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Abstract

Background Not only obesity but also sarcopenia is asso-

ciated with NAFLD. The influence of altered body com-

position on the pathophysiology of NAFLD has not been

fully elucidated. The aim of this study is to determine

whether skeletal muscle mass to visceral fat area ratio (SV

ratio) affects NAFLD pathophysiology.

Methods A total of 472 subjects were enrolled. The asso-

ciation between SV ratio and NAFLD pathophysiological

factors was assessed in a cross-sectional nature by strati-

fication analysis.

Results When the SV ratio was stratified by quartiles (Q1–

Q4), the SV ratio showed a negative relationship with the

degree of body mass index, HOMA-IR, and liver stiffness

(Q1, 8.9 ± 7.5 kPa, mean ± standard deviation; Q2,

7.5 ± 6.2; Q3, 5.8 ± 3.7; Q4, 5.0 ± 1.9) and steatosis (Q1,

282 ± 57 dB/m; Q2, 278 ± 58; Q3, 253 ± 57; Q4,

200 ± 42) measured by transient elastography. Levels of

leptin and biochemical markers of liver cell damage, liver

fibrosis, inflammation and oxidative stress, and hepatocyte

apoptosis were significantly higher in subjects in Q1 than in

those in Q2, Q3, or Q4. Moreover, fat contents in femoral

muscles were significantly higher in subjects in Q1 and the

change was associated with weakened muscle strength. In

logistic regression analysis, NAFLD subjects with the

decreased SV ratio were likely to have an increased risk of

moderate-to-severe steatosis and that of advanced fibrosis.

Conclusions Decreased muscle mass coupled with

increased visceral fat mass is closely associated with an

increased risk for exacerbating NAFLD pathophysiology.

Keywords Non-alcoholic fatty liver disease � Skeletal

muscle mass to visceral fat area ratio � Liver steatosis �
Liver fibrosis � Pathophysiology
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HOMA-IR Homeostasis model assessment-insulin

resistance

hs-CRP High-sensitivity C-reactive protein

IHL Intrahepatic lipid

IL-6 Interleukin-6

IMCL Intra-myocellular lipid

LDL-C Low-density lipoprotein-cholesterol

LPS Lipopolysaccharide

LS Liver stiffness
1H-MRS Proton magnetic resonance spectroscopy

MSTN Myostatin

NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

Sep Selenoprotein-P

SV ratio Skeletal muscle mass to visceral fat area

ratio

TBARS 2-Thiobarbituric acid reactive substances

TG Triglyceride

TNF-a Tumor necrosis factor-a
c-GT gamma-Glutamyltransferase

VFA Visceral fat area

VLDL Very low density lipoprotein

WFA?-

M2BP

Wisteria floribunda agglutinin-positive Mac-

2 binding protein

Introduction

In Japan, national obesity trends have been adversely

affected by Westernized dietary habits and chronic physi-

cal inactivity. The prevalence of obesity among the adult

population is about 30%, and has increased by about 1.5-

fold over the last 30 years among men [1]. Consequently,

the incidences of lifestyle disease-associated conditions

such as hypertension, high cholesterol, and impaired glu-

cose tolerance are steadily increasing [2]. In particular, the

occurrence of abnormal hepatic function is especially high,

with the underlying cause possibly being an increase in the

prevalence of non-alcoholic fatty liver disease (NAFLD)

[2]. NAFLD is a chronic disease characterized by the

accumulation of fat deposits in the liver and is considered

to be the hepatic phenotype of metabolic syndrome [3].

Concerning the etiology of NAFLD, there have been

complex cross-talks of diverse disturbing factors related to

the pathological linkage between the liver and other organs,

as proposed in the ‘‘multiple parallel hit hypothesis’’ [4].

That is, a principal role seems to be played by insulin

resistance induced by the increased production of pro-in-

flammatory substances such as adipokines secreted from

expanded visceral fat tissues in obese conditions and endo-

toxins, enterobacteria-related molecules. In addition to

insulin resistance, various other factors such as oxidative

stress, dietary factors, and genetic factors, etc., act on the

liver in parallel and are thus involved in the pathogenesis of

NAFLD. Because insulin resistance is frequently seen in

patients with NAFLD even at an early stage of the disease, it

has been considered as an important factor associated with

the onset of NAFLD. Insulin resistance is induced by the

combination of hepatic disorders with disorders of other

organs or tissues, e.g., visceral fat and skeletal muscles.

These organs or tissues play a central role in glucose and

lipid metabolism. Abnormal body composition arising from

obesity-related increase in visceral fat and reduced skeletal

muscle mass, known as ‘sarcopenia’, aggravates insulin

resistance, and thus it seems to be closely related to the onset

and progression of NAFLD mediated by the abnormal

metabolism of glucose and lipids.

It was recently reported that abnormal body composi-

tion, e.g., obesity and reduced skeletal muscles, is a factor

affecting the pathophysiology of chronic liver disease [5].

