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Abstract

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease which may progress to non-alcoholic steatohepa-
titis. The prevalence of sarcopenia, which is the loss of muscle mass and strength, is increasing in the aging society. Recent
studies reported the relationship between NAFLD and sarcopenia. The skeletal muscle is the primary organ for glucose
disposal. Loss of muscle mass can cause insulin resistance, which is an important risk factor for NAFLD. Moreover, obesity,
chronic low-grade inflammation, vitamin D deficiency, physical inactivity, hepatokines, and myokines might be involved in
the pathophysiologic mechanism of sarcopenia and NAFLD. Although most of the previous studies have demonstrated the
positive correlation between sarcopenia and NAFLD, the difference in diagnostic methods of sarcopenia and NAFLD leads
to difficulties in interpretation and application. This review discusses the concept and diagnosis of sarcopenia and NAFLD,
common pathophysiology, and clinical studies linking sarcopenia to NAFLD. The presentation of the association between
sarcopenia and NAFLD may provide an opportunity to prevent the deterioration of fatty liver disease.
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Introduction

Sarcopenia is an age-related decrease in muscle mass with
progressive loss of muscle strength and physical perfor-
mance. It is associated with metabolic impairment, falls,
disability, hospitalization, and mortality in the elderly [1].
Besides aging, sarcopenia can occur earlier in life second-
ary to various causes, including unhealthy diet, physical
inactivity, and chronic diseases [2]. The skeletal muscle
is the primary organ of insulin-mediated glucose disposal,
decreased muscle mass has a pivotal role in insulin resist-
ance (IR) and metabolic syndrome [3].

Non-alcoholic fatty liver disease (NAFLD) is the most
common liver disease worldwide, with a prevalence of
25.2% globally, 24% in the USA, and 27% in Asia [4]. The
prevalence of NAFLD is gradually increasing, and the preva-
lence of NAFLD and non-alcoholic steatohepatitis (NASH)
would increase by 21% and 63%, respectively, from 2015 to
2030. Moreover, NAFLD affecting 10-20% of the general
pediatric population, the prevalence of NAFLD will rise
more rapidly [5]. NAFLD can progress from simple stea-
tosis to NASH and can be accompanied by liver cirrhosis,
and liver failure [6]. NAFLD is associated with IR, type 2
diabetes mellitus (T2DM), cardiovascular disease, and sig-
nificantly higher mortality than in the general population [7].

The main pathophysiology of sarcopenia is associated
with insulin resistance, which plays a major role in the
development of NAFLD. The prevalence of sarcopenia is
higher in patients affected by NAFLD and correlates with
the severity of fatty liver disease. In a recent meta-analy-
sis, the risk of NAFLD and NAFLD-related fibrosis was
higher in subjects with sarcopenia than in subjects without
sarcopenia (29% and 57%, respectively) [8]. Loss of mus-
cle mass is associated with decreased survival, increase
in the length of hospitalization, and mortality in patients
with cirrhosis [9]. Moreover, muscle function is related to
NAFLD and vice versa. To clearly elucidate the interaction
between sarcopenia and NAFLD, it is important to clarify
definition and diagnosis. In this review, we described the
definition and diagnostic methods of NAFLD and sarco-
penia, then summarize the results of recent clinical studies
and suggest possible pathological mechanisms. Further-
more, the role of hepatokines and myokines in the cross-
talk between skeletal muscle and liver is introduced.

NAFLD

NAFLD is a spectrum of liver diseases encompassing non-
alcoholic fatty liver (NAFL), NASH, fibrosis, and cirrhosis
in the absence of excessive alcohol consumption (> 20 g/

day for Female and > 30 g/day for male). NAFL is defined
as > 5% of steatosis without hepatocellular injury. NASH
is defined as steatosis with hepatocellular damage with
or without hepatic fibrosis. NAFLD is closely related to
visceral obesity, IR, T2DM, hypertension, and dyslipi-
demia; and has been regarded as a hepatic manifestation of
metabolic syndrome [10]. Hepatic steatosis development
is regulated by increased free fatty acids (FFA) from the
adipose tissue or dietary intake, hepatic de novo lipogen-
esis, impaired fatty acid oxidation, and decreased liver
secretion [11]. The mechanism of liver injury in NAFLD is
currently thought to be a “multiple hit process” involving
IR, oxidative stress, apoptosis, and adipokines [12]. A sed-
entary lifestyle with a high-caloric diet, excess saturated
fat, refined carbohydrate, and high fructose intake have
been associated with obesity and NAFLD [13].

