NC, normal control group; Mel, melittin  

(0.1 mg/kg)-treated group with normal diet; DDC, 0.1% DDC-supplemented diet group; 

DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet. Results 

are expressed as the mean ± SE of three independent determinations. * p < 0.05 compared 

to the NC group. † p < 0.05 compared to the Mel group. ‡ p < 0.05 compared to the DDC group. 

Figure 5. Melittin inhibits inflammatory changes in DDC-fed mice. Immunohistochemical 

staining results demonstrated that melittin effectively suppresses the expression of MCP-1. 

Representative immunohistochemical images from each study group (five mice per group) 

(A) NC, normal control group; (B) Mel, melittin (0.1 mg/kg)-treated group with normal diet; 

(C) DDC, 0.1% DDC-supplemented diet group; (D) DDC + Mel, melittin  

(0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet; magnification ×200;  

(E) morphometric assessment of the trichrome staining positive areas. Results are expressed 

as the mean ± SE of three independent determinations. * p < 0.05 compared to the NC group. 
† p < 0.05 compared to the Mel group. ‡ p < 0.05 compared to the DDC group. 
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2.3. Melittin Suppresses Liver Fibrosis in the Livers of DDC-Fed Mice 

Chronic exposure to injuries in cholangitis becomes a progressive course of cholestatic liver with 

inflammation and fibrosis of bile ducts. Much attention has been focused on the central role of TGF-β1 

upregulation as a prototypical fibrogenic cytokine in liver fibrosis [17]. Western blotting results showed 

that the expression of TGF-β1 was significantly increased in DDC mice, whereas melittin treatment 

markedly decreased the expression of TGF-β1 in DDC + Mel livers (Figure 6). The expressions of  

TGF-β1-regulated ECM protein, fibronectin and vimentin were increased in DDC-fed mice. Treatment 

with melittin effectively abrogated this increase in the DDC + Mel group. During tissue remodelling in 

liver fibrosis, FSP-1 is considered a marker of fibroblasts in fibrotic liver. DDC feeding significantly 

increased the number of cells positive for FSP-1 (Figure 7). However, melittin treatment resulted in a 

reduction in the FSP-1-positive cells in DDC + Mel livers. Along with the upregulation of TGF-β1 and 

ECM proteins, the expression level of p-Smad2 was increased by chronic DDC feeding in the DDC 

group (Figure 8). Melittin treatment attenuated the expression of p-Smad2 in the DDC + Mel group. 

Taken together, these results show that melittin might protect liver during DDC feeding by attenuating 

fibrotic gene expression. 

 

Figure 6. Melittin inhibits fibrosis-related gene expression in DDC-fed mice. (A) Western 

blotting results demonstrated that melittin effectively suppresses the expression of TGF-β1, 

fibronectin and vimentin; (B) graphical presentation of the ratio of TGF-β1, fibronectin and 

vimentin to GAPDH in various groups. NC, normal control group; Mel, melittin  

(0.1 mg/kg)-treated group with normal diet; DDC, 0.1% DDC-supplemented diet group; 

DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet. Results 

are expressed as the mean ± SE of three independent determinations. * p < 0.05 compared 

to the NC group. † p < 0.05 compared to the Mel group. ‡ p < 0.05 compared to the DDC group. 
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Figure 7. Melittin inhibits fibrotic changes in DDC-fed mice. Immunohistochemical 

staining findings demonstrated that melittin effectively suppresses the expression of FSP-1. 

Representative immunohistochemical images from each study group (five mice per group) 

(A) NC, normal control group; (B) Mel, melittin (0.1 mg/kg)-treated group with normal diet; 

(C) DDC, 0.1% DDC-supplemented diet group; (D) DDC + Mel, melittin  

(0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet; magnification × 200;  

(E) morphometric assessment of the trichrome staining positive areas. Results are expressed 

as the mean ± SE of three independent determinations. * p < 0.05 compared to the NC group. 
† p < 0.05 compared to the Mel group. ‡ p < 0.05 compared to the DDC group. 

(A) (B) 

Figure 8. Melittin inhibits phosphorylation of Smad2 in DDC-fed mice. (A) Western 

blotting results demonstrated that melittin effectively suppresses the expression of  

p-Smad2; (B) graphical presentation of the ratio of p-Smad2 to GAPDH in various groups. 

