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Abstract
Background/Aims: Fibronectin type III domain-containing 5 (FNDC5) protein is involved in 
the beneficial effects of exercise on metabolism. FNDC5 attenuates hepatic steatosis induced 
by high fat diet (HFD). Here, we examined the effects of FNDC5 on liver fibrosis and underline 
mechanisms. Methods: Experiments were carried out on wild-type and FNDC5-/- mice, primary 
mouse hepatic stellate cells (HSCs) and human hepatic stellate cell line (LX-2). The mice were 
fed with HFD for 6 months to induce liver fibrosis. Oxidized low density lipoprotein (oxLDL) 
were used to induce the activation of hepatic stellate cells and fibrosis in mouse HSCs and 
human LX-2 cells. H&E, Masson’s trichrome staining and Sirius red staining were used for 
liver sections. Protein and mRNA expressions were evaluated with Western blot and RT-PCR, 
respectively. Results: FNDC5 deficiency aggravated the HFD-induced liver fibrosis and HSCs 
activation in mice. It exacerbated the HFD-induced inhibition of AMPK phosphorylation, 
upregulation of connective tissue growth factor (CTGF) and transforming growth factor-β 
(TGF-β), and deposition of extracellular matrix (ECM) in liver of mice. Administration of FNDC5 
attenuated oxLDL-induced AMPK deactivation, HSCs activation, CTGF and TGF-β upregulation 
and ECM deposition in mouse HSCs. The beneficial effects of FNDC5 on oxLDL-induced AMPK 
dephosphorylation, HSCs activation and ECM deposition were prevented by the inhibition 
of AMPK with compound C in human LX-2 cells. However, the effects of FNDC5 on hepatic 
fibrosis in vivo in this study cannot be distinguished from its effects on adiposity and hepatic 
steatosis. Conclusions: FNDC5 deficiency aggravates HFD-induced liver fibrosis in mice. 
FNDC5 plays beneficial roles in attenuating liver fibrosis via AMPK phosphorylation-mediated 
inhibition of HSCs activation.
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IntroductionLiver fibrosis is a general pathological process for most of liver diseases. Obesity-related liver disease, particularly nonalcoholic fatty liver disease (NAFLD) results in progressive fibrosis, cirrhosis, end-stage liver disease, and increased incidence of hepatocellular carcinoma [1, 2]. Hepatic stellate cells (HSCs) are the primary source of fibrogenic cells and are involved in the liver fibrogenesis. Upon liver injury, quiescent HSCs transform quiescent stage to active stage [3]. Activation of HSCs plays a major role in the process of liver fibrosis [4-6]. Studies in rodent models of chronic liver disease suggest that fibrotic extracellular matrix can be remodeled and near-normal hepatic architecture regenerated upon cessation of injury [7]. Termination of fibrogenic processes may allow the reversal of progressive fibrosis and even cirrhosis [8].Fibronectin type III domain-containing protein 5 (FNDC5) is a novel myokine, and is known to medi ate some beneficial effects of exercise via browning of white adipose tissue [9]. Irisin can be released by the cleavage of the extracellular domain of FNDC5 and promote the browning of white adipose tissue [10]. It has been observed that irisin inhibits hepatic gluconeogenesis and increases glycogen synthesis in type 2 diabetic mice and hepatocytes [11]. We have shown that either FNDC5 overexpression or irisin ameliorates glucose/lipid metabolic derangements and enhances lipolysis in obesity [12]. Moreover, FNDC5 alleviates hepatosteatosis by restoring AMPK/mTOR-mediated autophagy, fatty acid oxidation, and lipogenesis in mice [13]. However, whether FNDC5 is involved in the process of liver fibrosis is unknown. The present study is designed to determine the effects of FNDC5 on liver fibrosis and underline mechanisms.
Materials and Methods