Liver biopsy is regarded as the gold standard for diag-
nosing NAFLD. However, ultrasonography is recommended
as the first-line imaging modality in a clinical setting as it
is easily accessible and relatively accurate in diagnosing
hepatic steatosis compared to histology (sensitivity of 85%
and specificity of 94%) [14]. A controlled attenuation param-
eter is a promising tool for non-invasive detection of hepatic
steatosis along with liver stiffness [15]. It is measured by
vibration-controlled transient elastography with FibroScan®
and is comparable with biopsy-diagnosed steatosis (sensitiv-
ity of 69% and specificity of 82%). 'H-magnetic resonance
spectroscopy is a safe and non-invasive alternative for quan-
tification of hepatic fat content that offers good reproduc-
ibility [16]. Besides imaging modalities, risk factor models,
such as SteatoTest, fatty liver index, NAFLD liver fat score,
hepatic steatosis index, and Framingham steatosis index,
can also be used for estimation of hepatic steatosis. In case
of NASH, liver biopsy remained the most specific test to
define the characteristics and severity of the liver disease.
The NAFLD fibrosis score, fibrosis-4 index, enhanced liver
fibrosis test, and Fibrotest can be used to define fibrosis
using a non-invasive method [17].

Sarcopenia
Definition and diagnosis of sarcopenia

Sarcopenia was first described in 1989, and is derived
from the Greek words “sarx” meaning flesh and “penia”
meaning loss [18]. Sarcopenia is defined as appendicular
skeletal muscle mass (ASM) divided by height in square
meters (ASM/height?) less than two standard deviations
(SD) below the mean for young reference group [19].
ASM/height? is the most commonly used method adopted
by the European Working Group on Sarcopenia in Older
People (EWGSOP), International Working Group on
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Sarcopenia, and Asian Working Group for Sarcopenia
(AWGS) guidelines [1, 20, 21]. This operational method
has a significant correlation with physical disability [19].
However, this is highly correlated with body mass index
(BMI), the current index for obesity, which considers thin
people as sarcopenic and underestimates sarcopenia in
overweight or obese people. In 2002, the weight-adjusted
muscle mass index was developed [22]. This index was
modified as ASM/weight and is wildly used in investigat-
ing the relationship between sarcopenia and metabolic dis-
eases, such as metabolic syndrome, NAFLD, and diabetes
[23]. In 2010, EWGSOP proposed an operational clinical
definition and consensus on the diagnostic criteria [20].
The working definition of sarcopenia was required to con-
sider muscle mass, strength, and physical performance for
the first time. Based on the EWGSOP guidelines, AWGS
published a sarcopenia consensus report for Asians con-
taining an algorithm for the diagnosis and unique cutoff
points of each parameter [21]. Recently, the Foundation
for the National Institutes of Health (FNIH) Sarcopenia
Project published a consensus definition of sarcopenia
using a database from nine large observational studies with
more than 25,000 participants. Since obesity influences
the relationship between lean mass and muscle strength,
FNIH created an alternative, the skeletal muscle index
(SMI), which is defined as ASM/BMI [24]. We found that
ASM/BMI-defined sarcopenia is more closely related to IR
index, visceral obesity, and metabolic syndrome than other
muscle mass indices in the Korean population [25]. There
is no current unified definition for sarcopenia because of
different clinical implications according to the consensus
on sarcopenia.

In 2018, EWGSOP2 updated the sarcopenia definition
and care strategy [2]. In these guidelines, muscle strength
is the principal parameter of sarcopenia. After low muscle
strength is detected, low muscle quantity or quality con-
firms sarcopenia. Additionally, FNIH and AWGS considered
muscle strength in the first place for diagnosing sarcopenia.
Based on the new consensus and research data, incorporat-
ing muscle strength/physical performance along with low
muscle mass in defining sarcopenia is crucial in elucidating
the association between sarcopenia and NAFLD.