NC, normal control group; Mel, melittin (0.1 mg/kg)-treated group with normal diet; DDC, 

0.1% DDC-supplemented diet group; DDC + Mel, melittin (0.1 mg/kg)-treated group with 

0.1% DDC-supplemented diet. Results are expressed as the mean ± SE of three independent 

determinations. * p < 0.05 compared to the NC group. † p < 0.05 compared to the Mel group. 
‡ p < 0.05 compared to the DDC group. 

2.4. Melittin Effectively Suppresses Proliferating Cholangiocytes in DDC-Fed Mice 

Proliferating cholangiocytes are characteristic for DDC-fed mice and are a source of growth factors, 

chemokines, cytokines and other soluble factors. Cholangiocytes as specialized epithelial cells that line 

the biliary tree are considered as pace markers of biliary fibrosis [18]. Cholangiocyte-specific markers, 
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including CK-7, are expressed in the epithelial cells of bile ductules in enlarged portal tracts. Chronic 

DDC feeding resulted in a comparable amount of ductular reaction and an increased number of  

CK-7- and PCNA-positive cells (Figure 9). In contrast, melittin treatment significantly suppressed the 

proliferation of cholangiocytes, which was shown as the expression of PCNA-positive cells in  

DDC + Mel livers. In summary, these data proved the ability of melittin to suppress cholangiocyte 

proliferation in response of DDC-induced liver injury and liver fibrosis. 

 

Figure 9. Melittin inhibits cholangiocyte proliferation in DDC-fed mice. Immunofluorescence 

staining shows co-localization of PCNA staining with CK-7 (arrow head) following DDC 

treatment. Immunofluorescence staining results demonstrated that melittin effectively 

suppresses the expression of PCNA. CK-7 and PCNA immune complexes were detected by 

anti-mouse FITC (green) and anti-rabbit Texas red (red). Nuclei were counterstained with 

Hoechst 33342 (blue). Representative immunofluorescence staining images from each study 

group ((A–C) DDC group; (D–F) DDC + Mel group). Scale bar = 20 μm. 

3. Discussion 

The bulk of the liver is occupied by parenchymal hepatocytes, but little is known about the physiology 

of cholangiocytes. Cholangiocytes are epithelial cells that line the biliary system and make up 3%–5% 

of the liver cell population. The major function of cholangiocytes is closely related to bile flow.  

The ability of cholangiocytes to proliferate is important in many different human pathological  

liver conditions that involve this cell type, and those conditions are referred to as cholangiopathies.  

Pro-inflammatory cytokines may be critically involved in the pathophysiology of several 
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cholangiopathies [19,20]. Thus, this study aimed at investigating the specific effects of melittin on the 

pathogenesis of DDC-induced sclerosing cholangitis and biliary-type liver fibrosis. 

Melittin is a major component of bee venom, which makes up 50%–60% of the dry weight of bee 

venom. It has been studied for its antibacterial, antiviral and anti-inflammatory properties in various cell 

types [21]. A low concentration of bee venom has been reported to protect TNF-α/actinomycin  

D-induced hepatocyte apoptosis [22]. Although melittin has lytic effects on biological and cell 

membranes when inserted into the phospholipid layer at a high concentration, a concentration of melittin 

lower than 2 μM does not disrupt the cell membrane [21,23,24]. During the progression of 

atherosclerosis and restenosis, melittin inhibited aortic vascular smooth muscle cell proliferation by 

suppressing NF-κB, Akt activation and the mitogen-activated protein kinase pathway [25]. Recently, 

melittin effectively suppressed skin inflammation in the P. acnes-induced in vitro and in vivo inflammatory 

models [26]. However, there have been no reports on the effects of in vivo cholangiopathy-associated 

molecular mechanisms of melittin. The current study confirmed the anti-inflammatory function of melittin 

as an effective inhibitor of inflammatory cytokines and biliary fibrosis. This study demonstrated that 

melittin reduced the ductular reaction in DDC-induced liver injury, suggesting a potential therapeutic 

use of this compound in the treatment of cholangitis-related liver fibrosis. 

Xenobiotics, which are foreign to an organism, include chemical compounds, detergents and 

pharmaceuticals. Liver plays a major role in the detoxification and elimination of xenobiotics. DDC 

feeding is widely used to study xenobiotic-induced liver injury. DDC-induced liver injury is associated 

with chronic cholestatic liver diseases, which are further related to the induction of a reactive phenotype 

of bile duct epithelial cells with the development of bile duct injury, leading to portal-portal fibrosis and 

large duct disease [8,27]. 

