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Abstract
[bookmark: OLE_LINK107][bookmark: OLE_LINK192][bookmark: OLE_LINK193]Background: The FNDC5 gene encodes the fibronectin type III domain-containing protein 5 that is a membrane protein mainly expressed in skeletal muscle and the FNDC5 rs3480 polymorphism may be associated with liver disease severity in nonalcoholic fatty liver disease (NAFLD). We investigated the influence of the FNDC5 rs3480 polymorphism on the relationship between sarcopenia and the histological severity of NAFLD.
[bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK60][bookmark: OLE_LINK61]Methods: 370 adult individuals with biopsy-proven NAFLD were studied. Appendicular skeletal muscle mass was measured by bioelectrical impedance. The association between the key exposure sarcopenia, and the outcome liver histological severity, was investigated by binary logistic regression. Stratified analyses were undertaken to examine the impact of FNDC5 rs3480 polymorphism on the association between sarcopenia and the severity of NAFLD histology.
[bookmark: OLE_LINK231][bookmark: OLE_LINK232][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK15][bookmark: _Hlk35469429][bookmark: OLE_LINK47][bookmark: _Hlk35469408][bookmark: _Hlk35985895]Results: Patients with sarcopenia had more severe histological grades of steatosis and a higher prevalence of significant fibrosis and definite NASH than those without sarcopenia. There was a significant association between sarcopenia and significant fibrosis (adjusted odds ratio 2.79, 95%CI 1.31-5.95, p=0.008), independent of established risk factors and potential confounders. Among patients with sarcopenia, significant fibrosis occurred more frequently in the rs3480 AA genotype carriers than in those carrying the FNDC5 rs3480 G genotype (43.8% vs. 17.2%, p=0.031). In the association between sarcopenia and liver fibrosis, there was a significant interaction between the FNDC5 genotype and sarcopenia status (p-value for interaction=0.006). 
[bookmark: _Hlk25086455]Conclusion: Sarcopenia is independently associated with significant liver fibrosis, and the FNDC5 rs3480 G variant influences the association between sarcopenia and liver fibrosis in patients with biopsy-proven NAFLD.

[bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK188][bookmark: OLE_LINK98]KEY-WORDS: Sarcopenia; Nonalcoholic fatty liver disease; Skeletal muscle; SNP.
[bookmark: OLE_LINK161][bookmark: OLE_LINK78]Introduction
[bookmark: OLE_LINK162][bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: _Hlk35367351][bookmark: OLE_LINK168][bookmark: OLE_LINK64][bookmark: OLE_LINK65]Sarcopenia is associated with physical inactivity, poor nutritional status, and genetic susceptibility.(1) Recent studies using non-invasive tests show that low skeletal muscle mass is associated with the presence of nonalcoholic fatty liver disease (NAFLD) and significant liver fibrosis.(2; 3; 4; 5) Skeletal muscle is an important organ that affects whole-body insulin sensitivity, and low skeletal muscle mass may influence metabolic health through altered insulin-mediated glucose disposal.(6) Moreover, skeletal muscle may release a variety of myokines that influence other organs such as adipose tissue and liver.(7) It has been suggested that myokines (e.g., interleukin-6, interleukin-15, and irisin) may mediate, at least in part, the protective effects of physical exercise against chronic diseases, such as type 2 diabetes, NAFLD, and cardiovascular diseases.(8)

[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK106][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: _Hlk35367411][bookmark: OLE_LINK69][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: _Hlk35367461][bookmark: OLE_LINK169][bookmark: OLE_LINK130][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK105][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK131][bookmark: OLE_LINK104][bookmark: OLE_LINK102][bookmark: OLE_LINK103]Physical exercise may increase the expression of fibronectin type III domain-containing protein 5 (FNDC5), a membrane protein that is mainly expressed in skeletal muscle and is cleaved and released into the circulation as irisin.(9) Some studies have recently indicated that the FNDC5 rs3480 G variant affects the stability and expression of FNDC5 and may be associated with protection from clinically significant fibrosis in patients with NAFLD.(10; 11) However, the impact of the FNDC5 rs3480 G variant on the histologic features of NAFLD remains controversial. Petta et al. have reported that the FNDC5 rs3480 G allele was associated with lower levels of significant fibrosis in NAFLD.(10) In contrast, Metwally et al. found that the FNDC5 rs3480 G variant was associated with more severe hepatic steatosis, but not with other histological features of NAFLD.(11)

[bookmark: _Hlk35367489][bookmark: OLE_LINK170][bookmark: _Hlk35367526][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK77][bookmark: OLE_LINK202][bookmark: OLE_LINK203]It is known that the interaction between metabolic risk factors and genetic background plays a key role in the progression of NAFLD.(5; 12) However, it is currently uncertain whether skeletal muscle-related gene polymorphisms influence the association between low skeletal muscle mass and NAFLD. Thus, the major aim of our cross-sectional study was to investigate the influence of the FNDC5 rs3480 polymorphism on the association between sarcopenia and the histological severity of NAFLD. In addition, since sex plays an important role in the disease progression in NAFLD and may also affect muscle mass,(13; 14) we have further investigated the association between FNDC5, sarcopenia and the severity of NAFLD in both men and women, separately.

Materials and Methods
Study population and design
[bookmark: OLE_LINK76][bookmark: OLE_LINK2][bookmark: OLE_LINK5][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK211][bookmark: OLE_LINK212]We consecutively enrolled a total of 638 adults with suspected NAFLD (based on the presence of hepatic steatosis on imaging methods and/or elevated serum liver enzymes), who consecutively attended the First Affiliated Hospital of Wenzhou Medical University (China) from December 2016 to November 2018. As detailed in Figure 1, 268 subjects were excluded for the following reasons: (1) excessive alcohol consumption (≥ 140 g/week in men or ≥ 70g/week in women); (2) presence of viral hepatitis, autoimmune hepatitis, drug-induced liver injury, or other known chronic liver diseases; (3) incomplete clinical/biochemical or genetic data; and (4) fatty liver infiltration <5% on liver histology. As a consequence of these exclusion criteria, a sample of 370 adults with biopsy-proven NAFLD was included in the final analysis. All these patients did not have any prior history of cancer.

The study was approved by the internal review board for ethics of the First Affiliated Hospital of Wenzhou Medical University (2016-246, 1 December 2016). All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration. The study protocol was registered in the Chinese Clinical Trial Registry (ChiCTR-EOC-17013562). Written informed consent was obtained from each participant enrolled in the study.

Laboratory and clinical data
Venous fasted blood samples were taken after a 12-hour fast in all participants. Laboratory biochemical parameters were centrally analyzed by using an automated analyzer (Abbott AxSYM). Body mass index (BMI) was calculated using the formula weight (kilograms) divided by height (meters) squared. Obesity was defined as BMI ≥25 kg/m2 or waist circumference ≥90 cm in men or ≥80 cm in women.(15; 16) Hypertension was diagnosed as blood pressure ≥130/85 mmHg or the use of any anti-hypertensive drugs. Diabetes was diagnosed as either self-reported history of disease, fasting plasma glucose level ≥7.0 mmol/L, HbA1c ≥6.5% (≥48 mmol/mol) or treatment with hypoglycemic drugs. Atherogenic dyslipidemia was defined as any of the following criteria: triglycerides >1.70 mmol/L; high-density lipoprotein cholesterol (HDL-C) <1.03 mmol/L in men and <1.29 mmol/L in women; or use of any lipid-lowering drugs.(16) 

All the aforementioned anthropometric and laboratory data were obtained from participants within 24 hours of liver biopsy examinations.