Sarcopenia is primarily associated with aging in elderly
people, but it can be due to secondary causes. EWGSOP2
suggests the concept of secondary sarcopenia, which is
caused by loss of muscle mass and function secondary to
malignancy, organ failure, physical inactivity, and inad-
equate energy intake [2]. In addition, the AWGS consensus
suggests screening of sarcopenia not only in the elderly,
but also in people with specific clinical conditions, such
as the presence of recent functional decline or impairment,
unintentional weight loss, depression or cognitive disorder,
repeated falls, malnutrition, and chronic conditions (chronic
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heart failure, diabetes mellitus, chronic kidney disease, and
other chronic wasting conditions) [21].

Assessment of sarcopenia

Muscle mass can be measured as total body skeletal muscle
mass, ASM, and cross-sectional area of a specific body site
or muscle group. Dual-energy X-ray absorptiometry is the
most commonly used method for muscle measurement in
sarcopenia. Body impedance analysis (BIA) has been widely
used as an alternative method, because it is non-invasive
and easily accessible, cost-effective, and has radiation-free
characteristics. However, BIA is less validated and easily
altered based on temperature, humidity, and water contents.
Hence, diagnostic accuracy has not been fully established.
Computed tomography and magnetic resonance imaging
have been considered as the gold standards for evaluation of
body composition [26]. The psoas, paraspinal, and abdomi-
nal muscles in the third lumbar vertebra region are the most
common muscles used for estimating muscle mass indices
[27]. In addition, ultrasonography may measure muscle
mass and quality. The handgrip strength is considered as a
reliable and convenient method to measure muscle strength
[28]. Grip strength is a predictor of strength in other body
compartments, the length of hospital stay, functional limi-
tations, quality of life, and death [29]. Likewise, the chair
rise test can be used to measure the strength and endurance
of leg muscles. Physical performance can be assessed using
gait speed, short physical performance battery (SPPB), and
Timed Up and Go test [20]. Gait speed is commonly adopted
in the EWGSOP, AWGS, and FNIH guidelines.

Prevention and treatment approaches to sarcopenia

There are no approved pharmacological interventions for
sarcopenia. The main strategy for prevention and treatment
of sarcopenia is lifestyle intervention, such as exercise and
nutrition. Resistance training improves physical strength
and muscle mass by increasing type II muscle fiber size and
satellite muscle recruitment. Aerobic exercise remodels
myofibers and improves cardiorespiratory fitness. Besides
lifestyle intervention, proper nutritional support (protein,
essential amino acid, B-hydroxy-p-methylbutyrate, Vit. D,
creatinine, etc.) is crucial in sarcopenia; and the benefit of
exercise is potentiated with nutritional support. In Japanese
sarcopenic female, exercise with amino acid supplementa-
tion enhanced muscle strength, muscle mass, and walking
speed [30]. In addition, a calorie restriction regimen with
exercise may be a good option for the treatment of obese
sarcopenic subjects [31]. In light of the close relationship
between obesity and NAFLD, calorie restriction with exer-
cise might be the efficient strategy to interrupt for the vicious
cycle of sarcopenia and NAFLD.
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Clinical studies

Clinical studies on the association between sarcopenia and
NAFLD/NASH are summarized in Table 1. Most stud-
ies were conducted in Asia [32—42] and only four studies
[43-46] were analyzed from other continents. Currently,
most studies show a positive relationship between sarco-
penia and NAFLD.

In 2014, we investigated the relationship between sar-
copenia and NAFLD from the Korean Sarcopenic Obe-
sity Study [32]. Subjects with low muscle mass had an
increased risk of NAFLD after adjusting for IR and inflam-
mation. SMI had reverse association with HOMA-IR, hs-
CRP, triglycerides, and total body fat. Moreover, subjects
with the lowest quartile of SMI value had a higher risk
of NAFLD even after adjusting for potential confound-
ing factors. Another subsequent study showed a positive
relationship between sarcopenia and NAFLD regardless of
obesity or IR [33]. Furthermore, they presented that sarco-
penic subjects with NAFLD had a higher risk of advanced
fibrosis than normal subjects, independent of obesity, IR,
or liver enzyme levels [34]. A 1% increment in SMI could
decrease the risk of NAFLD by 20% in men with T2DM
[36], and the grip strength was inversely related to NAFLD
[40].

