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An extensive body of the literature shows a strong interrelationship between the
pathogenic pathways of non-alcoholic fatty liver disease (NAFLD) and sarcopenia
through the muscle-liver-adipose tissue axis. NAFLD is one of the leading causes of
chronic liver diseases (CLD) affecting more than one-quarter of the general population
worldwide. The disease severity spectrum ranges from simple steatosis to non-alcoholic
steatohepatitis (NASH), cirrhosis, and its complications: end-stage chronic liver disease
and hepatocellular carcinoma. Sarcopenia, defined as a progressive loss of the skeletal
muscle mass, reduces physical performances, is associated with metabolic dysfunction
and, possibly, has a causative role in NAFLD pathogenesis. Muscle mass is a key
determinant of the whole-body insulin-mediated glucose metabolism and impacts fatty
liver oxidation and energy homeostasis. These mechanisms drive the accumulation of
ectopic fat both in the liver (steatosis, fatty liver) and in the muscle (myosteatosis).
Myosteatosis rather than the muscle mass per se, seems to be closely associated
with the severity of the liver injury. Sarcopenic obesity is a recently described entity
which associates both sarcopenia and obesity and may trigger worse clinical outcomes
including hepatic fibrosis progression and musculoskeletal disabilities. Furthermore, the
muscle-liver-adipose tissue axis has a pivotal role in changes of the body composition,
resulting in a distinct clinical phenotype that enables the identification of the “sarcopenic
NAFLD phenotype.” This review aims to bring some light into the complex relationship
between sarcopenia and NAFLD and critically discuss the key mechanisms linking
NAFLD to sarcopenia, as well as some of the clinical consequences associated with the
coexistence of these two entities: the impact of body composition phenotypes on muscle
morphology, the concept of sarcopenic obesity, the relationship between sarcopenia and
the severity of the liver damage and finally, the future directions and the existing gaps in
the knowledge.

Keywords: fatty liver, NAFLD, sarcopenia, obesity, muscle-liver axis, myosteatosis, inflammation, sarcopenic
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INTRODUCTION

The aging population and the global epidemics of obesity
and type 2 diabetes (T2DM) resulted in increased prevalence
of several chronic conditions, like non-alcoholic fatty liver
disease (NAFLD) and sarcopenia. NAFLD is now recognized
as one of the leading cause of chronic liver disease afflicting
more than 25.0% of the general population worldwide (1).
Sarcopenia, derived from the greek—“sarcos” (flesh) and
“penia” (loss), has been first described in 1989 (2) and is
characterized by age-related loss of muscle mass and functional
impairment. Since then, numerous studies, definitions and
diagnosis criteria have been suggested, leading in 2010 to the
development of the first diagnostic consensus of sarcopenia
by the European Working Group on Sarcopenia in Older
People (EWGSOP) (3). Initially described in older adults (more
than 50 millions adults affected in 2010), both sarcopenia and
frailty—defined as “decreasing physiologic reserve and increased
vulnerability to health stressors” (4)—are now recognized as
chronic progressive conditions associated with increased risk
of various comorbidities such as chronic liver disease and
cardiometabolic disorders, in particular obesity and T2DM, and
cancer (5).

Depending on the definitions used, the assessment methods
and the study population, sarcopenia is a prevalent condition
in patients with cirrhosis (40.0-70.0%) (6, 7) obesity (6.0-
43.0%) (8, 9) and NAFLD/non-alcoholic steatohepatitis (NASH)
(20.0%) (10). It is likely that NAFLD and sarcopenia share
common physiological pathways and are interconnected
through the muscle-liver-adipose tissue axis. Skeletal muscle
plays a major role in glucose transport and disposal, fatty
liver oxidation and energy homeostasis which are all key
determinants in the pathophysiology of NAFLD. Ectopic lipid
deposition in the skeletal muscle related to increased energy
intake causes peripheral insulin resistance (IR) and usually
occurs before the onset of NAFLD but is also a common
feature of sarcopenia (11). The “metabolic inflexibility”
secondary to IR and the crosstalk between the target organs
involved (skeletal muscle, liver and adipose tissue) are major
determinants in the physiopathology and progression of both
conditions (12, 13).

Several studies suggest that sarcopenia is a disease modifier
across the spectrum of NAFLD (14). However, the risk of
poor clinical outcomes increases when both conditions are
associated and therefore is difficult to establish a cause-effect
relationship beyond and above the overlap of the common
physiopathological pathways. The main topics addressed here
are: (i) key mechanisms linking NAFLD and sarcopenia -
from IR and low-grade inflammation to myosteatosis and
impact of clinical phenotypes on muscle morphology; (ii)
clinical evidence linking sarcopenia and NAFLD across the
severity spectrum of the liver damage and clinical outcomes;
(iii) the concept of sarcopenic obesity (SO); (iv) finally, we
will address the future directions and the existing gaps in
the knowledge.