[bookmark: OLE_LINK38]Definition of sarcopenia 
[bookmark: _Hlk54041495][bookmark: OLE_LINK58][bookmark: OLE_LINK85][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: _Hlk54041609]Body weight and composition were measured using the segmental multi-frequency bioelectrical impedance analyzer (BIA, Inbody 720; Inbody Japan Inc., Tokyo, Japan). BIA measured impedance in each segment, including the bilateral upper and lower limbs, providing an estimate of the appendicular skeletal muscle mass (ASM). Specifically, the ASM was calculated as the sum of skeletal muscle mass in the four limbs divided by body weight and expressed as a percentage (ASM/weigh ×100, skeletal muscle index%). The ASM-to-BMI ratio (ASM/BMI) was also calculated. According to previous studies conducted in East Asian people,(17; 18) relevant to the ethnicity of our participants, sarcopenia was defined as a skeletal muscle index <29.0% in men and <22.9% in women, or ASM/BMI ratio <0.789 in men and <0.512 in women, respectively.(17)

Liver histology
[bookmark: _Hlk35370395][bookmark: OLE_LINK24][bookmark: OLE_LINK25]Liver histology assessment was undertaken by an experienced liver histopathologist according to the NASH-Clinical Research Network (CRN) Scoring System.(19) The liver histopathologist was blinded to the research measurements related to sarcopenia. NAFLD was diagnosed by the presence of hepatic steatosis in more than 5% of hepatocytes. Based on the NASH-CRN,(19) the NAFLD activity score (NAS) was calculated as the sum of the three histological components including steatosis (0-3), ballooning (0-2), and lobular inflammation (0-3). Liver fibrosis was not included as a component of NAS. Individuals with NAS score of 1 to 2 was defined as simple steatosis (NAFL), 3 to 4 was defined as borderline NASH, and 5 or greater was defined as definite NASH. Liver fibrosis was staged as zero to 4 according to Brunt’s criteria.(20) Fibrosis with 2 or greater on liver histology indicated significant fibrosis.

FNDC5 genotype
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK197][bookmark: OLE_LINK213][bookmark: OLE_LINK28][bookmark: OLE_LINK29]Genotyping assays for FNDC5 rs3480 A>G, PNPLA3 rs738409 C>G, and TM6SF2 rs58542926 C>T, on human peripheral blood leukocytes were carried out using the MassARRAY platform (Agena Bioscience, San Diego, CA, USA). Locus-specific PCR and detection primers were designed using Assay Design Suite v3.1. After the DNA samples were amplified via multiplex PCR, allele detection was performed using MALDI-TOF mass spectrometry.

Statistical analysis
[bookmark: OLE_LINK10][bookmark: _Hlk35370553][bookmark: OLE_LINK216][bookmark: OLE_LINK217]Continuous variables were expressed as means ± SD or medians with inter-quartile ranges (IQRs), according to whether their distribution was normal or skewed. Categorical variables were expressed as percentages. Comparisons between the patient groups were made by the chi-square test or the Fisher exact test for categorical variables, and by the unpaired Student t-test, the Mann-Whitney U test, the one-way analysis of variance (ANOVA) or the Kruskal-Wallis test for normally and no-normally distributed continuous variables as appropriate. The chi-square test was also used to assess whether the genotypes were in Hardy-Weinberg equilibrium. FNDC5 rs3480 associations were assessed using a dominant genetic model. The association between sarcopenia and presence of either definite NASH or significant fibrosis was assessed by binary logistic regression and the models were adjusted for potential risk factors of NASH and fibrosis (as specified in the Results section below). Stratified and interaction analyses were used to examine the impact of FNDC5 rs3480 polymorphism on the association of sarcopenia with the histological severity. Statistical analyses were two-sided and statistical significance was set at p <0.05. All statistical tests were performed using SPSS version 23.0 (SPSS Inc., Chicago, USA). 

Results
Baseline characteristics of the study population
[bookmark: OLE_LINK19][bookmark: _Hlk35367571][bookmark: OLE_LINK171][bookmark: OLE_LINK122][bookmark: OLE_LINK123]Among the 370 adults with biopsy-proven NAFLD, 61 adults (16.5%) were diagnosed as having sarcopenia. The mean age of the whole cohort was 41 years and 75.7% were male. The mean values of waist circumference and BMI were 92.1 cm and 26.8 kg/m2, respectively. 117 subjects (31.6%) had established type 2 diabetes, 139 (37.6%) subjects had hypertension, and 314 (84.9%) subjects had atherogenic dyslipidemia. Definite NASH was diagnosed in 131 subjects (35.4%) and significant fibrosis in 58 subjects (15.7%). Compared with those without sarcopenia, sarcopenic patients were more likely to be male and had higher levels of BMI, waist circumference, alanine aminotransferase (ALT), aspartate transaminase (AST), γ-glutamyltranspeptidase (GGT) and homeostasis model assessment-insulin resistance (HOMA-IR), more severe histological grades of hepatic steatosis and fibrosis, and higher proportions of definite NASH and significant fibrosis (Table 1).

[bookmark: OLE_LINK57][bookmark: OLE_LINK59][bookmark: _Hlk35367624][bookmark: OLE_LINK11][bookmark: OLE_LINK16][bookmark: OLE_LINK30]The frequency distributions of FNDC5 rs3480, PNPLA3 rs738409, and TM6SF2 rs58542926 genotypes were in Hardy-Weinberg equilibrium (p=0.587, 0.143, and 0.609, respectively). Stratifying by the FNDC5 rs3480 polymorphism, 188 (50.8%) subjects had A/A genotype, 155 (41.9%) had A/G genotype, and 27 (7.3%) had G/G genotype, respectively. No significant differences in clinical characteristics and liver histological severity were observed among the groups of patients with different FNDC5 genotypes, except for hypertension (Supplementary Table 1). The G variant carriers had a lower percentage of hypertension (A/A: 45.5% vs. A/G: 29.7% vs. G/G 29.6%, p=0.009).

Sarcopenia is associated with histological severity of NAFLD
[bookmark: OLE_LINK9][bookmark: OLE_LINK14][bookmark: OLE_LINK35][bookmark: OLE_LINK39][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK48][bookmark: OLE_LINK52]As shown in Table 3, in the unadjusted logistic regression model, patients with sarcopenia exhibited a 2-fold increase in the risk of having definite NASH (OR 1.91, 95%CI 1.06-3.43, p=0.031) and a 4-fold increase in the risk of having significant fibrosis (OR 3.87, 95%CI 1.94-7.69, p<0.001), compared to those patients without sarcopenia. In a logistic regression model with NASH/no NASH as the outcome, the association between sarcopenia and definite NASH was significant even after adjusting for age, sex, obesity, type 2 diabetes, hypertension, dyslipidemia, and smoking (model 2: OR 1.91, 95%CI 1.02-3.55, p=0.042). However, this association was no longer significant after further adjustment for serum liver enzymes, and HOMA-IR values (model 3: OR 1.65, 95%CI 0.86-3.18, p=0.130). Notably, the association between sarcopenia and significant fibrosis was slightly attenuated but remained significant in the fully adjusted regression model (model 4: OR 2.79, 95%CI 1.31-5.95, p=0.008). 