The association of sarcopenia and NAFLD is closely
related to the severity of the advanced fatty liver disease.
One study from Korea showed that the prevalence of
sarcopenia gradually increased from control to NAFLD
and NASH groups [8.7%, 17.9%, and 35.0%, respectively
(p <0.001)] [37]. Furthermore, sarcopenic subjects with
NAFLD had increased risk of NASH (OR 2.30; 95% CI
1.08-4.93) and significant fibrosis (OR 2.05; 95% CI
1.01-4.16) independent of obesity and IR. Another two
studies support the relationship between sarcopenia and
severity of NASH and liver fibrosis in Caucasians [44,
45]. Although most previous studies have demonstrated a
consistently positive association between sarcopenia and
NAFLD, two studies revealed a heterogeneous association.
One study showed different associations between sarcope-
nia and NAFLD based on the criteria used for diagnosing
sarcopenia [46], whereas another study reported no rela-
tionship between NAFLD and sarcopenia when sarcopenia
was defined by muscle mass, muscle strength, and gait
speed [41].

Since most studies were conducted using a cross-sec-
tional design, the causal relationship between sarcopenia
and NAFLD cannot be determined. Recently, in a 7-year
follow-up, longitudinal cohort study including 15,567 sub-
jects, which consisted of 12,624 subjects without NAFLD
and 2943 subjects with NAFLD, showed that 14.8% of
baseline non-NAFLD subjects developed NAFLD, and

subjects with the highest tertile of SMI at baseline had
decreased risk of NAFLD (adjusted hazard ratio [AHR],
0.44; 95% CI, 0.38-0.51) [38]. Furthermore, a positive
association in baseline SMI and the resolution of exist-
ing baseline NAFLD was noted. Interestingly, the study
evaluated the association between the change in SMI in
a year and NAFLD. The highest tertile of change in SMI
showed a significantly decreased incidence of NAFLD
(AHR 0.69; 95% CI 0.59-0.82) and resolution of baseline
NAFLD (AHR 4.17;95% CI 1.90-6.17) even after adjust-
ing the baseline SMI. It was suggested that maintaining
or increasing skeletal muscle mass could be a therapeutic
option for NAFLD.

Pathophysiology

The possible mechanisms of interaction between NAFLD
and sarcopenia are IR, obesity, chronic low-grade inflamma-
tion, physical inactivity, hepatokines, and myokines (Fig. 1,
Table 2). The potential pathophysiological mechanisms are
listed below.

Insulin resistance

IR is the main pathologic mechanism of sarcopenia and
NAFLD. It is caused by fat tissue infiltration in the skel-
etal muscle and increased circulating FFA from excessive
body fat [3, 47]. Insulin activates the mammalian target of
rapamycin and enhances signaling to its downstream effec-
tors 4E-binding protein 1 and ribosomal S6 kinase 1, which
results in maintenance of muscle mass and plays a role in
skeletal muscle anabolism [48]. Skeletal muscle IR leads to
increased muscle degradation with decreased mitochondrial
content, function and oxidative capacity [49]. Therefore, IR
can be one of the pivotal mechanisms causing sarcopenia.
We found that T2DM was independently associated with sar-
copenia, leading to metabolic disorders and physical disabil-
ity in older adults with T2DM [50]. Furthermore, reduced
muscle mass may aggravate IR.