The association of reduced skeletal muscles with the sur-

vival prognosis of patients with chronic liver disease has

also been reported [6]. That is, reduction in exercise tol-

erability arising from reduced skeletal muscles affects the

prognosis of chronic liver disease (liver cirrhosis) [6].

Reduced skeletal muscles serve as an independent prog-

nostic factor for hepatocellular carcinoma [7, 8]. This also

increases the risk for the onset of NAFLD [9–11] and the

risk for liver fibrosis [11]. On the basis of these findings,

changes in the body composition arising from an obesity-

related increase in visceral fat and reduction in skeletal

muscles (due to muscular protein degradation in the pres-

ence of obesity-related chronic inflammation) are estimated

to be factors associated with the onset and progression of

chronic liver diseases including NAFLD as well as with the

survival prognosis of patients with such a condition. Thus,

abnormal body composition in patients with chronic liver

disease has been increasingly shown to serve as an

important factor affecting the pathophysiology and survival

prognosis of chronic liver disease.

This study was undertaken to evaluate the influence of

abnormal body composition, e.g., reduced skeletal muscle

mass and increased visceral fat mass, on the pathophysi-

ology of NAFLD.

Methods

Patients

Between April 2011 and December 2016, 366 subjects

(207 men and 159 women) presented at the outpatient

department of the University of Tsukuba Hospital. The

diagnosis of NAFLD was based on overeating or physical
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inactivity, elevated serum ALT levels, and the presence of

at least two of three abnormal findings using abdominal

ultrasonography diffusely increased liver echogenicity

(‘bright’) that was greater than that for kidney, vascular

blurring, and deep attenuation of the ultrasound signal

according to the diagnostic guidelines for NAFLD in the

Asia–Pacific region [12]. We excluded patients with alco-

hol consumption ([20 g/day). Patients with the following

conditions were also excluded from this study (a) presence

of other causes of liver disease, (b) psychiatric diseases, or

(c) taking anti-diabetic agents or weight-loss agents. Of the

above subjects, 337 subjects (197 men and 140 women)

were diagnosed with NAFLD. In addition, 106 non-obese

and normolipidemic participants (48 men and 58 women),

who worked for the University Hospital, were enrolled in

the study. To evaluate the effects of abnormal body com-

position on the pathophysiological factors of NAFLD, all

study subjects were divided into four groups according to

the quartiles into which their skeletal muscle mass to vis-

ceral fat area ratio (SV ratio) (g/cm2) belonged [1st quartile

(Q1 lowest group); 2nd quartile (Q2); 3rd quartile (Q3); 4th

quartile (Q4 highest group)]. The study protocol conformed

to the ethical guidelines of the 1975 Declaration of Hel-

sinki as reflected in prior approval by the Ethics Committee

of the University of Tsukuba, School of Medicine. Written

informed consent was obtained from each patient.

Anthropometric measurements

Body weight, composition, and abdominal visceral fat area

were measured using InBody720 (Biospace Japan Inc.,

Tokyo, Japan). Standing height was measured by a wall-

mounted stadiometer (Muratec-KDS Co., Kyoto, Japan)

and used to calculate BMI (kg/m2).

Maximal strength of isometric contraction of knee

extension at an angle of 90� in a seated position was

measured using a hand-held dynamometer l-TasF-1 (An-

ima Co., Tokyo, Japan). Isometric movement was con-

ducted by exerting maximum effort for knee joint

extension movement for approximately 5 s. The highest of

the two values of knee extension strength was used for each

subject. The results were normalized by body weight (kg)

and expressed as percentage.

Clinical and laboratory measurements

Blood samples were drawn from the median cubital vein.

Biochemical analysis for clinical and laboratory measure-

ments was performed as described previously [13]. Surro-

gate markers were calculated from the biochemical data for

insulin resistance by the homeostasis model assessment

(HOMA-IR) [14], for NAFLD fibrosis score (NFS) [15],

and for FIB4 index [16].

Ultrasonography

An ultrasound scanner Aplio-400 (Toshiba Co. Ltd.,

Tokyo) was used to evaluate liver steatosis. The grade of

steatosis (G0, normal echogenicity; G1, slight, diffuse

increase in fine echoes in liver parenchyma with normal

visualization of diaphragm and intrahepatic vessel borders;

G2, moderate, diffuse increase in fine echoes with slightly

impaired visualization of intrahepatic vessels and dia-

phragm; G3, marked increase in fine echoes with poor or

nonvisualization of the intrahepatic vessel borders, dia-

phragm, and posterior right lobe of the liver) was deter-

mined according to the criteria reported previously [17] by

a clinical radiologist. A radiologist was blinded to the

treatment allocation of the patients. The films were scored

in random order without any clinical information.

Contrast-enhanced ultrasonography

The study of contrast-enhanced ultrasonography (CEUS)

was conducted using an ultrasound contrast agent Sonazoid

[18] as described previously [19].