To further evaluate the function of melittin in liver fibrosis, this study used a DDC-induced liver 

fibrosis model. Chronic DDC feeding elevated the hepatic inflammatory responses in portal fields and 

hepatocyte injuries and increased collagen deposition and periductal portal-portal fibrosis. Increased 

serum AST and ALT are known to be major risk factors related to the development of chronic liver 

disease. Especially, the elevations of serum AP and bilirubin are well-known parameters for cholestatic 

liver disease. The reductions of serum AP and bilirubin play a major role in mediating the repression of 

biliary disease [28,29]. Chronic DDC feeding in mice increased the serum levels of AST, ALT, AP and 

bilirubin. Of particular interest, this study showed that treatment with melittin appeared to decrease AP 

and bilirubin concentrations in the serum of DDC-fed mice. Elevations of serum AST, ALT, AP and 

bilirubin, from liver metabolic disorder, play important roles in the initiation of liver fibrosis, and liver 

metabolic disorder was affected by pro-inflammatory cytokines [30]. 

Pro-inflammatory cytokines and chemokines have an important role in the initiation and perpetuation 

of various types of liver fibrosis. Although a previous study has demonstrated that melittin has  

anti-inflammatory and anti-fibrotic activity in thioacetamide-induced liver fibrosis [31], the precise 

mechanisms of action of melittin in cholangiopathies remain to be elucidated. TNF-α is a key molecule 

in the hepatic inflammatory response, the execution of apoptosis and the regulation of liver regeneration. 

Moreover, the TNF superfamily may represent major players in the immunobiology of sclerosing 

cholangitis and associated biliary fibrosis [20,32]. A recent study showed that genetic loss of TNFR1 

significantly affects the pathogenesis of DDC-induced sclerosing cholangitis and ductular reaction. 

Consistent with these results, DDC-induced injury led to increased production of TNF-α expression. 
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Along with TNF-α upregulation, the expressions of IL-6, p-STAT3 and MCP-1 were also increased in 

DDC-fed mice. STAT3 is the major downstream signaling molecule of IL-6 in hepatocytes. The 

hepatoprotective function of STAT3 in the liver has been well documented in many murine models. 

Especially, conditionally-inactivated STAT3 in hepatocytes and cholangiocytes led to strongly 

aggravated hepatocellular damage and fibrosis in a sclerosing cholangitis animal model using mice 

lacking the multidrug resistance gene 2 (mdr2−/−) [33]. Our present study showed that melittin effectively 

suppressed the expressions of TNF-α, IL-6, p-STAT3 and MCP-1 in DDC-fed mice. These results 

demonstrate that melittin mediates the anti-inflammatory effect during the resolution of biliary fibrosis 

in liver. 

During liver injury, periportal hepatocytes are damaged, and their proliferation is impaired. Damaged 

liver parenchyma become a source of regenerating hepatocytes, biliary epithelial cells and draining 

ductules in order to restore the functional liver mass [34,35]. When liver parenchyma is damaged, the 

ductular reaction progresses as an alternative pathway for liver restoration. Ductular reaction has been 

regarded as a barometer of portal fibrosis, since proliferating biliary epithelial cells are a source of 

molecules that mobilize ECM deposition and secrete pro-inflammatory cytokines and chemokines, 

which further activate hepatic stellate cells and portal fibroblast [36,37]. This remodelling process of 

liver milieu demonstrates a strong capacity to increase myofibroblast proliferation and ECM deposition, 

thus contributing to the fibrogenic response to liver injury [38]. Our current study investigated the 

question of whether melittin could affect ductular reaction during chronic liver injuries. Chronic DDC 

feeding led to increased ductular reaction at the portal tract interface, including small biliary ductules 

with bile plugs and inflammatory cells. In addition, CK-7, which is a cholangiocyte-specific epithelial 

cell marker, was increased in ductular reaction near the portal tract in DDC-fed mice. Furthermore, 

proliferating cholangiocytes were also increased by chronic DDC feeding. However, melittin treatment 

withdrew ductular reactions and cholangiocyte proliferation in DDC-fed mice. 

Several studies have demonstrated that proliferating cholangiocytes secrete profibrogenic factors. 