Skeletal muscle acts as the primary organ for whole-body
glucose homeostasis by expression of insulin-dependent
transporter GLUT-4 [51]. Decreased insulin sensitivity
impairs glucose uptake and insulin stimulated glycogen syn-
thesis [3]. Excess glucose is converted to triacylglycerol in
the liver, causing NAFLD, which can be attributed to hepatic
IR [52]. Moreover, obesity induces an increased flux of FFA,
increased hepatic diacylglycerol concentration, and translo-
cation of protein kinase-Ce (PKCe) to the plasma membrane,
which inhibits tyrosine phosphorylation of receptor substrate
(IRS)-1 and IRS-2, phosphoinositide 3-kinases activation,
and hepatic insulin signaling [53]. Hence, both hepatic IR
and peripheral IR can be pathologic mechanism for NAFLD.
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Hepatic steatosis is related more to skeletal IR than hepatic
IR in patients with NAFLD, supporting the pivotal role of
skeletal muscle IR in the development of NAFLD [54].
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8| ¢ = 2 . . . . . :
= |2 = s Vit. D is the hormone involved in calcium homeostasis,
% ::f 2" g bone metabolism, and muscle growth. It is known as a
s |2 L = potent mediator of IR, metabolic syndrome, NAFLD, and
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Fig. 1 Possible mechanisms of
the interaction between NAFLD
and sarcopenia. NAFLD non-
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Table 2 Hepatokines and

: . Action References
myokines that may be linked
with sarcopenia and NAFLD Hepatokines
FGF-21 Reduces triglyceride level in the liver and skeletal muscle [78, 79]
Improvements in both hepatic and peripheral insulin sensitivity
LECT2 Positively correlated with NAFLD [80, 81]
Mediates obesity and skeletal muscle IR
Hepassocin Promotes NAFLD [83-85]
Mediates skeletal muscle IR and type 2 diabetes
Myokines
Irisin Improves hepatic steatosis and glucose metabolism [87, 89, 90]
Contradicting results in sarcopenia studies
Myostatin Negative effect on the skeletal muscle [91, 92]

Blocking myostatin increases muscle mass, insulin sensitivity and
protects hepatic steatosis

FGF-21 fibroblast growth factor—21, LECT2 leukocyte cell-derived chemotaxin, NAFLD non-alcoholic
fatty liver disease, /R insulin resistance

sarcopenia. This vitamin exerts its effect via the vitamin D
receptor (VDR) expressed in various human cells including
the skeletal muscle [65]. Vit. D deficiency reduces VDR
expression, increases reactive oxygen species generation,
and causes mitochondrial function disruption, leading to
skeletal muscle atrophy [66]. Whole-body VDR knockout
mice showed skeletal muscle dysfunction and abnormal
development. In a 3-year longitudinal aging study, lower
25-OH Vit. D and higher parathyroid hormone levels
increased the risk of sarcopenia in elderly people [67]. Sub-
jects with 25-OH Vit. D <25 nmol/L were 2.57 (95% confi-
dence interval [CI], 1.40—4.70, based on grip strength) times
and 2.14 (95% CI 0.73-6.33, based on muscle mass) times
more likely to experience sarcopenia. Furthermore, Vit. D
regulates oxidative stress, inflammation, hepatocyte apop-
tosis, and fibrosis in the liver [68]. In a cross-sectional study
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in East China, 84.6% of male with NAFLD were diagnosed
with Vit. D deficiency and subjects with decreased Vit. D
levels had a 54% increased risk of NAFLD after adjusting
confounding factors [69]. In a meta-analysis including 17
cross-sectional and case—control studies, NAFLD patients
had decreased serum Vit. D levels and had a 26% increased
risk of Vit. D deficiency (odds ratio [OR], 1.26; 95% CI
1.17-1.35) [70]. However, it is controversial whether or
not Vit. D deficiency is related to the histologic feature of
NAFLD [71, 72].

Chronic low-grade inflammation
Obesity induces increased levels of circulating inflamma-

tory cytokines, including TNF-a, IL-6, and C-reactive pro-
tein (CRP), which cause chronic low-grade inflammation.
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Fig.2 Adipose tissue—mus-
cle-liver interaction. BM bone
marrow

Muscle

Myosteatosis
Inflammation
Insulin sensitivity |,
Glucose uptake |
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Sarcopenia