Liver stiffness and steatosis

A clinical gastroenterologist assessed the liver stiffness

(LS) by transient elastography, using a FibroScan� device

(Echosens, Paris, France) with a 3.5-MHz standard probe

or 2.5-MHz XL probe. The principle and examination

procedures have been previously published [20]. We

determined the quantity of hepatic fat accumulation with a

controlled attenuation parameter (CAP) designed to mea-

sure liver ultrasonic attenuation (go and return path) at

3.5 MHz by using signals acquired by the device. The

detailed descriptions of CAP have also been published

previously [21].

Proton magnetic resonance spectroscopy

The tissue fat contents in the liver, i.e., intra-hepatic lipids

(IHL), and the muscles, i.e., intra-myocellular lipids

(IMCL) and extra-myocellular lipids (EMCL) in the

bilateral quadriceps, were determined using 1H-MRS. A

3-T MR device Philips Achieva (Philips Electronics Japan,

Ltd., Tokyo, Japan) as described previously [22].

Statistical analysis

Statistical analysis was performed using SPSS 23.0 (SPSS

Inc., Chicago, IL, USA). Each measurement value was

expressed as mean ± standard deviation. Quartile stratifi-

cation analysis of SV ratio was analyzed for frequency of

each disease and diseased conditions using Pearson’s v2
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test. Each pathophysiological factor of NAFLD among the

SV ratio quartile groups was compared using ANCOVA

with/without adjustment for age and gender as covariates.

The categorical variables were compared using the Chi-

squared test. The association of each NAFLD pathophysi-

ological factor with liver stiffness and liver fat content in

the subjects were analyzed using univariate and multi-

variate analyses. Odds ratios (ORs) were obtained from

logistic regression analysis, and the results were presented

as ORs with a 95% confidence interval (CI). A P value of

\0.05 was defined as statistically significant.

Results

Comparison of the prevalence rates of lifestyle-

related diseases of study subjects in each quartile

of skeletal muscle mass to visceral fat area ratio

As shown in Table 1, comparisons between Q1, Q2, Q3, and

Q4 showed that when compared to the other three quartiles,

Q1 had higher prevalence rates of moderate and severe

obesity, i.e., body mass index (BMI) C30, and each of the

lifestyle-related diseases, including NAFLD, diabetes, and

dyslipidemia, and hypertension. The mean age of the

subjects in Q1 was significantly greater than that of the

subjects in Q2, Q3, or Q4.

Comparison of anthropometric characteristics

of study subjects in each quartile of skeletal muscle

mass to visceral fat area ratio

As shown in Table 1, the mean age and gender composi-

tion were significantly different between the SV ratio

quartiles. Body weight and BMI in Q1 were significantly

higher than those in Q2, Q3, or Q4. The proportions of

subjects with moderate-to-severe obesity were 41.5% in

Q1, 26.3% in Q2, 11.9% in Q3, and 1.7% in Q4, which were

strongly negatively correlated with SV ratio in the

respective quartiles (Fig. 1). Skeletal muscle mass and fat-

free mass were significantly lower in Q1 than in Q4, while

fat mass and visceral fat area were significantly higher in

Q1 than in Q2, Q3, or Q4.

Comparison of NAFLD-related hepatic conditions

of study subjects in each quartile of skeletal muscle

mass to visceral fat area ratio

As shown in Table 1, the comparison of hepatic conditions

among the SV ratio quartiles showed that the CAP mea-

surements by using a FibroScan device, which reflects the

degree of hepatic fat accumulation, was significantly higher

in Q1 than in Q3 or Q4. Similar to the results seen with

CAP, Q1 had significantly higher IHL measurements by

using MRS than Q4. The LS measurements by using a

FibroScan device, which reflects the degree of liver fibrosis

and/or inflammation, was significantly higher in Q1 than in

Q3 or Q4. In addition, the Kupffer phase signal intensity in

CEUS, which reflects Kupffer cell phagocytosis function of

foreign bodies, were significantly lower in Q1 than in Q2,

Q3, or Q4.

As shown in Fig. 1, a more detailed analysis of mod-

erate-to-severe fat accumulation in the liver revealed the

proportions of subjects with ultrasonographic evidence of

steatosis grade 2 or 3 to be 72.1% in Q1, 66.9% in Q2,

55.0% in Q3, and 17.8% in Q4. In addition, the proportions

of subjects with CAP measurements C260 dB/m were

66.7% in Q1, 63.1% in Q2, 46.1% in Q3 and 12.9% in Q4. A

more detailed analysis of advanced liver fibrosis revealed

the proportions of subjects with LS measurements C12 kPa

were 20.3% in Q1, 12.7% in Q2, 5.1% in Q3, and 1.7% in

Q4. The proportions of subjects with a severe decrease in

the Kupffer phase signal intensity (\100 intensity) were

35.5% in Q1, 22.7% in Q2, 10.8% in Q3, and 6.5% in Q4

(Fig. 1). Each of these indicators of hepatic conditions

worsened with a decrease in the SV ratio.