Animal modelMale FNDC5-/- mice on a C57BL/6 background and wild-type (WT) mice were obtained from Nanjing BioMedical Research Institute (Nanjing University, Nanjing, China). Chronic high fat diet (HFD) feeding is used as an efficient tool to simulate clinical NAFLD and associated hepatic fibrosis [14]. Long-term HFD feeding induces the pathological changes including visceral obesity, inflammation, hyperlipidemia and hepatic fibrosis which are similar to that of the human NAFLD [15]. It has been reported that all the rats developed perisinosodial fibrosis after 24 weeks’ HFD feeding [14]. Similar results were observed in mice [16, 17]. These reports suggested that either FNDC5-/- or WT mice at the age of 6 weeks were randomly divided into two groups, which were respectively fed a normal chow served as a normal control group (Ctrl, 14.7 kJ/g, 13% of energy as fat) or a high fat diet (HFD, 21.8 kJ/g, 60% of energy as fat) for 26 weeks. All procedures were performed in accordance with the standards in the guidelines of the Experimental Animal Care and Use Committee of Nanjing Medical University, and conformed to the Guide for the Care and Use of Laboratory Animal published by the US National Institutes of Health (NIH publication, 8th edition, 2011). The mice were housed in a temperature-controlled room with a 12-h light/dark cycle and a free access to tap water and chow. At the end of the experiment, the mouse was euthanized with an overdose of pentobarbital sodium (200 mg/kg, iv).
Culture of LX-2 cellsLX-2 cells, a human hepatic stellate cell line, were obtained from Merck Millipore Corporation, Billerica, MA, USA), and were commonly used for analysis of hepatic fibrosis [18]. The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin, and were incubated in a humidified atmosphere of 5% CO2 and 95% O2 at 37°C [19] .
Culture of primary HSCsPrimary HSCs from C57BL6 mice at the age of 6 weeks were isolated by a combination of pronase collagenase digestion, density gradient centrifugation, and centrifugal elutriation as previously described [20]. The cells were cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin. Purity of HSC 
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was assessed by immunohistochemistry for desmin (a marker of myofibroblasts), or α-smooth muscle actin (α-SMA) (a marker of a population of more differentiated myofibroblasts).
OxLDL treatmentOxidized low-density lipoproteins (oxLDL) is well known to stimulate the synthesis of collagen types I and III and fibronectin of cultured HSCs, and was utilized to produce a cell fibrosis model [21]. Upon reaching 70% confluence, the LX-2 cells or primary HSCs were incubated with PBS or oxLDL (10 μg/mL) for 24 h [22]. The ox-LDL was purchased from Yesen Biotechnology (Shanghai, China).
Western blotSamples were homogenized and extracted. Total protein was measured with a protein assay kit (BCA; Pierce, Santa Cruz, CA, USA). Equal amounts of total protein were separated in sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane. The bands were visualized by enhanced chemiluminescence (Millipore, Billerica, MA, USA) and quantified by scanning densitometry. Antibody against FNDC5 was purchased from Abcam (Cambridge, MA, USA). Antibodies against collagen-I, collagen-III, connective tissue growth factor (CTGF), α-SMA, GAPDH were obtained from Proteintech (Chicago, IL, USA). Antibodies against AMPK, P-AMPK and secondary antibodies were acquired from Santa Cruz (CA, USA).
RT-PCRTotal RNA in samples was exacted using Trizol reagent (Life Technologies, Gaithersburg, MD, USA). RNA concentrations and purity were determined by the optical density at 260 and 280 nm. Reverse transcriptase reactions were performed using the PrimeScript® RT reagent Kits (Takara, Otsu, Shiga, Japan) and ABI PRISM 7500 sequence detection PCR system (Applied Biosystems, Foster City, CA, USA). For quantitative PCR, cDNA fragments were subjected to SYBR Green RT-PCR (Takara Biotechnology Co., Ltd., Tokyo, Japan) with Stepone Plus system. Quantitative measurements were obtained using the ΔΔCT method and normalized to the expression of GAPDH.
Histological evaluationLivers of mice were rinsed with PBS and set at 4% buffered formaldehyde for 24 h. Parafn-embedded tissues were cut into 5 µm sections with a cryostat (Leica, Solms, Germany). The sections were stained with hematoxylin and eosin (H&E). Furthermore, sections were subjected to Masson’s trichrome staining [23] or Sirius red staining to evaluate liver fibrosis [24].
Measurement of triglyceride, cholesterol, ALT and ASTSerum triglyceride (TG), total cholesterol (TCH), alanine transaminase (ALT) and aspartate aminotransferase (AST) levels were evaluated with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).
ChemicalsFNDC5 was bought from Sigma Co. (St. Louis, MO, USA). Compound C (CC) was obtained from MedChem Express (Greenville, SC, USA).
Statistical AnalysisOne-way and two-way ANOVA were used for data analysis of more than two groups followed by Bonferroni’s post hoc analysis. All data were expressed as mean±SEM. A value of P<0.05 was considered statistically significant.
Results