TNF-a stimulates reactive oxygen species production and
causes oxidative stress and mitochondrial dysfunction [73].
It inactivates the AMP-activated protein kinase (AMPK)
pathway, which leads to the development of NAFLD. The
serum TNF-a level was higher in patients with simple steato-
sis and steatohepatitis than in healthy subjects [74]. IL-6 has
an important role in the development of NASH and systemic
inflammation; IL-6 levels were correlated with the degree
of inflammation and fibrosis in the liver [75]. The above-
mentioned inflammatory cytokines have a negative asso-
ciation with the skeletal muscle. In the Health ABC study,
elevated TNF-a and IL-6 levels were correlated with low
muscle mass and reduced muscle strength in aged male and
Female [76]. In a 10-year longitudinal study, plasma TNF-«
and IL-6 concentrations could predict the frailty and mor-
tality in older subjects [77]. We demonstrated that subjects
with sarcopenia had increased high-sensitivity C-reactive
protein (hs-CRP) levels than subjects without sarcopenia.
Moreover, hs-CRP levels had a negative correlation with
SMI and liver attenuation index (p <0.001) suggesting that
inflammation may be an important causative factor of sar-
copenia and NAFLD [32].

Hepatokines

Hepatokines are autocrine, paracrine, and endocrine pro-
teins secreted by hepatocytes that can mediate metabolic
disorders. These include adropin, angiopoietin-like protein
4, sex hormone-binding globulin, fetuin-A and -B, retinol-
binding protein 4, selenoprotein P, fibroblast growth factor
(FGF)-21, leukocyte cell-derived chemotaxin 2 (LECT?2),

Adipose tissue

Low grade inflammation
Oxidative stress

Free Fatty acid P
Macrophage infiltration

Liver

Liver steatosis

Kupffer cell activation
Inflammation

BM derived monocyte recruit

Stellate cell activation

!

Steatohepatitis
Fibrosis

I

and hepassocin (HPS) [11]. In 2005, FGF-21 was first
identified as a novel metabolic regulator. FGF-21 potenti-
ates clearance of systemic glucose and lipids and improves
insulin sensitivity, adiponectin action, mitochondrial func-
tion, thermogenesis, and energy expenditure. The improve-
ment is correlated with a reduction in triglyceride and
diacylglycerol levels and PKC translocation in the liver
and skeletal muscle [78]. Infusion of FGF-21 in mouse
model caused improvements in both hepatic and peripheral
insulin sensitivity and had a beneficial effect on obesity,
diabetes, and fatty liver disease [78, 79]. LECT2 is a novel
hepatokine that mediates obesity and skeletal muscle IR
[80]. Deletion of LECT2 in mice improved IR by phos-
phorylation of c-Jun N-terminal kinase (JNK) pathway in
the skeletal muscle. The results of our study showed that
the circulating LECT?2 levels were higher in patients with
NAFLD than in those without NAFLD [81]. Furthermore,
LECT?2 was positively associated with obesity, lipid pro-
files, hs-CRP, and liver aminotransferase levels. Hepato-
cyte-derived fibrinogen-related protein (HPS) is a protein
involved in hepatic regeneration [82]. HPS can mediate IR
and T2DM. Plasma HPS concentrations were upregulated
in NAFLD by inducing hepatic steatosis through the extra-
cellular signal-regulated kinase 1/2-dependent pathway
[83]. Furthermore, HPS was independently correlated with
fasting plasma glucose level, IR, impaired fasting glucose,
impaired glucose tolerance, and newly detected diabetes
in human [84]. In a recent study, increased HPS levels in
hepatocytes caused IR in the skeletal muscle through epi-
dermal growth factor receptor/JNK pathway [85].
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Myokines

The skeletal muscle is an endocrine organ secreting
myokines that regulate systemic metabolism. Irisin is a
myokine which stimulates uncoupling protein-1, brown-
ing of adipose tissue and improves glucose intolerance and
energy expenditure [86]. In the experimental models, irisin,
in an AMPK-dependent manner, improves hepatic steatosis
and glucose metabolism. In biopsy-proven NAFLD subjects,
irisin levels were similar in NAFL and NASH; however,
they were positively associated with the presence of por-
tal inflammation [87]. Irisin levels were inversely related
to hepatic triglyceride levels in 296 obese Chinese subjects
[88]. These metabolic effects may be related to sarcopenia,
but previous studies have shown contradicting results. We
observed that circulating irisin levels were not different in
subjects with sarcopenia compared with the controls using
two different irisin enzyme-linked immunosorbent assay
kits [89]. However, another study showed that irisin lev-
els were positively correlated with ASM/height? and hand
grip strength [90]. Myostatin, a member of the transform-
ing growth factor superfamily, is predominantly released by
the skeletal muscle and has a negative effect on the skeletal
muscle [91]. Blocking myostatin increases muscle mass,
improves insulin sensitivity and protects hepatic steatosis
in mice [92].