Comparison of skeletal muscle-related

characteristics of study subjects in each quartile

of skeletal muscle mass to visceral fat area ratio

As shown in Fig. 2, the analysis of the skeletal muscles of

subjects in each of the SVR quartiles revealed grip strength

to be 25.9 kg in Q1, 31.0 kg in Q2, 35.4 kg in Q3, and

35.6 kg in Q4. Knee extension muscle strength (normalized

by body weight) was 44.5% in Q1, 52.3% in Q2, 60.8% in

Q3, and 66.5% in Q4. Levels of intra-myocellular lipids

(IMCL) were 5.83 mmol/body weight (kg) in Q1,

4.89 mmol/kg in Q2, 4.26 mmol/kg in Q3, and 3.63 mmol/

kg in Q4. Levels of extra-myocellular lipids (EMCL) were

20.0 mmol/kg in Q1, 14.1 mmol/kg in Q2, 9.28 mmol/kg in

Q3, and 4.68 mmol/kg in Q4. These results clearly indi-

cated that a decrease in physical capacity and increases in

levels of IMCL and EMCL occurred with a decrease in the

SV ratio.

Comparison of insulin resistance status of study

subjects in each quartile of skeletal muscle mass

to visceral fat area ratio

As shown in Table 1, fasting plasma glucose (FPG), fasting

insulin, homeostasis model assessment of insulin resistance

(HOMA-IR), and hemoglobin A1c (HbA1c) levels were

significantly higher in Q1 than in Q2, Q3, or Q4 and were

associated with a higher rate of diabetes prevalence in Q1.

The proportions of subjects with insulin resistance
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(HOMA-IR C2.5) were 66.4% in Q1, 42.5% in Q2, 42.2%

in Q3, and 7.6% in Q4, which were strongly negatively

correlated with SV ratio in the respective quartiles (Fig. 1).

Comparison of biochemical characteristics of study

subjects in each quartile of skeletal muscle mass

to visceral fat area ratio

As shown in Table 1, the comparison of hepatic function

parameters among the SV ratio quartiles showed that levels

of aspartate aminotransferase (AST) and alanine amino-

transferase (ALT), which are indicators of hepatocyte

injury, were significantly higher in Q1 than in Q3 or Q4.

The comparison also showed that levels of gamma-glu-

tamyltransferase (c-GT) were significantly higher in Q1

than in Q4.

Levels of glycosylated Wisteria floribunda agglutinin-

positive Mac-2 binding protein (WFA?-M2BP), which is a

novel marker of liver fibrosis, were significantly higher in

Q1 than in Q3 or Q4. Levels of hyaluronic acid and type IV

collagen, which are conventional markers of liver fibrosis,

did not differ between the SV ratio quartiles. An analysis

using the formula to predict liver fibrosis revealed that Q1

had a significantly higher NAFLD fibrosis score than Q2,

Q3, or Q4, with the mean score above the low cutoff value

of -1.455. There were no differences in the fibrosis-4

(FIB-4) index observed between the SV ratio quartiles.

These results were consistent with a higher LS measure-

ment and a decrease in the phagocytic function of Kupffer

cells in Q1, suggesting that subjects in Q1 had hepatic

conditions associated with progressive liver fibrosis.

As shown in Fig. 3, the comparison of inflammatory,

oxidative stress, and apoptosis markers between the study

subjects in each of the SV ratio quartiles showed that the

levels of both high-sensitivity C-reactive protein (hs-CRP),

which is an inflammatory marker, and 2-thiobarbituric acid

reactive substances (TBARS), which is an oxidative stress

marker, were significantly higher in Q1 than in Q3 or Q4. In

addition, levels of M30, which is a marker of hepatocyte

apoptosis, were also higher in Q1 than in Q3 or Q4.

Moreover, Q1 had significantly higher levels of LPS than

Q3, or Q4. However, the levels of ferritin were not different

between the SV ratio quartiles. These results indicated that

Q1 had hepatic conditions associated with aggravated

inflammatory and oxidative stress pathophysiology, which

are associated with increased hepatocyte apoptosis.

As shown in Fig. 4, the comparison of cytokines

between the SV ratio quartiles showed that Q1 had sig-

nificantly higher levels of both leptin and interleukin-6 (IL-

6) than Q2, Q3, or Q4, while TNF-a levels were not dif-

ferent between the SV ratio quartiles. Leptin and IL-6 are

inflammatory adipokines. On the other hand, Q1 had a

significantly lower level of adiponectin, which is an anti-T
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inflammatory adipokine, than Q3 or Q4. For hepatokines,

Q1 had significantly higher levels of fetuin-A and fibroblast

growth factor 21 (FGF21) than Q4. However, the levels of

Sep were not different between the SV ratio quartiles. For a

myokine, Q1 had significantly higher levels of myostatin

(MSTN) than Q2, Q3, or Q4. These results indicated a

notably imbalanced production of adipokines, hepatokines,

and a myokine in Q1.