General data of WT and FNDC5-/- miceFNDC5 deficiency exaggerated the increases in body weight (BW), liver weight (LW), fat weight (FW), LW/BW and FW/BW in mice with HFD, but not in mice with normal diet. 
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However, FNDC5 deficiency had no significant effect on food intake in mice with normal diet or HFD. FNDC5 gene deletion increased the TG and TCH levels in serum and liver in mice with normal diet, and magnified the HFD-induced increases in the TG and TCH levels in serum and liver. Furthermore, FNDC5 deficiency had no significant effects on serum ALT and AST activity in mice with normal diet, but aggravated HFD-induced increases in serum ALT and AST activity (Table 1).
FNDC5 deficiency aggravates HFD-induced liver fibrosis in miceHFD had no significant effects on the FNDC5 mRNA and protein expressions in mouse liver (Fig. 1A). Efficiency of FNDC5 gene deletion has been identified in our recent study [25], and was further confirmed by the disappeared FNDC5 mRNA and protein expressions in the present study (Fig. 1A). H&E staining showed that FNDC5 deficiency aggravated HFD-induced fat accumulation and structure disorder in liver (Fig. 1B). Masson’s staining revealed obvious sinusoidal fibrosis in the liver of HFD-fed FNDC5-/- mice (Fig. 1C). Sirius red staining showed that the pericellular fibrosis induced by HFD was exacerbated by FNDC5 gene deletion (Fig. 1D).
FNDC5 deficiency exacerbates HFD-induced HSCs activation in mouse liverActivated HSCs are the main source of myofibroblasts that contributes to collagen accumulation in the development of liver fibrosis [4]. HFD increased the deposition of extracellular matrix (ECM) evidenced by the increased collagen-I and collagen-III mRNA and protein expressions, which were exacerbated in the liver of FNDC5-/- mice (Fig. 2A). α-SMA is a classic feature of activated HSCs and used as a marker of HSCs activation [26]. FNDC5 deficiency aggravated the HFD-induced activation of HSCs evidenced by the upregulation of α-SMA mRNA and protein expressions in liver (Fig. 2B). CTGF (CCN2) is recognized as a key player in the onset of fibrosis in various tissues [27]. HFD-induced upregulation of CTGF mRNA and protein expressions was amplified in the liver of FNDC5-/- mice (Fig. 2C).

Table 1. General data of WT and FNDC5-/- mice. ALT, alanine transaminase; AST, aspartate aminotransferase; TG, triglyceride; TCH, total cholesterol. Values are mean±S.E.M. *P<0.05 vs. WT. †P<0.05 vs. Ctrl. n=6 per group
 WT FNDC5-/- 