Physical inactivity

Physical inactivity causes loss of muscle mass and excess
positive energy balance aggravates obesity. Consequently,
sarcopenia and NAFLD can be provoked and aggravated
by chronic inflammation, IR, and oxidative stress. Exercise
can increase muscle insulin sensitization, promote muscle
protein synthesis, and myokine secretion. Physical activity
reduces the risk of developing sarcopenia (OR 0.45; 95% CI
0.37-0.55) as revealed in a meta-analysis [93]. Exercise can
improve metabolic health independent of weight loss [94].
After a 4-week aerobic cycling exercise, the hepatic triglyc-
eride concentration was observed to be decreased by 21%.

Areas for future study

Several studies have investigated the role of genetics in the
field of sarcopenia and NAFLD. The most extensively stud-
ied polymorphisms in sarcopenia are those of angiotensin
converting enzyme (ACE) gene I/D, a-actinin-3 (ACTN3),
and myostatin (MSTN) [95]. In a recent study in UK, vari-
ation in the human leukocyte antigen complex and non-
coding single nucleotide polymorphisms was associated
with sarcopenia [96]. However, whether the influence of
genetic variations is direct or specific to muscle phenotypes
or strength is controversial. In NAFLD, genetic variability
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in patatin-like phospholipase domain-containing protein 3
(PNPLA3), transmembrane 6 superfamily 2 human gene
(TM6SF2), membrane-bound O-acyltransferase domain-
containing protein 7 (MBOAT?7), and glucokinase regula-
tory protein (GCKR) genes was validated as a modifier [97].
Interestingly, there have been several studies that NAFLD/
NASH and insulin resistance has been associated with
genetic variation, such as PNPLA3. PNPLA3 1148 M variant
is associated with high liver fat, but not with insulin sensitiv-
ity [98]. However, PNPLA3 1148 M allele was associated
with insulin resistance in severely obese individuals [99].
Sarcopenia and NAFLD share common pathophysiology.
Further studies on the elucidation of genetic aspects that
mediates sarcopenia and NAFLD are needed.

Summary and conclusion

An increasing body of evidence indicates that sarcopenia
may play a role in NAFLD, not only in the pathogenesis but
also severity and prognosis. The underlying mechanisms for
the pathophysiology of NAFLD are IR, obesity, low-grade
inflammation, Vit. D deficiency, physical inactivity, hepa-
tokines, and myokines. Interventions such as weight reduc-
tion, exercise, Vit. D supplementation, myostatin inhibitor
administration, and insulin sensitizer therapy can be utilized
to ameliorate the loss of muscle mass and improve hepatic
steatosis (Fig. 3). High fructose diet is a well-known risk
factor for NAFLD. The high fructose intake increases uric
acid level thereby inducing insulin resistance and oxidative
stress [100]. Thus, changing diet habit may be helpful in
the management of sarcopenia as well as NAFLD. Aging
and underlying diseases can contribute to the incidence of
sarcopenia; NAFLD may be a risk factor for sarcopenia.
Therefore, it is currently unclear if sarcopenia contributes
to NAFLD or vice versa. Sarcopenia is a progressive loss of
skeletal muscle mass, strength, and physical performance.
Recent consensus suggests muscle function as a primary
determinant in addressing sarcopenia. Considering the

Vitamin D
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Protein Insulin
supplement sensitizer

l?

Fig.3 Possible interventions to improve sarcopenia in NAFLD.
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clinical studies demonstrating the association of low mus-
cle mass and NAFLD, further mechanistic studies on the
effect of low muscle function/performance on NAFLD are
necessary.
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