[bookmark: OLE_LINK199][bookmark: OLE_LINK46][bookmark: OLE_LINK40][bookmark: OLE_LINK41]Association between sarcopenia and the histological severity of NAFLD stratified by FNDC5 genotypes
Stratified analyses were conducted to evaluate the effect of FNDC5 rs3480 A>G variant on the severity of NAFLD histology. We observed a strong relationship between the presence of sarcopenia and more severe histological grades of ballooning and fibrosis, and a higher prevalence of both definite NASH and significant fibrosis in patients carrying the rs3480 AA genotype, but not in those carrying the rs3480 AG or GG genotypes (Figure 2 and Table 2). Moreover, sarcopenic patients had higher serum AST and GGT levels in those carrying the rs3480 AA genotype but not in those carrying the AG or GG genotypes (Table 2).

[bookmark: OLE_LINK247][bookmark: OLE_LINK56][bookmark: OLE_LINK86][bookmark: OLE_LINK87]As shown in Table 3, in the unadjusted logistic regression model, the presence of sarcopenia was associated with a 3.3-fold increase in the risk of definite NASH (OR 3.29, 95%CI 1.50-7.20, p=0.003) and a nearly 7-fold increase in the risk of significant fibrosis (OR 7.31, 95%CI 3.04-17.59; p<0.001) in individuals with rs3480 AA genotype. However, these significant associations were not found among the rs3480 AG or GG genotype carriers. 

[bookmark: OLE_LINK245][bookmark: OLE_LINK249][bookmark: OLE_LINK54][bookmark: OLE_LINK53][bookmark: OLE_LINK55][bookmark: OLE_LINK124][bookmark: OLE_LINK125]To further explore the independent effect of sarcopenia on liver disease severity in individuals with different FNDC5 genotypes, we performed multivariable logistic regression models with potential risk factors as covariates (Table 3). The association between sarcopenia and the histological severity of NAFLD remained significant after adjusting for age, sex, smoking, obesity, diabetes, hypertension, dyslipidemia status, serum liver enzymes (ALT, AST, GGT), HOMA-IR, PNPLA3 rs738409, and TM6SF2 rs58542926 variants in individuals carrying the rs3480 AA genotype (adjusted OR 3.27, 95%CI 1.15-9.31, p=0.026 for definite NASH; adjusted OR 7.19, 95%CI 2.40-21.55, p<0.001 for significant fibrosis), but not in those carrying the AG or GG genotypes (adjusted OR 1.17, 95%CI 0.43-3.13, p=0.759 for definite NASH; OR 1.01, 95%CI 0.29-3.57, p=0.983 for significant fibrosis). 

[bookmark: OLE_LINK208][bookmark: _Hlk35985689]The FNDC5 rs3480 G variant provided a protective effect for significant fibrosis in patients with sarcopenia
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK6][bookmark: OLE_LINK20][bookmark: OLE_LINK62][bookmark: OLE_LINK66][bookmark: OLE_LINK229][bookmark: OLE_LINK230]The aforementioned analyses suggested that the FNDC5 rs3480 variant might have a protective effect on the severity of NAFLD histology. However, there were no significant differences in the histological severity of NAFLD among the groups of patients with different FNDC5 genotypes (Supplementary Table 1). As reported in Figure 3A, patients with sarcopenia carrying the G variant genotype appeared to have a lower proportion of definite NASH than those carrying the A/A genotype, but the effect was not statistically significant (48.3% vs. 59.4%, p=0.385). Among patients without sarcopenia, there was no difference in the percentage of definite NASH between patients with the A/A genotype and those with the G variant genotype (30.8% vs. 32.7%, p=0.718). As shown in Figure 3B, there was a significantly lower proportion of patients with significant fibrosis in sarcopenic patients with the G variant genotype, than in those with the A/A genotype (17.2% vs. 43.8%, p=0.031). However, among patients without sarcopenia, there was no significant difference in the percentage of significant fibrosis between the two genotypes (15.7% vs. 9.6%, p=0.108). Notably, there was a significant interaction between FNDC5 genotype and sarcopenia, with significant fibrosis (p-value for interaction=0.006). 

[bookmark: _Hlk54037614][bookmark: _Hlk53854638]Stratified analyses according to sex differences
[bookmark: OLE_LINK251]We further explored the association between sarcopenia, FNDC5 genotypes, and liver fibrosis both in men and in women. As shown in Table 4, in the unadjusted model, the presence of sarcopenia was associated with an increased risk of significant fibrosis in both sexes (men: OR 3.85, 95% CI 1.82-8.14; women: OR 8.82, 95% CI 1.41-55.35). After adjustment for potential confounding factors (fully adjusted model 3), the association between sarcopenia and significant fibrosis remained statistically significant in men (adjusted OR 2.57, 95%CI 1.10-5.98, p=0.029). We also observed a significant association between sarcopenia and significant fibrosis in women, even after adjustment for age, obesity, diabetes, hypertension, and dyslipidemia (adjusted OR 11.74, 95%CI 1.43-96.11, p=0.022). Further adjustment for other potential confounding variables was not feasible due to the relatively small number of women included in the study.

[bookmark: OLE_LINK244]As shown in Figure 4, in NAFLD patients carrying the rs3480 AA genotype, both men and women with sarcopenia had a higher proportion of significant fibrosis than those without sarcopenia (men: 37.04% vs. 7.27%, p<0.001; women: 80.0% vs. 15.22%, p=0.006). However, in those carrying the AG or GG genotype carriers, the proportion with significant fibrosis was not significantly different between patients with and without sarcopenia irrespective of sex (men: 17.86% vs. 10.43%, p=0.276; women: 0% vs. 31.58%, p=0.999). In addition, as shown in Table 4, the association between sarcopenia and significant fibrosis remained significant after full adjustment for potential confounders only in the men with rs3480 AA genotype (adjusted OR 4.47, 95%CI 1.26-15.79, p=0.020), but not in men with AG or GG genotypes (OR 1.05, 95%CI 0.24-4.57, p=0.950). This fully adjusted regression model was not feasible in women due to their small sample size.	Comment by gf: Among women with AG or GG genotypes (n=39), only one with sarcopenia. This makes the p-value look strange, I agree we need a better way to express it.
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
[bookmark: _Hlk53850535][bookmark: OLE_LINK242]Discussion
[bookmark: OLE_LINK237][bookmark: _Hlk54037777][bookmark: OLE_LINK243]Our novel results show that in patients with biopsy-confirmed NAFLD, sarcopenia is independently associated with significant liver fibrosis, and in this association, there is a significant interaction between FNDC5 genotype and sarcopenia status. In addition, when our NAFLD patients were stratified by sex, both men and women carrying the rs3480 AA genotype who had sarcopenia exhibited a significantly higher proportion of significant fibrosis than those without sarcopenia. However, in NAFLD patients carrying the rs3480 AG or GG genotypes, neither female nor male patients with sarcopenia had a higher proportion of significant fibrosis than their counterparts without sarcopenia. These results remained essentially unchanged in men even after adjustment for potential confounding variables.