As shown in Table 1, the comparison of serum lipids

between the SV ratio quartiles showed that high-density

lipoprotein-cholesterol (HDL-C) levels were significantly

lower in Q1 than in Q3 or Q4. On the other hand, the

comparison showed that low-density lipoprotein-choles-

terol (LDL-C) and triglyceride (TG) were significantly

higher in Q1 than in Q4. Moreover, the levels of free fatty

acids (FFAs) were significantly higher in Q1 than in Q4

(Fig. 3).

Analysis of NAFLD pathophysiological factors

associated with hepatic steatosis and stiffness

A multiple regression analysis was performed with CAP

measurements reflecting the degree of hepatic fat accu-

mulation as dependent variables to determine the NAFLD

Fig. 1 The comparisons of NAFLD pathophysiological factors and

hepatic conditions such as BMI, HOMA-IR, ultrasonographic steato-

sis grade, CAP, LS, and Kupffer phase signal intensity in CEUS in

study subjects, with quartile stratification according to the SV ratio.

NAFLD non-alcoholic fatty liver disease, BMI body mass index,

HOMA-IR homeostasis model assessment-insulin resistance, CAP

controlled attenuation parameter, LS liver stiffness, CEUS contrast-

enhanced ultrasonography, SV ratio skeletal muscle mass to visceral

fat area ratio
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pathophysiological factors. The SV ratio, amount of body

fat, adiponectin, TG, and Kupffer phase signal intensity in

CEUS were extracted as independent factors affecting CAP

measurements (Table 2). In addition, multiple regression

analysis was performed with LS measurements, which

reflected the degree of liver fibrosis and/or inflammation as

dependent variables to determine the NAFLD pathophysi-

ological factors. The SV ratio, amount of body fat, leptin,

hyaluronic acid, type IV collagen, and HOMA-IR were

extracted as independent factors affecting LS measure-

ments (Table 2). These results clearly indicated that SV

ratio was an important factor affecting both fat accumu-

lation and fibrosis in the liver.

Analysis of fat accumulation risk in study subjects

in each quartile of skeletal muscle mass to visceral

fat area ratio

After all the study subjects with NAFLD were divided into

4 quartiles based on their SV ratio, a logistic regression

analysis was performed in order to estimate the relative risk

of moderate-to-severe fat accumulation in the liver (CAP

measurements C260 dB/m) in subjects in each quartile

(Q1–Q4) (Table 3). As a result, with the risk of moderate-

to-severe fat accumulation in the liver of subjects in Q4

(highest SV ratio group) being 1, the relative risks were

1.37 in Q3, 1.81 in Q2, and 1.89 in Q1. The results of

analyses adjusted for cofounders were similar. These

results indicated that a decreased SV ratio was a risk factor

for moderate-to-severe fat accumulation in the liver.

Analysis of risk of advanced fibrosis in study

subjects in each SV ratio quartile

After all study subjects with NAFLD were divided

appropriately into the SV ratio quartiles, logistic regression

analysis was performed in order to estimate the relative risk

of advanced liver fibrosis (LS measurements C12 kPa)

(Table 3). As a result, with the risk of liver fibrosis in Q4

(highest SV ratio group) being 1, the relative risks were

1.00 in Q3, 2.18 in Q2, and 3.64 in Q1. The results of

analyses adjusted for cofounders were similar. These

results indicated that a decreased SV ratio was a risk factor

for advanced fibrosis in the liver.

Discussion

The results of this study are summarized as follows (1) The

percentage of cases with moderate-to-severe obesity,

insulin resistance, and moderate-to-severe fatty liver were

higher in Q1 of SV ratio than in Q2, Q3, and Q4; (2) The

Fig. 2 Comparisons of the

skeletal muscle strength,

grasping and isometric

contraction of knee extension,

and the skeletal fat

accumulation, IMCL and

EMCL in study subjects, with

quartile stratification according

to the SV ratio. IMCL intra-

myocellular lipids, EMCL extra-

myocellular lipids, SV ratio

skeletal muscle mass to visceral

fat area ratio. *P\ 0.05,

**P\ 0.01; significantly

different between the SV ratio

quartiles
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percentage of cases with advanced liver fibrosis; (3) The

accumulation of IMCL and EMCL in the bilateral quadri-

ceps was more intense in Q1 of SV ratio than in the other

quartiles, accompanied by a reduction of grip and knee

extensor muscle strength; and (4) The analysis of factors

associated with the pathophysiology of NAFLD revealed a

higher percentage of cases with aggravation of hepatic

dysfunction, insulin resistance, inflammatory or oxidative

stress, adipokine imbalance, liver fibrosis, and liver cell

apoptosis, and cases with reduction of the phagocytic

activity of Kupffer cells in Q1 of SV ratio than in the other

quartiles.