COMMON MECHANISMS LINKING
SARCOPENIA AND NAFLD

Extensive studies carried out in recent years showed a strong
interrelationship between the pathogenic pathways of non-
alcoholic fatty liver disease (NAFLD) and sarcopenia through
the muscle-liver-adipose tissue axis. The potential interactions
between the adipose tissue and the skeletal muscle may play an
essential role in the physiopathology and the natural history of
NAFLD. The interplay between muscle and liver is influenced
by several factors; among them, insulin resistance (IR), obesity,
chronic low-grade inflammation, and several hepatokines and
myokines have a significant impact on both entities. Other key
factors that may significantly impact the muscle-liver crosstalk
are vitamin D deficiency, unhealthy/diet composition, oxidative
stress, aging, physical inactivity, and several hormonal changes
[growth hormone (GH), insulin-like growth factor 1 (IGF-1),
testosterone and osteocalcin] (5, 15). Based on the existing
data, the association between sarcopenia and NAFLD seems
to be independent of IR or obesity (10, 16, 17). Figurel
summarizes the key cellular and molecular mechanisms involved
in the complex interplay between adipose tissue, sarcopenia,
and NAFLD. The dysregulation of the physiological relationship
between the skeletal muscle and the liver is bidirectional and
potentially plays a role in the progression of NAFLD. However,
whether NAFLD directly contributes to sarcopenia or vice versa
is still of debate. Further studies are required to specifically focus
on the possible mechanisms linking sarcopenia and NAFLD (18).

Insulin Resistance

At the Skeletal Muscle Level

Given that sarcopenia is a multifactorial condition (8, 19),
characterized by generalized and progressive loss of skeletal
muscle mass (SMM), reduced physical performance and
strength (3), it may be exacerbated by the association with
some comorbidities that have common pathophysiological
backgrounds. Moreover, a condition known as sarcopenic obesity
(SO) proves that the detrimental effects of sarcopenia are
magnified when associated with obesity. As such, IR is considered
not only the core common pathological mechanism responsible
for developing sarcopenia, but also a pivotal mechanism in the
development and progression of NAFLD/NASH (20, 21).

In addition, the skeletal muscle is the major participant
in the whole-body insulin-mediated glucose homeostasis and
has the highest requirement of postprandial glucose in an
insulin-dependent manner. In the settings of normal skeletal
muscle physiology, insulin stimulates glycogen synthesis in
the liver and muscle. It also binds to the transmembrane
insulin receptor and activates the Protein Kinase C (PKC)
pathway, supporting the translocation of the glucose membrane
transporter-4 (GLUT4) and thus facilitating glycogen synthesis.
Moreover, insulin plays a major role in protein metabolism,
promotes the transport of amino acids (AA) in tissues, improves
protein synthesis and the inhibition of proteolysis (22, 23),
mainly via the p38 mitogen-activated protein kinase (MAPK) and
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FIGURE 1 | (Created with BioRender.com). Key cellular and molecular mechanisms involved in the complex interplay between adipose tissue, sarcopenia, and the
nonalcoholic fatty liver disease (NAFLD). The potential interaction between adipose tissue and skeletal muscle plays an essential role in the pathophysiological and
natural course of NAFLD. Adipose tissue dysfunction is characterized by inflammation and adipokine disturbances, subsequent ectopic fat deposition and insulin
resistance (IR). In insulin-resistant subjects, insulin fails to promote glycogen synthesis and favors adipose tissue lipolysis, redirecting substrate to “de novo”
lipogenesis and accelerates proteolysis. These deregulations trigger further insults in hepatocytes through increased inflammation, lipotoxicity, mitochondrial
dysfunction, oxidative and endoplasmic reticulum stress and anabolic resistance, which can all contribute to the progression of NAFLD. The release of multidirectional
molecular signals comprising myokines and hepatokines regulates a range of systemic metabolic processes including skeletal muscle and hepatic IR, escalating
dysfunction of the adipose-muscle-liver axis. Other mechanisms like dysbiosis related to changes in gut microbiota may have additional detrimental effects. Thus,
dysregulation of the complex physiological relationship between skeletal muscle and the liver is reciprocally unfavorable and supports each other in a vicious circle,
potentially playing a causative role in NAFLD incidence or progression. ANGPTL4, angiopoietin-like 4; BCAA, branched-chain amino acids; ER, endoplasmic
reticulum; FABP, fatty acid-binding protein; FFA, free fatty acid; FGF21, fibroblast growth factor 21; GH, growth hormone; HPS, hepassocin; IGF-1, insulin-like growth
factor 1; IL-6, interleukin-6; LECT2, leukocyte cell-derived chemotaxin-2; MCP-1, monocyte chemoattractant protein 1; MF, macrophages; NAFLD, nonalcoholic fatty
liver disease; NASH, nonalcoholic steatohepatitis; RBP4, retinolbinding protein 4; TNF-a, tumor necrosis factor-alpha.
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the mammalian target of rapamycin p70S6 kinase (mTOR/p70S6)
pathways (24-26).