[bookmark: OLE_LINK21][bookmark: OLE_LINK26][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: _Hlk35367653][bookmark: OLE_LINK27][bookmark: OLE_LINK31]FNDC5 has effects in several organs, including a role in the liver and muscle.(21) A recent study found that the hepatic expression of FNDC5 in NAFLD could dampen hepatocyte fat accumulation, insulin resistance and liver injury.(21) These beneficial effects could occur in both liver and muscle as irisin mediates adipose tissue thermogenesis, and may regulate carbohydrate and lipid metabolism. To our knowledge, no previous studies have explored the potential influence of skeletal muscle-related gene FNDC5 polymorphisms on the relationship between sarcopenia and NAFLD. Therefore, we analyzed the association between sarcopenia and the severity of NAFLD histology in subjects stratified by FNDC5 rs3480 polymorphism. Our stratified analyses revealed that these associations became statistically not significant among individuals with the FNDC5 rs3480 G variant genotype. 

[bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK209][bookmark: OLE_LINK210]In recent years, the relationship between sarcopenia and NAFLD has attracted attention.(22) However, most published studies have used non-invasive tests to evaluate the severity of liver steatosis and fibrosis(2; 3; 4; 5) and, importantly, the use of non-invasive tests may result in misclassification of disease status.(23) There is still a lack of reliable non-invasive tests for the assessment of NAFLD severity and liver biopsy remains, to date, the ‘gold standard’ for diagnosing NASH and fibrosis. In this study, we showed that patients with NAFLD and sarcopenia have higher levels of serum liver enzymes and more severe liver histological features compared to patients without sarcopenia. Even after adjusting for age, sex, anthropometric, biochemical, and genetic risk factors, the presence of sarcopenia remained significantly associated with approximately a two-fold increased risk of significant fibrosis. This association is in agreement with the results from other Asian and European studies.(17; 24) Moreover, we also showed a strong relationship between sarcopenia and both obesity and insulin resistance, which is consistent with findings reported in other clinical settings.(17; 24) 

[bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK176]Contrary to our expectation, patients with sarcopenia were younger than those without sarcopenia in the present study. This unexpected finding might in part be related to the associated metabolic factors that were more adversely affected in patients with sarcopenia than in those without sarcopenia (e.g. increased central obesity and insulin resistance). Moreover, the diagnosis of sarcopenia was not only affected by the muscle mass but also by body weight and BMI. Using the age cut-off of 60 years to define the older and the younger patients, we observed that the former not only had lower muscle mass (20.6 ± 3.8 vs. 23.5 ± 4.3 kg), but also lower body weight (70.2 ± 9.3 vs. 77.7 ± 13.8 kg) and lower BMI (25.8 ± 2.4 vs. 27.1 ± 3.5 kg/m2) compared with the younger patients. The observation that the younger patients were heavier and have a higher BMI than the older patients may influence the association between sarcopenia and age in our cohort of NAFLD patients. The occurrence of NAFLD parallels the high rates of obesity in young individuals.(25) Moreover, the participants in our cohort were selected from patients who were referred with suspected NAFLD rather than the general population. Thus, our findings are applicable only to patients with NAFLD.

Low muscle mass has a strong negative prognostic impact in obese individuals and may lead to increased morbidity and mortality.(26) Maintaining skeletal muscle mass in obesity is important and therefore the term ‘sarcopenic obesity’ has been proposed. Our study also demonstrated a high proportion of sarcopenic obesity in NAFLD. When obesity was defined by a BMI ≥25 kg/m2, 16.2% (60/370) of our NAFLD patients met the criteria for sarcopenic obesity. When obesity was defined by a BMI ≥30 kg/m2, 5.7% (21/370) of our NAFLD patients met the criteria for sarcopenic obesity.

[bookmark: OLE_LINK134][bookmark: OLE_LINK121][bookmark: OLE_LINK152][bookmark: OLE_LINK151][bookmark: OLE_LINK150][bookmark: OLE_LINK153][bookmark: OLE_LINK179][bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK147][bookmark: OLE_LINK148]The role of FNDC5 on the progression of NAFLD is controversial. Our results showed that there were no significant differences in the prevalence of sarcopenia and severity of liver histology among individuals with different genotypes. One recent study has found that the FNDC5 rs3480 G variant was associated with lower levels of significant fibrosis,(10) although another study has found that the G variant was only associated with more severe steatosis.(11) Differences in baseline characteristics might, at least in part, explain these conflicting results. As our study found, the presence of sarcopenia influenced the effect of the FNDC5 gene on NAFLD, and the G variant only provided a protective effect on patients with sarcopenia. The underlying mechanism is uncertain. However, what is certain is that FNDC5 rs3480 G variant may affect the stability and expression of FNDC5,(11) which is cleaved as irisin. Irisin has been shown to have favorable metabolic effects on metabolic diseases, including NAFLD.(27; 28) Zhang et al. also reported that increased serum irisin levels were associated with lower serum liver enzymes and decreased hepatic triglyceride content in obese Chinese adults.(29)

[bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: _Hlk54126110][bookmark: OLE_LINK22]The underlying mechanisms explaining the association between sarcopenia and significant fibrosis are not fully understood. The widely accepted mechanism is that loss of muscle mass reduces a key cellular target for insulin, contributing to systemic insulin resistance and insulin resistance is very strongly associated with NAFLD.(30) Skeletal muscle is responsible for the majority of the body’s postprandial glucose disposal, and insulin mediates GLUT-4 glucose uptake in skeletal muscle. Therefore, the potential mechanisms linking sarcopenia to NAFLD may involve skeletal muscle insulin resistance.(31) The findings of our research also suggest another possible mechanism. Sarcopenia might contribute to liver damage via a reduced production of myokines, e.g. interleukin-6 and irisin, and the expression of FNDC5 directly affects irisin levels. This suggests that irisin may play an important role in the association between FNDC5 variants, sarcopenia with liver fibrosis.

[bookmark: OLE_LINK110][bookmark: _Hlk54037888][bookmark: _Hlk54037833]There are some important limitations to our study. Firstly, owing to the cross-sectional design of the study, it is not possible to draw any conclusion about causality. However, the genetic variant is inherited and, therefore, reverse causation does not apply. Secondly, skeletal muscle mass was measured by BIA. BIA is an instrument for screening low skeletal muscle mass in NAFLD.(32) Previous studies have confirmed that the use of BIA (instead of magnetic resonance imaging or dual-energy X-ray absorptiometry) for estimating ASM is appropriate.(33) Thirdly, all participants in our study are of Asian ethnicity and, therefore, our findings need to be verified in other ethnic groups. Finally, it is well known that muscle mass is affected by sex and reproductive status. Unfortunately, no detailed information was available on pre-menopausal and post-menopausal status in our cohort. Future larger cohorts of NAFLD patients with available data on reproductive status are needed to better examine the association between FNDC5, sarcopenia and liver fibrosis in NAFLD.