Multiple regression analysis revealed SV ratio, body fat

mass, triglyceride, adiponectin, and Kupffer phase signal

intensity in CEUS (Table 2) as independent factors

affecting CAP values that reflect hepatic fat accumulation

associated with NAFLD. Furthermore, SV ratio, body fat

mass, HOMA-IR, leptin, hyaluronic acid, and type IV

collagen were identified as independent factors affecting

LS measurements that reflect hepatic inflammation and/or

fibrosis associated with NAFLD (Table 2). These findings

suggest that reduction in SV ratio is a factor directly

associated with the aggravation of hepatic conditions such

as fat accumulation and inflammation and/or fibrosis. The

pathogenesis of NAFLD is therefore considered to involve

not only primary abnormalities of the liver but also

abnormalities of other organs or tissues such as skeletal

muscles and visceral fat tissues.

In the regression analysis of the data from the entire

NAFLD population studied (n = 337), the risk for mod-

erate-to-severe steatosis (CAP C260 dB/m) was 1.89 times

(unadjusted) higher for Q1 of SV ratio than for Q4

(Table 3). The risk for advanced fibrosis (LS C12 kPa) was

3.64 times (unadjusted) higher for Q1 of SV ratio than for

Q4 (Table 3). Such differences in the risk for Q1 of SV

ratio remained even after correction for potential con-

founding factors. Furthermore, in the analysis of the clin-

ical course of 48 patients with NAFLD, the LS after the

survey period for 2–5 years was 134% higher than the pre-

survey level in Q1 of SV ratio, in contrast to the course

seen in Q2 and Q3 (data not shown). In Q1 of SV ratio, the

pathophysiological factors associated with the progression

Fig. 3 The comparisons of serum levels of inflammation, oxidative

stress, and apoptosis markers, FFAs, and LPS in study subjects, with

quartile stratification according to the SV ratio. hs-CRP high-

sensitivity C-reactive protein, TBARS 2-thiobarbituric acid reactive

substances, FFA free fatty acid, LPS lipopolysaccharide, SV ratio

skeletal muscle mass to visceral fat area ratio. The comparisons

between the SV ratio quartiles were made using an ANCOVA with

adjustment for age and gender as covariates. *P\ 0.05, **P\ 0.01;

significantly different between the quartiles
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of NAFLD-related liver fibrosis tended to aggravate, sug-

gesting a more rapid progression of NAFLD-related liver

fibrosis. It is estimated that reduction in SV ratio serves not

only as a risk factor for the onset of NAFLD but also as a

factor associated with the progression of such liver fibrosis.

The findings obtained in this study are consistent with

those of previous reports showing that obesity is a factor

associated with the aggravation of chronic liver disease [5];

reduction in skeletal muscles is a factor associated with the

onset, progression, and survival prognosis of chronic liver

disease [6–11]; and the magnitude of skeletal muscle

reduction is a factor affecting the postsurgical outcome of

patients undergoing liver transplantation [23].

Multiple definitions of sarcopenia have been proposed,

each with advantages and disadvantages. The prevalence of

sarcopenia varies widely, even within the same group of

patients, depending on the definition adopted [24]. In

overweight or obese subjects, decreased skeletal muscle

mass, which may have some synergic effects on increased

visceral fat, plays a critical role in the onset and

progression of NAFLD. Relative ratio to body composi-

tion, not absolute amount of skeletal muscle mass, may be

more important to the pathophysiology of NAFLD. It is

likely that fat mass should be considered in evaluating

sarcopenia in these subjects as reported previously [25].

Q1 of SV ratio in this study was suggested to reflect a

condition resembling sarcopenic obesity. An issue of

combined skeletal muscle reduction and visceral fat

increase is now discussed here. Evaluation of skeletal

muscles solely based on muscle mass involves the problem

of possibly overlooking muscle fiber decrease, increased

fat accumulation, and other factors. In this study, mea-

surement of muscle mass was combined with measurement

of muscle strength and MRS measurement of muscle fat

levels. Analysis of these results revealed the reduction of

not only muscle mass but also muscle strength, as well as

an increase in fat accumulation in muscles in Q1 of SV

ratio. In other words, it seems that Q1 of SV ratio had

reduced muscle fiber volume, resulting in contractility

reduction, and qualitative deterioration due to increased fat

Fig. 4 The comparisons of serum levels of adipokines, hepatokines,

and a myokine in study subjects, with quartile stratification according

to the SV ratio. IL-6 interleukin-6, TNF-a tumor necrosis factor-a,

Sep selenoprotein-P, FGF21 fibroblast growth factor 21, MSTN

myostatin, SV ratio skeletal muscle mass to visceral fat area ratio. The

comparisons between the SV ratio quartiles were made using an

ANCOVA with adjustment for age and gender as covariates.