 Ctrl HFD Ctrl HFD 

Body weight (BW, g) 31.5±0.6 37.8±1.0† 32.9±1.4 47.6±1.3*† 

Liver weight (LW, g) 1.40±0.06 1.82±0.12† 1.44±0.03 2.62±0.15*† 

LW/BW (%) 4.46±0.14 4.80±0.22† 4.42±0.15 5.48±0.19*† 

Fat weight (FW, g) 1.60±0.08 3.29±0.12† 1.72±0.09 5.49±0.18*† 

FW/BW (%) 5.08±0.20 8.69±0.18† 5.23±0.15 11.53±0.28*† 

Food intake (g/day) 4.76±0.20 4.38±0.18 4.89±0.17 4.68±0.20 

Food intake (kJ/day) 70.0±2.9 95.4±4.0† 71.9±2.5 101.9±4.4 

Liver TG (mg/g) 1.79±0.09 2.45±0.15† 2.08±0.11* 4.20±0.23*† 

Liver TCH (mg/g) 9.6±1.1 18.9±1.5† 12.9±1.0* 35.9±1.5*† 

Serum TG (mM) 1.02±0.06 1.74±0.08† 1.41±0.15* 2.62±0.09*† 

Serum TCH (mM) 3.07±0.09 5.13±0.14† 3.55±0.16* 6.72±0.27*† 

Serum ALT (IU/L) 26.6±1.9 57.5±2.6† 20.9±1.7 128.7±4.1*† 

Serum AST (IU/L) 43.5±3.4 68.7±7.3† 34.7±4.8 137.4±10.5*† 

Fig. 1. FNDC5 deficiency aggravates HFD-induced liver fibrosis in mice. A, FNDC5 mRNA and protein expressions in liver. B, representative images of HE staining showing lipid droplets and structure disorder in liver sections. C, representative images of Masson’s staining showing fibrosis in liver sections. D, representative images of Sirius Red staining showing collagenous fibers in liver sections. Values are mean±SE. *P<0.05 vs. WT. n=6 per group.
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FNDC5 deficiency enhances HFD-induced AMPK inhibition in mouse liverIt is well known that inactivation of AMPK promotes hepatic fibrogenesis while its activation may restrain this process [26]. Phosphorylation of Thr172 at α subunit of AMPK increases its activity of AMPK by 2-3 orders of magnitude [28]. Thus, the AMPK phosphorylation in FNDC5-/- mice were examined. Either HFD or FNDC5 gene deletion had no significant effects on AMPK expression, but FNDC5 deficiency enhanced HFD-induced inhibition of AMPK phosphorylation in liver (Fig. 2D).
FNDC5 inhibits HSCs activation and stimulates AMPK phosphorylation in oxLDL-treated 
primary HSCsOxLDL is extensively used as an in vitro model for HSCs activation and fibrosis [22, 29, 30]. Based on our findings that FNDC5 deficiency exacerbated HFD-induced liver fibrosis in mice, we examined the effects of different concentrations of FNDC5 on HSCs activation and AMPK phosphorylation in oxLDL-treated primary mouse HSCs. Administration of oxLDL had no significant effects on FNDC5 expression in the primary HSCs from WT and FNDC5-/- mice (Fig. 3A). Exogenous FNDC5 reduced α-SMA mRNA and protein expressions (Fig. 3B), but increased the AMPK phosphorylation in oxLDL-treated primary mouse HSCs, almost reaching its maximal effects at the concentration of 100 nM (Fig. 3C).
FNDC5 alleviates oxLDL-induced fibrosis in oxLDL-treated primary HSCsExogenous FNDC5 stimulated AMPK phosphorylation, and prevented oxLDL-induced inhibition in AMPK phosphorylation in primary mouse HSCs (Fig. 4A). FNDC5 inhibited α-SMA, CTGF, collagen-I, and collagen-III expressions in oxLDL-treated primary mouse HSCs, but had no significant effects in vehicle-treated primary mouse HSCs (Fig. 4B-4D). 

Fig. 3. FNDC5 expression and effects of FNDC5 in mouse HSCs. A, FNDC5 expression in HSCs from WT and FNDC5-/- mice. B, C, D, effects of different concentration of FNDC5 on α-SMA expressions (B), AMPK expressions and AMPK phosphorylation (C) in oxLDL-treated primary WT mouse HSCs. Values are mean±SE. *P<0.05 vs. WT or PBS. n=4 per group.
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Furthermore, oxLDL increased collagen-I and collagen-III protein levels in the conditional media of HSCs, which were attenuated by FNDC5 treatment (Fig. 4E).
TGF-β expressions in mouse liver and primary mouse HSCsTGF-β is a potent cytokine to activate HSCs [31, 32], which is inhibited by AMPK [26]. AMPK ameliorates TGF-β-induced fibrogenic activation in HSCs [33]. FNDC5 deficiency augmented the HFD-induced upregulation of TGF-β mRNA levels in mouse liver (Fig. 5A). Exogenous FNDC5 prevented the oxLDL-induced upregulation of TGF-β mRNA levels in primary mouse HSCs, but had no significant effects on basal TGF-β mRNA levels (Fig. 5B).
Inhibition of AMPK prevents protective roles of FNDC5 in oxLDL-treated LX-2 cellsCC is a cell-permeable selective AMPK inhibitor, which was used to determine whether AMPK signal would mediate the beneficial effects of FNDC5. Moreover, the experiments were done in human hepatic stellate cell line (LX-2 cells) instead of mouse HSCs. Application of FNDC5 prevented oxLDL-induced AMPK inhibition, HSCs activation and ECM accumulation 