[bookmark: OLE_LINK42][bookmark: OLE_LINK34][bookmark: OLE_LINK206][bookmark: OLE_LINK207]In conclusion, the results of our study show that sarcopenia is independently associated with significant fibrosis and there is a significant interaction between FNDC5 genotype and sarcopenia status with significant fibrosis in a well-characterized cohort of patients with biopsy-proven NAFLD.
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FIGURE LEGENDS
[bookmark: OLE_LINK43]Figure 1. The flow chart for the study.
[bookmark: OLE_LINK44]Figure 2. Association between sarcopenia and histological features of NAFLD, stratified by FNDC5 rs3480 genotypes.
[bookmark: OLE_LINK63][bookmark: OLE_LINK112][bookmark: OLE_LINK113]Figure 3. Association between FNDC5 rs3480 genotypes and the histological severity of NAFLD, stratified by sarcopenia.
[bookmark: OLE_LINK79][bookmark: OLE_LINK80]Figure 4. Association between sarcopenia, FNDC5 genotypes and significant fibrosis, stratified by sex.

[bookmark: _Hlk28288715]Table 1. Baseline characteristics of study participants, stratified by sarcopenia status.
	
	Overall population
(n=370)
	Without sarcopenia
(n=309)
	With sarcopenia
(n=61)
	P value

	Demographics
	
	
	
	

	Age, years
	41.0 ± 11.9
	42.0 ± 11.7
	36.0 ± 11.9
	<0.001

	Male sex, n (%)
	280 (75.7%)
	225 (72.8%)
	55 (90.2%)
	0.004

	Metabolic factors
	
	
	
	

	[bookmark: OLE_LINK190]BMI, kg/m2
	26.8 ± 3.3
	26.1 ± 2.8
	30.1 ± 3.4
	<0.001

	Waist circumference, cm
	92.1 ± 8.7
	90.7 ± 7.7
	99.1 ± 10.0
	<0.001

	Skeletal muscle index†, %
	30.0 ± 3.1
	30.5 ± 3.0
	27.3 ± 2.2
	<0.001

	ASM/BMI ratio
	0.86 ± 0.15
	0.87 ± 0.15
	0.79 ± 0.11
	<0.001

	Type 2 diabetes, n (%)
	117 (31.6%)
	100 (32.4%)
	17 (27.9%)
	0.490

	Hypertension, n (%)
	139 (37.6%)
	117 (37.9%)
	22 (36.1%)
	0.791

	Dyslipidemia, n (%)
	314 (84.9%)
	260 (84.1%)
	54 (88.5%)
	0.383

	Cigarette smoking, n (%)
	
	
	
	0.706

	  Never
	247 (66.8%)
	209 (67.6%)
	38 (62.3%)
	

	  Ever
	37 (10.0%)
	30 (9.7%)
	7 (11.5%)
	

	  Current
	86 (23.2%)
	70 (22.7%)
	16 (26.2%)
	

	Laboratory parameters
	
	
	
	

	ALT, IU/L
	54 (33-92)
	49 (31-87)
	87 (53-150)
	<0.001

	AST, IU/L
	34 (26-54)
	33 (25-50)
	52 (33-81)
	<0.001

	γ-GT, IU/L
	53 (33-82)
	49 (31-80)
	66 (49-96)
	<0.001

	Albumin, g/dL
	4.6 ± 0.4
	4.6 ± 0.4
	4.7 ± 0.4
	0.168

	Bilirubin, μmol/L
	12 (10-16)
	12 (10-16)
	14 (11-17)
	0.157

	Fasting glucose, mmol/L
	5.6 ± 1.5
	5.7 ± 1.5
	5.4 ± 1.2
	0.277

	Fasting insulin, mIU/L
	15.3 (10.5-21.8)
	14.6 (9.6-21.2)
	19.3 (13.0-26.9)
	<0.001

	HbA1c, %
	6.1 ± 1.4
	6.2 ± 1.4
	6.0 ± 1.1
	0.303

	HOMA-IR
	3.4 (2.4-5.1)
	3.3 (2.3-4.8)
	4.2 (3.0-6.1)
	0.004

	Prothrombin time, s
	12.8 ± 0.7
	12.8 ± 0.7
	12.8 ± 0.6
	0.949

	Platelet count, ×109/L
	245 ± 57
	246 ± 58
	242 ± 56
	0.691

	Triglycerides, mmol/L
	2.3 ± 1.4
	2.2 ± 1.4
	2.4 ± 1.0
	0.535

	Total cholesterol, mmol/L
	5.0 ± 1.1
	4.9 ± 1.1
	5.3 ± 1.1
	0.027

	HDL-cholesterol, mmol/L
	1.0 ± 0.2
	1.0 ± 0.2
	1.0 ± 0.3
	0.981

	LDL-cholesterol, mmol/L
	3.0 ± 0.9
	3.0 ± 0.9
	3.3 ± 0.9
	0.022

	Genotypes, n (%)
	
	
	
	

	  FNDC5 rs3480
	
	
	
	0.564

	   A/A
	188 (50.8%)
	156 (50.5%)
	32 (52.5%)
	

	 A/G
	155 (41.9%)
	132 (42.7%)
	23 (37.7%)
	

	 G/G
	27 (7.3%)
	21 (6.8%)
	6 (9.8%)
	

	PNPLA3 rs738409
	
	
	
	0.558

	 C/C
	106 (28.65%)
	92 (29.77%)
	14 (22.95%)
	

	 C/G
	170 (45.95%)
	140 (45.31%)
	30 (49.18%)
	

	 G/G
	94 (25.41%)
	77 (24.92%)
	17 (27.87%)
	

	TM6SF2 rs58542926
	
	
	
	0.786

	 C/C
	310 (83.78%)
	259 (83.82%)
	51 (83.61%)
	

	 C/T
	56 (15.14%)
	47 (15.21%)
	9 (14.75%)
	

	 T/T
	4 (1.08%)
	3 (0.97%)
	1 (1.64%)
	

	Liver histology
	
	
	
	

	Fibrosis stage, n (%)
	
	
	
	<0.001

	F0
	149 (40.3%)
	134 (43.4%)
	15 (24.6%)
	

	F1
	163 (44.1%)
	136 (44.0%)
	27 (44.3%)
	

	F2
	45 (12.2%)
	30 (9.7%)
	15 (24.6%)
	

	F3
	10 (2.7%)
	8 (2.6%)
	2 (3.3%)
	

	F4
	3 (0.8%)
	1 (0.3%)
	2 (3.3%)
	

	Steatosis grade, n (%)
	
	
	
	0.001

	S1
	147 (39.7%)
	134 (43.4%)
	13 (21.3%)
	

	S2
	147 (39.7%)
	120 (38.8%)
	27 (44.3%)
	

	S3
	76 (20.5%)
	55 (17.8%)
	21 (34.4%)
	

	Ballooning grade, n (%)
	
	
	
	0.192

	B0
	66 (17.8%)
	60 (19.4%)
	6 (9.8%)
	

	B1
	237 (64.1%)
	195 (63.1%)
	42 (68.9%)
	

	B2
	67 (18.1%)
	54 (17.5%)
	13 (21.3%)
	

	Lobular inflammation grade, n (%)
	
	
	
	0.243

	L0
	47 (12.7%)
	39 (12.6%)
	8 (13.1%)
	

	L1
	236 (63.8%)
	203 (65.7%)
	33 (54.1%)
	

	L2
	80 (21.6%)
	61 (19.7%)
	19 (31.1%)
	

	L3
	7 (1.9%)
	6 (1.9%)
	1 (1.6%)
	

	NAS score
	4 (3-5)
	4 (3-5)
	5 (3-5)
	<0.001

	Definite NASH
	131 (35.4%)
	98 (31.7%)
	33 (54.1%)
	<0.001

	Significant fibrosis
	58 (15.7%)
	39 (12.6%)
	19 (31.2%)
	<0.001


Data are expressed as means ± SD, medians and inter-quartile ranges or percentages.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; ASM, appendicular skeletal muscle mass; BMI, body mass index; GGT, γ-glutamyl transpeptidase; HOMA-IR, homeostasis model assessment-insulin resistance; NAFLD, non-alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NAS, NAFLD activity score.
†Skeletal muscle index was defined as appendicular skeletal muscle mass (ASM) divided by body weight.