*P\ 0.05, **P\ 0.01; significantly different between the quartiles
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accumulation inside and outside muscle cells and other

factors. Furthermore, the severity of both intra-myocellular

and extra-myocellular fat accumulation, measured with

MRS (Fig. 2), correlated with the severity of liver steatosis

(data not shown), suggesting that Q1 of SV ratio represents

a pathological condition characterized by stimulation of

ectopic fat accumulation.

It has been suggested that insulin resistance, inflamma-

tion, and leptin resistance play important roles in the

background of qualitative deterioration of muscles associ-

ated with sarcopenic obesity. Moreover, in this study,

aggravation of these pathogenic factors was observed in Q1

of SV ratio (Table 1). Insulin resistance stimulates glyco-

genesis and accelerates muscular protein degradation and is

also associated with a reduction of leg muscle and grip

strength [26]. Sarcopenic obesity involves inflammation.

The inflammatory cytokines produced by adipocytes act on

skeletal muscles, possibly reducing muscle mass and

strength. A negative correlation has been shown between

blood inflammatory cytokine level and skeletal muscle

mass [27]. Particularly concerning IL-6 and its soluble IL-6

receptor, high levels have been reported in patients with

sarcopenic obesity [28]. An increase of IL-6 reduces

muscle strength and the capability for movement of elderly

persons, accompanied by the inhibition of muscle anabolic

activity of insulin-like growth factor-1, leading to the

stimulation of muscle protein degradation and aggravation

of insulin resistance.

Serum leptin levels have been reported to be higher in

patients with sarcopenic obesity than in those with sar-

copenia or visceral fat accumulation [29]. Leptin resistance

is considered to underlie such hyperleptinemia [29]. Leptin

is known to stimulate fat degradation in skeletal muscles

while improving insulin sensitivity [30]. Leptin resistance in

patients with sarcopenic obesity leads, through a shortage of

leptin activity, to reduction in muscle mass, and is consid-

ered to stimulate fat accumulation in muscles through the

reduction of fatty acid oxidation in muscles mediated by the

AMPK pathway. In both men and women, serum leptin

levels have been reported to have a negative correlation with

the cross-sectional area of femoral muscles [29]. Leptin

resistance is considered an important condition for sar-

copenic obesity. The results of the analysis in this study

suggest that a body composition change in the SV ratio is

Table 2 Multivariate regression analysis for NAFLD pathophysio-

logical factors associated with hepatic conditions such as levels of

steatosis and stiffness measured by elastography for 472 study

subjects

Parameter Multivariate analysis

B Std. error Beta P value

CAP measurement

Fat mass, kg 2.33 0.35 0.43 \0.001

SV ratio -0.04 0.02 -0.12 0.035

Kupffer signal, intensity -0.38 0.09 -0.25 \0.001

Adiponectin, ng/l -2.85 1.06 -0.14 0.008

TG, mg/dl 0.12 0.04 0.17 0.001

LS measurement

Fat mass, kg 0.30 0.04 0.54 \0.001

SV ratio 0.02 0.01 0.18 0.002

Leptin, pg/ml -0.13 0.04 -0.19 0.004

Hyaluronic acid, ng/ml 0.05 0.01 0.49 \0.001

Type IV collagen, ng/ml 0.04 0.01 0.23 \0.001

HOMA-IR 0.44 0.14 0.19 0.002

CAP controlled attenuation parameter, Kupffer signal Kupffer phase

signal intensity in contrast-enhanced ultrasonography, LS liver stiff-

ness, SV ratio skeletal muscle mass to visceral fat area ratio, TG

triglyceride, HOMA-IR homeostasis model assessment-insulin

resistance

Table 3 Unadjusted and

adjusted odds ratios with 95%

confidence intervals of having

moderate-to-severe steatosis

and advanced fibrosis by

quartiles of SV ratio after

adjusting for potential

compounding factors

Quartiles of SVR

4th quartile 3rd quartile 2nd quartile 1st quartile P for trend

Moderate-to-severe steatosis

Unadjusted 1 1.37 (0.57–3.29) 1.81 (0.76–4.31) 1.89 (0.78–4.54) 0.119

Model 1 1 2.02 (0.80–5.11) 3.28 (1.26–8.51) 4.63 (1.66–12.9) 0.002

Model 2 1 2.01 (0.79–5.08) 3.57 (1.35–9.46) 5.68 (1.84–17.5) 0.002

Model 3 1 1.74 (0.68–4.41) 3.17 (1.18–8.47) 4.33 (1.36–13.8) 0.007

Advanced fibrosis

Unadjusted 1 1.00 (0.19–5.25) 2.18 (0.47–10.1) 3.64 (0.81–16.4) 0.003

Model 1 1 1.30 (0.24–6.98) 3.11 (0.65–14.8) 6.47 (1.34–31.1) \0.001

Model 2 1 1.28 (0.24–6.88) 3.56 (0.74–17.2) 9.39 (1.81–48.7) \0.001

Model 3 1 1.11 (0.20–6.09) 3.23 (0.67–15.7) 7.83 (1.46–41.9) 0.001

All 337 subjects (197 men and 140 women) with NAFLD were divided appropriately into the SV ratio