During biliary fibrosis, proliferating bile duct epithelial cells are the predominant source of the 

profibrogenic gene, such as connective tissue growth factor (CTGF) [39]. Moreover, epithelial cells of 

newly-formed bile ducts express mRNA for α1 (IV) procollagen, suggesting that proliferating 

cholangiocytes are a source of hepatic collagen during fibrosis [40]. The expression of TGF-β1,  

which is a key upstream signaling molecule of CTGF and the major fibrogenic cytokine in liver fibrosis, 

was increased in chronic DDC-induced liver injury. Following TGF-β1 upregulation, the expressions of 

fibronectin, vimentin, FSP-1 (a key marker of early fibroblast lineage) and p-Smad2 were also increased 

in DDC-fed mice. In contrast, melittin markedly reduced the responses induced by DDC in mice. In fact, 

melittin treatment downregulated the expression of matrix components during biliary fibrosis. 

Overall, this study demonstrated the protective effects of melittin on DDC-induced biliary fibrosis  

in vivo. Treatment of melittin markedly decreased the expression of inflammatory cytokines in  

DDC-fed mice. Melittin also suppressed biliary fibrosis by attenuating the expression of fibrogenic 

cytokines and ECM proteins. Moreover, melittin modulated ductular reaction and subsequent fibrosis. 

These results collectively suggest that melittin may regulate the remodelling process, which involves 

crosstalk between mesenchymal cells and cholangiocytes in biliary fibrosis. In summary, these findings 

expand the role for melittin in regulating the expression of ECM and begin to provide insight into its 

regulatory involvement in liver fibrosis-related pathologies. 
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4. Experimental Section 

4.1. Animal Model 

For the induction of liver injury, 6–8-week-old C57BL/6 male mice (20–25 g; Samtako, Kyungki do, 

Korea) were used. Mice were fed with a 0.1% DDC-supplemented diets for 4 weeks, housed with a  

12-h light/dark cycle and permitted ad libitum consumption of water. All animal protocols were 

approved by the Institutional Animal Care and Use Committee of Catholic University of Daegu  

(Daegu, Korea). Mice were randomly divided into four groups as follows: (1) untreated group  

(normal control, NC); (2) melittin-treated group with normal diet (Mel); (3) 0.1% DDC-supplemented 

diet group (DDC); (4) melittin-treated group with 0.1% DDC-supplemented diet (DDC + Mel).  

The Mel only group and the DDC + Mel group received intraperitoneal injection of melittin (0.1 mg/kg; 

Sigma-Aldrich, St. Louis, MO, USA) dissolved in saline twice a week. Mice were sacrificed after  

4 weeks of treatment, and the livers were removed. 

4.2. Histopathology and Immunohistochemistry 

Small pieces of liver from each lobe were kept in 10% formalin solution. Paraffin-embedded liver 

tissues were sectioned and stained with H&E and Masson’s trichrome according to the standard protocol. 

For immunohistochemistry, sections were incubated with anti-monocyte chemoattractant protein 

(MCP)-1 and anti-fibroblast specific protein (FSP)-1. After three serial washes with phosphate-buffered 

saline (PBS), the sections were processed by an indirect immunoperoxidase technique using a 

commercial kit (LSAB kit; Dako, Glostrup, Denmark). The slides were examined with an Eclipse 80i 

microscope (Nikon, Tokyo, Japan) and analysed with iSolution DT software (IMT i-Solution, 

Coquitlam, BC, Canada). 

4.3. Serum Biochemical Analysis 

Serum samples were stored at −70 °C until analysed using a QuantiChrom™ kit (BioAssay Systems, 

Atlanta, GA, USA) for alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline phosphatase 

(AP) and bilirubin. 

4.4. Western Blot Analysis 

Liver tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling 

Technology, Danvers, MA, USA) for 15 min on ice and centrifuged at 12,000 rpm for 15 min at 4 °C. 