Table 2. Baseline characteristics of study participants stratified by both FNDC5 rs3480 genotypes and sarcopenia status.
	Variables
	A/A genotype
	
	
	A/G + G/G genotype
	

	
	No sarcopenia
(n=156)
	Sarcopenia
  (n=32)
	P value
	
	No sarcopenia
   (n=153)
	Sarcopenia
(n=29)
	P value

	Demographics
	
	
	
	
	
	
	

	Age, years
	42.8 ± 12.0
	36.4 ± 14.0
	0.008
	
	41.1 ± 11.3
	35.5 ± 9.4
	0.013

	Male sex, n (%)
	110 (70.5%)
	27 (84.4%)
	0.129
	
	115 (75.2%)
	28 (96.6%)
	0.007

	Metabolic factors
	
	
	
	
	
	
	

	BMI, kg/m2
	25.9 ± 2.8
	29.4 ± 3.2
	<0.001
	
	26.3 ± 2.8
	30.8 ± 3.6
	<0.001

	Waist circumference, cm
	90.8 ± 7.9
	97.2 ± 8.3
	<0.001
	
	90.6 ± 7.5
	101.3 ± 11.2
	<0.001

	Skeletal muscle index, %
	30.6 ± 3.0
	27.0 ± 2.6
	<0.001
	
	30.4 ± 3.1
	27.6 ± 1.7
	<0.001

	ASM/BMI ratio
	0.87 ± 0.15
	0.78 ± 0.13
	0.002
	
	0.87 ± 0.15
	0.79 ± 0.09
	0.008

	Type 2 diabetes, n (%)
	52 (33.3%)
	8 (25.0%)
	0.357
	
	48 (31.4%)
	9 (31.0%)
	0.971

	Hypertension, n (%)
	76 (48.7%)
	9 (28.1%)
	0.033
	
	41 (26.8%)
	13 (44.8%)
	0.051

	Dyslipidemia, n (%)
	129 (82.7%)
	26 (81.2%)
	0.803
	
	131 (85.6%)
	28 (96.6%)
	0.133

	Cigarette smoking, n (%)
	
	
	0.414
	
	
	
	0.350

	   Never
	102 (65.4%)
	20 (62.5%)
	
	
	107 (69.9%)
	18 (62.1%)
	

	   Ever
	13 (8.3%)
	5 (15.6%)
	
	
	17 (11.1%)
	2 (6.9%)
	

	   Current
	41 (26.3%)
	7 (21.9%)
	
	
	29 (19.0%)
	9 (31.0%)
	

	Laboratory parameters
	
	
	
	
	
	
	

	ALT, IU/L
	48 (29-79)
	86 (54-146)
	<0.001
	
	50 (32-90)
	88 (45-153)
	0.003

	AST, IU/L
	32 (25-49)
	54 (35-97)
	<0.001
	
	33 (25-56)
	43 (32-69)
	0.054

	γ-GT, IU/L
	48 (32-78)
	72 (51-102)
	0.002
	
	51 (31-81)
	59 (46-93)
	0.064

	Albumin, g/dL
	4.6 ± 0.4
	4.7 ± 0.4
	0.136
	
	4.7 ± 0.3
	4.7 ± 0.3
	0.731

	Bilirubin, μmol/L
	12 (10-16)
	15 (13-17)
	0.141
	
	12 (10-16)
	13 (11-17)
	0.589

	Fasting glucose, mmol/L
	5.7 ± 1.4
	5.5 ± 1.4
	0.568
	
	5.7 ± 1.7
	5.4 ± 0.9
	0.343

	Fasting insulin, mIU/L
	14.3 (9.6-21.3)
	18.4 (12.8-22.7)
	0.037
	
	15.0 (10.0-20.8)
	21.5 (15.6-28.7)
	0.003

	HbA1c, %
	6.2 ± 1.4
	6.0 ± 1.3
	0.484
	
	6.1 ± 1.4
	5.9 ± 0.9
	0.444

	HOMA-IR
	3.2 (2.2-4.7)
	3.8 (3.0-5.3)
	0.071
	
	3.3 (2.3-5.1)
	5.0 (3.1-6.8)
	0.017

	Prothrombin time, s
	12.8 ± 0.7
	12.9 ± 0.6
	0.439
	
	12.8 ± 0.6
	12.7 ± 0.6
	0.415

	Platelet count, ×109/L
	251 ± 59
	237 ± 60
	0.241
	
	240 ± 56
	248 ± 51
	0.497

	Triglycerides, mmol/L
	2.3 ± 1.7
	2.3 ± 1.1
	0.977
	
	2.1 ± 1.1
	2.4 ± 0.9
	0.263

	Total cholesterol, mmol/L
	4.9 ± 1.1
	5.3 ± 1.1
	0.080
	
	5.0 ± 1.1
	5.3 ± 1.1
	0.177

	HDL-cholesterol, mmol/L
	1.0 ± 0.2
	1.0 ± 0.3
	0.805
	
	1.0 ± 0.2
	1.0 ± 0.2
	0.745

	LDL-cholesterol, mmol/L
	2.9 ± 0.9
	3.3 ± 0.9
	0.053
	
	3.1 ± 0.8
	3.3 ± 0.9
	0.194

	Genotypes, n (%)
	
	
	
	
	
	
	

	PNPLA3 rs738409
	
	
	0.066
	
	
	
	0.454

	 C/C
	48 (30.77%)
	4 (12.50%)
	
	
	44 (28.76%)
	10 (34.48%)
	

	 C/G
	68 (43.59%)
	20 (62.50%)
	
	
	72 (47.06%)
	10 (34.48%)
	

	 G/G
	40 (25.64%)
	8 (25.00%)
	
	
	37 (24.18%)
	9 (31.03%)
	

	TM6SF2 rs58542926
	
	
	0.354
	
	
	
	0.614

	 C/C
	128 (82.05%)
	24 (75.00%)
	
	
	131 (85.62%)
	27 (93.10%)
	

	 C/T
	26 (16.67%)
	7 (21.88%)
	
	
	21 (13.73%)
	2 (6.90%)
	

	 T/T
	2 (1.28%)
	1 (3.12%)
	
	
	1 (0.65%)
	0 (0.00%)
	

	Liver histology
	
	
	
	
	
	
	

	Fibrosis stage, n (%)
	
	
	<0.001
	
	
	
	0.548

	F0
	68 (43.6%)
	7 (21.9%)
	
	
	66 (43.1%)
	8 (27.6%)
	

	F1
	73 (46.8%)
	11 (34.4%)
	
	
	63 (41.2%)
	16 (55.2%)
	

	F2
	14 (9.0%)
	11 (34.4%)
	
	
	16 (10.5%)
	4 (13.8%)
	