Fig. 5. TGF-β expressions in mouse liver and primary mouse HSCs. A, FNDC5 deficiency stimulates TGF-β mRNA expression in mouse liver. *P<0.05 vs. WT. †P<0.05 vs. Ctrl. B, Exogenous FNDC5 reduced the oxLDL-induced upregulation of TGF-β mRNA in primary mouse HSCs. The cells were pretreated with PBS or FNDC5 (100 nM) for 4 h followed by oxLDL (10 μg/mL) for 24 h. *P<0.05 vs. PBS. †P<0.05 vs. Veh. Values are mean±SE. n=4 per group.
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Fig. 4 Effects of FNDC5 on oxLDL-induced AMPK phosphorylation and fibrosis in primary mouse
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in LX-2 cells, which were similar to the findings in mouse HSCs. More importantly, the beneficial effects of FNDC5 were almost abolished by CC, indicating that the effects of FNDC5 is primarily mediated by AMPK signaling (Fig. 6A-C).
DiscussionHepatic fibrosis is a commonly pathological process for the majority of liver diseases, and often results in cirrhosis, liver failure and portal hypertension [34]. Chronic liver injury results in HSCs activation. The activated HSCs are also known as myofibroblasts, which contributes to liver fibrosis through the accumulation of ECM proteins [34, 35]. The primary novel findings are that FNDC5 deficiency exacerbates HFD-induced AMPK deactivation, HSCs activation and fibrosis in mouse liver. FNDC5 protein prevents oxLDL-induced AMPK deactivation, HSCs activation and ECM deposition in primary mouse HSCs and human LX-2 cells. FNDC5 attenuates liver fibrosis via AMPK phosphorylation-mediated inhibition of HSCs activation.Activation of HSCs remains a pivotal event in hepatic fibrosis [8, 36]. Transformation of HSC to myofibroblasts is a profibrogenic process that increases α-SMA and decreases stored lipid [26]. It is noted that there is a close association between the HFD and oxLDL. Although oxLDL is rapidly removed by Kupffer cells and endothelial cells in the liver [37], intravenous injection of oxLDL induces several changes in the liver microvasculature that may lead to sinusoidal endothelial dysfunction [38], which is considered as an early event in the progression of nonalcoholic steatohepatitis (NASH) [39]. Both HFD and oxLDL play an important role in the initiation of NASH pathogenesis [40]. Thus, the effects of FNDC5 were respectively evaluated in the HFD-induced hepatic fibrosis mice and oxLDL-induced HSCs activation and fibrosis. We found that FNDC5 gene deletion caused severe hepatic fibrosis and HSCs activation in HFD-induced obese mice, indicating the endogenous FNDC5 is critical for attenuating hepatic fibrosis and HSCs activation in obesity. Exogenous FNDC5 protein attenuated oxLDL-induced hepatic fibrosis and HSCs activation not only in mouse HSCs but in human HSCs (LX-2 cells) as well, indicating that exogenous FNDC5 protein can delay or attenuate the process of hepatic fibrosis and HSCs activation. FNDC5 may be a promising therapeutic target for hepatic fibrosis. Recent studies in our lab show that FNDC5 ameliorates hyperlipemia and enhances lipolysis in adipose tissues of obese mice [12], and that FNDC5 prevents HFD-induced hepatic lipid accumulation and impaired fatty acid oxidation in mouse liver [41]. Thus, roles of FNDC5 in improving glucose-lipid metabolism disorder may be partially involved in its beneficial effect on hepatic fibrosis.AMPK is not only a significant molecule that maintains the homeostasis of energy metabolism, but involved in hepatic fibrosis in liver diseases [26]. Activation of AMPK reduces the HSCs activation in the mouse CCl4 model [42]. Thymoquinone, a phytochemical compound for treating liver diseases, activated AMPK, restrained the expression of α-SMA, alleviated thioacetamide-induced hepatic fibrosis and inflammation [43]. In the present study, FNDC5 deficiency exacerbates HFD-induced AMPK deactivation in mouse liver, while administration of FNDC5 prevented oxLDL-induced AMPK deactivation in HSCs. Inhibition of AMPK with compound C almost abolished the beneficial effects of FNDC5 on oxLDL-induced AMPK deactivation, HSCs activation and ECM deposition in human LX-2 cells. These results indicate that the beneficial effects of FNDC5 on hepatic fibrosis primarily mediated by AMPK signaling and HSCs activation. It is noted that the effects of FNDC5 on hepatic fibrosis in mice in the present study cannot be distinguished from its effects on adiposity, and hepatic steatosis.In summary, FNDC5 deficiency aggravates HFD-induced liver fibrosis, AMPK deactivation, HSCs activation, and ECM deposition in mouse liver. Administration of FNDC5 attenuates oxLDL-induced AMPK deactivation, HSCs activation and ECM deposition in mice and human HSCs. Inhibition of AMPK prevents the beneficial roles of FNDC5 in attenuating liver fibrosis and HSCs activation. However, the effects of FNDC5 on hepatic fibrosis in vivo 
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cannot be distinguished from its effects on adiposity, and hepatic steatosis in the current study. We concluded that FNDC5 attenuates liver fibrosis via AMPK-mediated inhibition of HSC activation. FNDC5 may be a promising therapeutic strategy for hepatic fibrosis.
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