The supernatant was collected, and the residual protein concentration was measured by the Bradford 

protein assay (Bio-Rad Laboratories, Berkeley, CA, USA). Sodium dodecyl sulphate polyacrylamide 

gel electrophoresis was performed with 8%–12% polyacrylamide gels at 100 V for three hours. The 

resolved proteins were transferred from the gel onto a polyvinylidene fluoride (PVDF) membrane 

(Millipore Corporation, Bedford, MA, USA) and probed with anti-TNF-α, anti-fibronectin, anti-IL-6 

(Abcam, Cambridge, UK), anti-t-Smad 2 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-TGF-β1 

(R&D Systems, Minneapolis, MN, USA), anti-fibronectin, anti-vimentin (BD Biosciences, San Jose, 

CA, USA), anti-p-Smad2 (Novus Biologicals, Littleton, CO, USA), anti-p-signal transducer and activator 
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of transcription (STAT)3 and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cell Signaling, 

Danvers, MA, USA), followed by secondary antibody conjugated to horseradish peroxidase (1:2000) 

and detected with enhanced chemiluminescence reagents (Amersham Bioscience, Piscataway, NJ, USA). 

Signal intensity was quantified by an image analyser (Las3000; Fuji, Tokyo, Japan). 

4.5. Immunofluorescence Staining and Confocal Microscopy 

Paraffin-embedded mouse liver sections (3-μm thickness) were prepared by a routine procedure. 

After blocking with 10% donkey serum for 30 min, the slides were immunostained with primary 

antibodies against proliferating cell nuclear antigen (PCNA, Santa Cruz Biotechnology, Dallas, TX, 

USA) and cytokeratin-(CK)-7 (Millipore, Darmstadt, Germany). To visualize the primary antibodies, 

sections were stained with secondary antibodies conjugated with FITC or Texas red (Invitrogen, 

Carlsbad, CA, USA). Sections were then counterstained with Hoechst 33342. Stained slides were viewed 

under a Nikon A1 microscope equipped with a digital camera (Nikon, Tokyo, Japan). 

4.6. Statistical Analyses 

Data are presented as the mean ± SE. Student’s t-test was used to assess the significance of 

independent experiments. The criterion p < 0.05 was used to determine statistical significance. 

5. Conclusions 

These data expand the role for melittin in regulating the expression of ECM and begin to provide 

insight into its regulation by liver fibrosis and related pathologies, PSC and biliary fibrosis. 

Acknowledgments 

This work was supported by the National Research Foundation of Korea Grant funded by the Korean 

Government (NRF-2014R1A1A2008955). 

Author Contributions 

Kyung Hyun Kim and Kwan Kyu Park designed the study and prepared the manuscript.  

Hyun-Jung Sung, Woo Ram Lee, Hyun Jin An, Jung Yeon Kim and Sang Mi Han performed the overall 

experiments. Sok Cheon Pak discussed the study. All authors have read and approved the final version 

of this manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Lazaridis, K.N.; Strazzabosco, M.; Larusso, N.F. The cholangiopathies: Disorders of biliary epithelia. 

Gastroenterology 2004, 127, 1565–1577. 

2. Patel, T.; Gores, G.J. Apoptosis and hepatobiliary disease. Hepatology 1995, 21, 1725–1741. 



Toxins 2015, 7 3385 

 

3. Peters, M.G. Pathogenesis of primary biliary cirrhosis, primary sclerosing cholangitis, and 

autoimmune cholangiopathy. Clin. Liver Dis. 1998, 2, 235–247, vii–viii. 

4. Glaser, S.S.; Gaudio, E.; Miller, T.; Alvaro, D.; Alpini, G. Cholangiocyte proliferation and liver 

fibrosis. Expert Rev. Mol. Med. 2009, 11, e7. 

5. LeSage, G.; Glaser, S.; Alpini, G. Regulation of cholangiocyte proliferation. Liver 2001, 21, 73–80. 

6. Alvaro, D.; Mancino, M.G.; Glaser, S.; Gaudio, E.; Marzioni, M.; Francis, H.; Alpini, G. Proliferating 

cholangiocytes: A neuroendocrine compartment in the diseased liver. Gastroenterology 2007, 132, 

415–431. 

7. Sell, S. Comparison of liver progenitor cells in human atypical ductular reactions with those seen 

in experimental models of liver injury. Hepatology 1998, 27, 317–331. 

8. Fickert, P.; Stoger, U.; Fuchsbichler, A.; Moustafa, T.; Marschall, H.U.; Weiglein, A.H.; 

Tsybrovskyy, O.; Jaeschke, H.; Zatloukal, K.; Denk, H.; et al. A new xenobiotic-induced mouse 

model of sclerosing cholangitis and biliary fibrosis. Am. J. Pathol. 2007, 171, 525–536. 