	F3
	1 (0.6%)
	1 (3.1%)
	
	
	7 (4.6%)
	1 (3.4%)
	

	F4
	0 (0.0%)
	2 (6.2%)
	
	
	1 (0.7%)
	0 (0.0%)
	

	Steatosis grade, n (%)
	
	
	0.030
	
	
	
	0.032

	S1
	66 (42.3%)
	7 (21.9%)
	
	
	68 (44.4%)
	6 (20.7%)
	

	S2
	61 (39.1%)
	13 (40.6%)
	
	
	59 (38.6%)
	14 (48.3%)
	

	S3
	29 (18.6%)
	12 (37.5%)
	
	
	26 (17.0%)
	9 (31.0%)
	

	Ballooning grade, n (%)
	
	
	0.021
	
	
	
	0.994

	B0
	34 (21.8%)
	1 (3.1%)
	
	
	26 (17.0%)
	5 (17.2%)
	

	B1
	101 (64.7%)
	24 (75.0%)
	
	
	94 (61.4%)
	18 (62.1%)
	

	B2
	21 (13.5%)
	7 (21.9%)
	
	
	33 (21.6%)
	6 (20.7%)
	

	Lobular inflammation grade, n (%)
	
	
	0.569
	
	
	
	0.081

	L0
	19 (12.2%)
	6 (18.8%)
	
	
	20 (13.1%)
	2 (6.9%)
	

	L1
	105 (67.3%)
	18 (56.2%)
	
	
	98 (64.1%)
	15 (51.7%)
	

	L2
	30 (19.2%)
	7 (21.9%)
	
	
	31 (20.3%)
	12 (41.4%)
	

	L3
	2 (1.3%)
	1 (3.1%)
	
	
	4 (2.6%)
	0 (0.0%)
	

	NAS score
	4 (3-5)
	5 (4-5)
	0.011
	
	4 (3-5)
	4 (3-6)
	0.028

	Definite NASH
	48 (30.8%)
	19 (59.4%)
	0.003
	
	50 (32.7%)
	14 (48.3%)
	0.110

	Significant fibrosis
	15 (9.6%)
	14 (43.8%)
	<0.001
	
	24 (15.7%)
	5 (17.2%)
	0.834


Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; ASM, appendicular skeletal muscle mass; BMI, body mass index; GGT, γ-glutamyl transpeptidase; HOMA-IR, homeostasis model assessment-insulin resistance; NAFLD, non-alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NAS, NAFLD activity score.
Table 3. Associations between presence of sarcopenia (as the exposure variable) and definite NASH or significant fibrosis (as the outcome measures) in participants with different FNDC5 genotypes.
	
	Total (n=370)
	
	A/A (n=188)
	
	A/G+G/G (n=182)

	
	OR (95% CI)
	P value
	
	OR (95% CI)
	P value
	
	OR (95% CI)
	P value

	Definite NASH
	
	
	
	
	
	
	
	

	Unadjusted model
	1.91 (1.06, 3.43)
	0.031
	
	3.29 (1.50, 7.20)
	0.003
	
	1.92 (0.86, 4.29)
	0.111

	Adjusted model 1
	2.21 (1.21, 4.04)
	0.010
	
	2.71 (1.12, 6.58)
	0.028
	
	1.91 (0.82, 4.46)
	0.134

	Adjusted model 2
	1.91 (1.02, 3.55)
	0.042
	
	2.98 (1.14, 7.78)
	0.026
	
	1.48 (0.60, 3.64)
	0.392

	Adjusted model 3
	1.65 (0.86, 3.18)
	0.130
	
	2.93 (1.09, 7.87)
	0.034
	
	1.16 (0.43, 3.07)
	0.773

	 Adjusted model 4
	1.58 (0.82, 3.06) 
	0.175
	
	3.27 (1.15, 9.31)
	0.026
	
	1.17 (0.43, 3.13) 
	0.759

	Significant fibrosis
	
	
	
	
	
	
	
	

	Unadjusted model
	3.87 (1.94, 7.69)
	<0.001
	
	7.31 (3.04, 17.59)
	<0.001
	
	1.12 (0.39, 3.22)
	0.834

	Adjusted model 1
	4.37 (2.18, 8.79)
	<0.001
	
	9.50 (3.61, 25.01)
	<0.001
	
	1.77 (0.57, 5.50)
	0.325

	Adjusted model 2
	3.32 (1.61, 6.85)
	0.001
	
	8.20 (2.93, 22.89)
	<0.001
	
	0.97 (0.29, 3.21)
	0.962

	Adjusted model 3
	2.85 (1.35, 6.04)
	0.006
	
	7.42 (2.59, 21.28)
	<0.001
	
	0.86 (0.25, 2.94)
	0.810

	Adjusted model 4
	2.79 (1.31, 5.95)
	0.008
	
	7.19 (2.40, 21.55) 
	<0.001
	
	1.01 (0.29, 3.57) 
	0.983


Data are expressed as odds ratio (OR) and 95% confidence intervals (CI) tested by logistic regression analysis.
Model 1: adjusted for age and sex.
Model 2: adjusted for age, sex, obesity, type 2 diabetes, hypertension, dyslipidemia, and smoking history.
Model 3: adjusted for covariates included in model 2 plus serum ALT, AST, GGT, and HOMA-IR levels.
Model 4: adjusted for covariates included in model 3 plus the PNPLA3 rs738409, and TM6SF2 rs58542926 variants.

Table 4. Associations between presence of sarcopenia (as the exposure variable) and significant fibrosis (as the outcome measure) in participants with different FNDC5 genotypes, stratified by sex.
	
	Total
	
	A/A
	
	A/G+G/G

	
	OR (95% CI)
	P value
	
	OR (95% CI)
	P value
	
	OR (95% CI)
	P value

	Men
	n=280
	
	
	n=137
	
	
	n=143
	

	[bookmark: _Hlk53778793]Unadjusted model
	3.85 (1.82, 8.14)
	[bookmark: _Hlk53855453]<0.001
	
	7.50 (2.59, 21.69)
	<0.001
	
	1.87 (0.60, 5.82)
	0.276

	Adjusted model 1
	2.74 (1.23, 6.08)
	0.013
	
	4.79 (1.53, 15.05)
	0.007
	
	1.11 (0.32, 3.79)
	0.871

	Adjusted model 2
	2.55 (1.11, 5.87)
	0.027
	
	4.96 (1.50, 16.37)
	0.009
	
	0.90 (0.22, 3.71)
	0.880

	Adjusted model 3
	2.57 (1.10, 5.98)
	0.029
	
	4.47 (1.26, 15.79) 
	0.020
	
	1.05 (0.24, 4.57) 
	0.950

	Women
	n=90
	
	
	n=51
	
	
	n=39
	

	Unadjusted model
	[bookmark: _Hlk53855466]8.82 (1.41, 55.35)
	0.020
	
	22.29 (2.16, 230.06)
	0.006
	
	—§
	0.999

	Adjusted model 1
	11.74 (1.43, 96.11)
	0.022
	
	—§
	0.010
	
	—§
	0.999

	Adjusted model 2
	—§
	
	
	—§
	
	
	—§
	


Data are expressed as odds ratio (OR) and 95% confidence intervals (CI) tested by logistic regression analysis.
[bookmark: _Hlk53856101][bookmark: OLE_LINK248]Model 1: adjusted for age, obesity, type 2 diabetes, hypertension, dyslipidemia, and smoking history;
Model 2: adjusted for covariates included in model 2 plus serum ALT, AST, GGT, and HOMA-IR levels;
Model 3: adjusted for covariates included in model 3 plus the PNPLA3 rs738409, and TM6SF2 rs58542926 variants.
[bookmark: _Hlk53856015][bookmark: _Hlk53857666]§ The adjusted model failed due to the small sample size.