quartiles. Model 1 adjusted for age. Model 2 adjusted for age and gender. Model 3 adjusted for age, gender,

and HOMA-IR
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associated with changes in adipokines, myokines, and hep-

atokines. These cytokines may be involved in the induction

of insulin resistance [31] as well as in the onset and pro-

gression of NAFLD-related hepatic conditions mediated by

cross-talks among adipocytes, myocytes, and hepatocytes.

In Q1 of SV ratio, high levels of liver stiffness, liver

fibrosis markers in blood (WFA?-M2BP), and predicted

fibrosis levels (NAFLD fibrosis score and Fib4 index) are

all considered to predict the progression of liver fibrosis.

Furthermore, as the elevation of M30, i.e., a metabolite of

soluble cytokeratin (CK-18), in blood [32] and elevation of

both CK-18 and FGF21 [33] are known to be useful

biomarkers in the diagnosis of NASH, it can be estimated

that Q1 of SV ratio includes many cases with NASH.

Although the association between sarcopenia and liver

fibrosis was reported in a previous study [11], the back-

ground has not been clarified sufficiently. In this study, Q1

of SV ratio often had hyperleptinemia, as mentioned above,

and aggravation of leptin resistance has been considered to

underlie such cases [30]. For many years, it has been

shown that leptin acts as a factor that stimulates liver

fibrosis [34]. Hyperleptinemia in Q1 of SV ratio seems to

play an important role in the formation of liver fibrosis. As

a molecular mechanism for the stimulation of liver fibrosis

by leptin, it has been pointed out that leptin induces the

formation of transforming growth factor-b in sinusoidal

endothelial cells and Kupffer cells [35].

The results of this study suggest that the Kupffer phase

signal intensity in CEUS was significantly lower in Q1 of

SV ratio, and therefore, the phagocytic activity of Kupffer

cells is probably low in this quartile. Sonazoid is a contrast

agent phagocytosed by Kupffer cells [19, 20] and has been

used for the diagnosis of liver function. Contrast-enhanced

ultrasonography is a useful means of screening for NASH

[18]. Although the bacterial toxins, e.g., lipopolysaccharide

(LPS), play an important role in the onset of NASH and the

progression of liver fibrosis, the in vivo capability to dis-

pose LPS is also important. In Q1 of SV ratio, the phago-

cytic activity of Kupffer cells was low and the liver

stiffness had aggravated. This condition probably involves

prolonged inflammatory disorders due to the activation of

innate immunity, which is induced by the increased levels

of LPS (associated with the reduction of the phagocytic

activity of Kupffer cells) coupled with the increased levels

of leptin, free fatty acids (FFAs), and fetuin-A. LPS is

recognized by the Toll-like receptor (TLR) of Kupffer cells

and activates the inflammatory signals. Hyperleptinemia

increases the sensitivity of the TLR to LPS of Kupffer cells

[36]. Furthermore, fetuin-A physically interacts with both

FFAs and TLR [37], and it plays a key role in FFA-induced

TLR activation and thus in inflammatory reactions. These

pathological conditions probably lead to the progression of

hepatic conditions associated with NAFLD.

When a retrospective analysis of our previous studies on

weight loss intervention through exercise in middle-aged

obese men [13] was conducted, the increase of SV ratio

after the exercise intervention compared with the pre-in-

tervention level led to alleviation of hepatic fat accumu-

lation, accompanied by alleviation of hepatic inflammation

and fibrosis. On the other hand, among patients receiving

diet therapy, a decrease of SV ratio compared with the pre-

intervention level was observed after the intervention.

When exercise therapy was compared with diet therapy,

there was no significant difference in the alleviation of

adipokine imbalance; however, exercise therapy induced a

decrease of selenoprotein-P (involved in insulin resistance)

[38] and an increase of FGF21 (exhibiting anti-obesity

activity) in hepatokines [39]. Furthermore, among the

myokines, MSTN (involved in muscle atrophy) [40] was

reduced by exercise therapy.

In conclusion, a reduction in skeletal muscle mass and

an increase of visceral fat mass are considered to increase

the risk for the onset of NAFLD and to serve as an

important factor involved in the progression of liver

fibrosis. In the management of NAFLD, it seems necessary

to implement an intervention for preventing the reduction

of muscle mass in addition to maintaining skeletal muscle

mass as well as to implement nutritional management. An

important issue is to promote hepatic rehabilitation,

accompanied by measures for alleviating and preventing

abnormal body composition through active support by

medical teams by using diet and exercise therapies.
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