9. Zatloukal, K.; Stumptner, C.; Fuchsbichler, A.; Fickert, P.; Lackner, C.; Trauner, M.; Denk, H.  

The keratin cytoskeleton in liver diseases. J. Pathol. 2004, 204, 367–376. 

10. Habermann, E. Bee and wasp venoms. Science 1972, 177, 314–322. 

11. Dempsey, C.E. The actions of melittin on membranes. Biochim. Biophys. Acta 1990, 1031,  

143–161. 

12. Jang, H.S.; Kim, S.K.; Han, J.B.; Ahn, H.J.; Bae, H.; Min, B.I. Effects of bee venom on the  

pro-inflammatory responses in raw264.7 macrophage cell line. J. Ethnopharmacol. 2005, 99,  

157–160. 

13. Yin, M.; Wheeler, M.D.; Kono, H.; Bradford, B.U.; Gallucci, R.M.; Luster, M.I.; Thurman, R.G. 

Essential role of tumor necrosis factor alpha in alcohol-induced liver injury in mice. 

Gastroenterology 1999, 117, 942–952. 

14. Burra, P.; Hubscher, S.G.; Shaw, J.; Elias, E.; Adams, D.H. Is the intercellular adhesion  

molecule-1/leukocyte function associated antigen 1 pathway of leukocyte adhesion involved in the 

tissue damage of alcoholic hepatitis? Gut 1992, 33, 268–271. 

15. Taub, R. Liver regeneration: From myth to mechanism. Nat. Rev. Mol. Cell Biol. 2004, 5,  

836–847. 

16. Wang, H.; Lafdil, F.; Kong, X.; Gao, B. Signal transducer and activator of transcription 3 in liver 

diseases: A novel therapeutic target. Int. J. Biol. Sci. 2011, 7, 536–550. 

17. Meindl-Beinker, N.M.; Dooley, S. Transforming growth factor-beta and hepatocyte transdifferentiation 

in liver fibrogenesis. J. Gastroenterol. Hepatol. 2008, 23, S122–S127. 

18. Penz-Osterreicher, M.; Osterreicher, C.H.; Trauner, M. Fibrosis in autoimmune and cholestatic liver 

disease. Best Pract. Res. Clin. Gastroenterol. 2011, 25, 245–258. 

19. Aron, J.H.; Bowlus, C.L. The immunobiology of primary sclerosing cholangitis.  

Semin. Immunopathol. 2009, 31, 383–397. 

20. Aoki, C.A.; Bowlus, C.L.; Gershwin, M.E. The immunobiology of primary sclerosing cholangitis. 

Autoimmun. Rev. 2005, 4, 137–143. 

21. Raghuraman, H.; Chattopadhyay, A. Melittin: A membrane-active peptide with diverse functions. 

Biosci. Rep. 2007, 27, 189–223. 



Toxins 2015, 7 3386 

 

22. Park, J.H.; Kim, K.H.; Kim, S.J.; Lee, W.R.; Lee, K.G.; Park, K.K. Bee venom protects hepatocytes 

from tumor necrosis factor-alpha and actinomycin d. Arch. Pharm. Res. 2010, 33, 215–223. 

23. Hider, R.C. Honeybee venom: A rich source of pharmacologically active peptides. Endeavour 1988, 

12, 60–65. 

24. Pratt, J.P.; Ravnic, D.J.; Huss, H.T.; Jiang, X.; Orozco, B.S.; Mentzer, S.J. Melittin-induced 

membrane permeability: A nonosmotic mechanism of cell death. Vitro Cell. Dev. Biol. Anim. 2005, 

41, 349–355. 

25. Son, D.J.; Ha, S.J.; Song, H.S.; Lim, Y.; Yun, Y.P.; Lee, J.W.; Moon, D.C.; Park, Y.H.;  

Park, B.S.; Song, M.J.; et al. Melittin inhibits vascular smooth muscle cell proliferation through 

induction of apoptosis via suppression of nuclear factor-kappab and akt activation and enhancement 

of apoptotic protein expression. J. Pharmacol. Exp. Ther. 2006, 317, 627–634. 

26. Lee, W.R.; Kim, K.H.; An, H.J.; Kim, J.Y.; Chang, Y.C.; Chung, H.; Park, Y.Y.; Lee, M.L.;  

Park, K.K. The protective effects of melittin on propionibacterium acnes-induced inflammatory 

responses in vitro and in vivo. J. Investig. Dermatol. 2014, 134, 1922–1930. 