Supplementary Table 1. Baseline characteristics of study participants, stratified by FNDC5 rs3480 genotypes.
	
	A/A
(n=188)
	A/G
(n=155)
	G/G
(n=27)
	P value

	Demographics
	
	
	
	

	Age, years
	41.7 ± 12.5
	40.1 ± 11.3
	40.4 ± 10.3
	0.454

	Male sex, n (%)
	137 (72.9%)
	121 (78.1%)
	22 (81.5%)
	0.411

	Metabolic factors
	
	
	
	

	BMI, kg/m2
	26.5 ± 3.2
	27.0 ± 3.4
	27.5 ± 3.2
	0.201

	Waist circumference, cm
	91.9 ± 8.3
	92.2 ± 9.0
	92.8 ± 9.1
	0.857

	Skeletal muscle index, %
	30.0 ± 3.2
	30.0 ± 2.9
	29.8 ± 3.8
	0.926

	ASM/BMI ratio
	0.85 ± 0.15
	0.86 ± 0.14
	0.85 ± 0.18
	0.778

	Sarcopenia, n (%)
	32 (17.02%)
	23 (14.84%)
	6 (22.22%)
	0.564

	Type 2 diabetes, n (%)
	60 (31.9%)
	50 (32.3%)
	7 (25.9%)
	0.802

	Hypertension, n (%)
	85 (45.2%)
	46 (29.7%)
	8 (29.6%)
	0.009

	Dyslipidemia, n (%)
	155 (82.4%)
	135 (87.1%)
	24 (88.9%)
	0.407

	Cigarette smoking, n (%)
	
	
	
	0.873

	  Never
	122 (64.9%)
	106 (68.4%)
	19 (70.4%)
	

	  Ever
	18 (9.6%)
	16 (10.3%)
	3 (11.1%)
	

	  Current
	48 (25.5%)
	33 (21.3%)
	5 (18.5%)
	

	Laboratory parameters
	
	
	
	

	ALT, IU/L
	54 (32-88)
	54 (34-101)
	51 (30-120)
	0.861

	AST, IU/L
	35 (26-52)
	35 (25-59)
	32 (27-50)
	0.940

	γ-GT, IU/L
	52 (34-82)
	52 (33-82)
	54 (35-102)
	0.815

	Albumin, g/dL
	4.6 ± 0.4
	4.7 ± 0.3
	4.6 ± 0.4
	0.433

	Bilirubin, μmol/L
	12 (10-16)
	12 (10-16)
	11 (10-18)
	0.789

	Fasting glucose, mmol/L
	5.6 ± 1.4
	5.7 ± 1.6
	5.5 ± 1.2
	0.830

	Fasting insulin, mIU/L
	14.8 (10.2-21.3)
	15.6 (10.7-21.9)
	17.6 (11.9-24.3)
	0.665

	HbA1c, %
	6.2 ± 1.4
	6.1 ± 1.4
	6.1 ± 1.2
	0.875

	HOMA-IR
	3.4 (2.4-5.0)
	3.4 (2.4-5.6)
	4.0 (2.8-5.3)
	0.679

	Prothrombin time, s
	12.8 ± 0.7
	12.8 ± 0.6
	12.6 ± 0.6
	0.149

	Platelet count, ×109/L
	248 ± 59
	244 ± 56
	228 ± 49
	0.199

	Triglycerides, mmol/L
	2.3 ± 1.6
	2.1 ± 1.0
	2.4 ± 1.1
	0.327

	Total cholesterol, mmol/L
	5.0 ± 1.1
	5.0 ± 1.0
	5.0 ± 1.3
	0.939

	HDL-cholesterol, mmol/L
	1.0 ± 0.2
	1.0 ± 0.2
	0.9 ± 0.2
	0.148

	LDL-cholesterol, mmol/L
	3.0 ± 0.9
	3.1 ± 0.8
	3.0 ± 1.0
	0.300

	Genotypes, n (%)
	
	
	
	

	PNPLA3 rs738409
	
	
	
	0.691

	 C/C
	52 (27.66%)
	45 (29.03%)
	9 (33.33%)
	

	 C/G
	88 (46.81%)
	73 (47.10%)
	9 (33.33%)
	

	 G/G
	48 (25.53%)
	37 (23.87%)
	9 (33.33%)
	

	TM6SF2 rs58542926
	
	
	
	0.536

	 C/C
	152 (80.85%)
	133 (85.81%)
	25 (92.59%)
	

	 C/T
	33 (17.55%)
	21 (13.55%)
	2 (7.41%)
	

	 T/T
	3 (1.60%)
	1 (0.65%)
	0 (0.00%)
	

	Liver histology
	
	
	
	

	Fibrosis stage, n (%)
	
	
	
	0.180

	F0
	75 (39.9%)
	67 (43.2%)
	7 (25.9%)
	

	F1
	84 (44.7%)
	62 (40.0%)
	17 (63.0%)
	

	F2
	25 (13.3%)
	17 (11.0%)
	3 (11.1%)
	

	F3
	2 (1.1%)
	8 (5.2%)
	0 (0.0%)
	

	F4
	2 (1.1%)
	1 (0.6%)
	0 (0.0%)
	

	Steatosis grade, n (%)
	
	
	
	0.947

	S1
	73 (38.8%)
	63 (40.6%)
	11 (40.7%)
	

	S2
	74 (39.4%)
	61 (39.4%)
	12 (44.4%)
	

	S3
	41 (21.8%)
	31 (20.0%)
	4 (14.8%)
	

	Ballooning grade, n (%)
	
	
	
	0.559

	B0
	35 (18.6%)
	27 (17.4%)
	4 (14.8%)
	

	B1
	125 (66.5%)
	94 (60.6%)
	18 (66.7%)
	

	B2
	28 (14.9%)
	34 (21.9%)
	5 (18.5%)
	

	Lobular inflammation grade, n (%)
	
	
	
	0.308

	L0
	25 (13.3%)
	17 (11.0%)
	5 (18.5%)
	

	L1
	123 (65.4%)
	101 (65.2%)
	12 (44.4%)
	

	L2
	37 (19.7%)
	33 (21.3%)
	10 (37.0%)
	

	L3
	3 (1.6%)
	4 (2.6%)
	0 (0.0%)
	

	NAS score
	4 (3-5)
	4 (3-5)
	4 (3-5)
	0.849

	Definite NASH
	67 (35.6%)
	54 (34.8%)
	10 (37.0%)
	0.972

	Significant fibrosis
	29 (15.4%)
	26 (16.8%)
	3 (11.1%)
	0.794


Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; ASM, appendicular skeletal muscle mass; BMI, body mass index; GGT, γ-glutamyl transpeptidase; HOMA-IR, homeostasis model assessment-insulin resistance; NAFLD, non-alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NAS, NAFLD activity score.