27. Osterreicher, C.H.; Trauner, M. Xenobiotic-induced liver injury and fibrosis. Expert Opin. Drug 

Metab. Toxicol. 2012, 8, 571–580. 

28. Johnston, D.E. Special considerations in interpreting liver function tests. Am. Family Phys. 1999, 

59, 2223–2230. 

29. European Association for the Study of the Liver. Easl clinical practice guidelines: Management of 

cholestatic liver diseases. J. Hepatol. 2009, 51, 237–267. 

30. Marchesini, G.; Brizi, M.; Bianchi, G.; Tomassetti, S.; Bugianesi, E.; Lenzi, M.; McCullough, A.J.; 

Natale, S.; Forlani, G.; Melchionda, N. Nonalcoholic fatty liver disease: A feature of the metabolic 

syndrome. Diabetes 2001, 50, 1844–1850. 

31. Park, J.H.; Kum, Y.S.; Lee, T.I.; Kim, S.J.; Lee, W.R.; Kim, B.I.; Kim, H.S.; Kim, K.H.;  

Park, K.K. Melittin attenuates liver injury in thioacetamide-treated mice through modulating 

inflammation and fibrogenesis. Exp. Biol. Med. (Maywood) 2011, 236, 1306–1313. 

32. Adams, D.H.; Afford, S.C. The role of cholangiocytes in the development of chronic inflammatory 

liver disease. Front. Biosci. 2002, 7, e276–e285. 

33. Mair, M.; Zollner, G.; Schneller, D.; Musteanu, M.; Fickert, P.; Gumhold, J.; Schuster, C.; 

Fuchsbichler, A.; Bilban, M.; Tauber, S.; et al. Signal transducer and activator of transcription 3 

protects from liver injury and fibrosis in a mouse model of sclerosing cholangitis. Gastroenterology 

2010, 138, 2499–2508. 

34. Richardson, M.M.; Jonsson, J.R.; Powell, E.E.; Brunt, E.M.; Neuschwander-Tetri, B.A.;  

Bhathal, P.S.; Dixon, J.B.; Weltman, M.D.; Tilg, H.; Moschen, A.R.; et al. Progressive fibrosis in 

nonalcoholic steatohepatitis: Association with altered regeneration and a ductular reaction. 

Gastroenterology 2007, 133, 80–90. 

35. Theise, N.D.; Badve, S.; Saxena, R.; Henegariu, O.; Sell, S.; Crawford, J.M.; Krause, D.S. 

Derivation of hepatocytes from bone marrow cells in mice after radiation-induced myeloablation. 

Hepatology 2000, 31, 235–240. 

36. Alvaro, D.; Invernizzi, P.; Onori, P.; Franchitto, A.; De Santis, A.; Crosignani, A.; Sferra, R.; 

Ginanni-Corradini, S.; Mancino, M.G.; Maggioni, M.; et al. Estrogen receptors in cholangiocytes 

and the progression of primary biliary cirrhosis. J. Hepatol. 2004, 41, 905–912. 



Toxins 2015, 7 3387 

 

37. Hsieh, C.S.; Huang, C.C.; Wu, J.J.; Chaung, H.C.; Wu, C.L.; Chang, N.K.; Chang, Y.M.;  

Chou, M.H.; Chuang, J.H. Ascending cholangitis provokes il-8 and mcp-1 expression and promotes 

inflammatory cell infiltration in the cholestatic rat liver. J. Pediatr. Surg. 2001, 36, 1623–1628. 

38. Friedman, S.L. Mechanisms of hepatic fibrogenesis. Gastroenterology 2008, 134, 1655–1669. 

39. Sedlaczek, N.; Jia, J.D.; Bauer, M.; Herbst, H.; Ruehl, M.; Hahn, E.G.; Schuppan, D. Proliferating 

bile duct epithelial cells are a major source of connective tissue growth factor in rat biliary fibrosis. 

Am. J. Pathol. 2001, 158, 1239–1244. 

40. Milani, S.; Herbst, H.; Schuppan, D.; Kim, K.Y.; Riecken, E.O.; Stein, H. Procollagen expression 

by nonparenchymal rat liver cells in experimental biliary fibrosis. Gastroenterology 1990, 98,  

175–184. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