Skeletal muscle is significantly involved in the energy
metabolism. In a healthy subject, fasting periods are characterized
by a decrease in insulin levels and by the use of fatty acids (FA)
as the preferred fuel substrate (27). After a meal, insulin levels
rise, favoring cellular glucose uptake and shifting the fuel source
from FA to glucose. Metabolic flexibility represents this capacity
of recognizing the appropriate fuel substrate and periodically
shifts between FA (during fasting) and glucose (postprandial) in
order to produce energy (28, 29). The absence of appropriate
periodic shifts in glucose and fat oxidation in accordance with

the energy state results in metabolic inflexibility (30). In these
settings, insulin pulsatile secretion is impaired and leads to
hyperinsulinemia and insulin resistance (30, 31). IR can develop
before NAFLD, as a result of excess adiposity, or may occur
subsequent to NAFLD, due to hepatic lipid infiltration leading to
impaired glucose and triglycerides metabolism (32). Myosteatosis
is a consequence of excessive circulating FA and IR. Muscle
cell lipid infiltration is associated with reduced protein synthesis
(33, 34).

The skeletal muscle protein synthesis depends on the
proper stimulation by anabolic hormones (insulin, GH, IGF-1,
sex hormones), AA availability and muscle contractibility
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(mechanical stimulation) (35, 36). Protein catabolism develops
in the context of energy, AA or hormonal deficiencies, physical
inactivity, and inflammatory processes (35, 37). The main
causes of anabolic resistance include older age, obesity, IR
reduced AA availability and systemic inflaimmation. Very
important, in hepatic disorders (NAFLD, NASH, cirrhosis),
the decline in the muscle mass is often caused by IR. This
leads to anabolic resistance, the loss of protein synthesis in
the skeletal muscle (particularly structural muscle proteins,
including myosin) and reduced insulin-mediated suppression
of protein catabolism which exacerbate proteolysis and
lipolysis (38-40). As IR promotes a decrease in SMM, it
also worsens sarcopenia and further favors the increased fat
accumulation (myosteatosis) (41, 42). As such, the diminished
additional SMM reduces insulin-mediated glucose disposal
and contributes to IR, promoting gluconeogenesis which,
in turn, may exacerbate proteolysis and muscle depletion,
resulting in a vicious cycle (43-45). Several studies evaluated
the regulatory action in protein synthesis of leucine and
arginine. Leucine is involved in protein turnover through protein
synthesis stimulation, proteolysis inhibition, and activation
of the mammalian target of rapamycin complex 1 (mTORC1)
(46, 47). Arginine is an AA used as a substrate for nitric
oxide synthesis, which increases the muscle blood flow and
further promotes glucose uptake, fatty acid oxidation and
lipolysis (48). Several interventional studies showed that AA
supplementation may ameliorate sarcopenia by improving the
lean body mass (LBM) and the Liver Frailty Index (5, 49).
Moreover, anabolic resistance may also be alleviated with
exercise (50).

Skeletal muscle lipid levels (or intramyocellular lipids/IMCL)
develop particularly when the inflow of free fatty acids
(FFAs) exceeds the oxidative capacity of the skeletal muscle.
It is now accepted that IMCL accumulation is negatively
correlated with insulin sensitivity, suggesting the involvement
of IMCL in the development of lipid-induced IR, probably
due to a disbalance in the skeletal myocellular lipid influx,
lipid metabolism, and oxidative capacity (51). Based on
available evidence, the accumulation of bioactive DAG species,
at specific intracellular sites, rather than the total levels
of IMCL, could have had a role in lipid-induced IR by
activating the serine phosphorylation of insulin receptor
substrates-1 (IRS-1), and interfering with phosphoinositide
3-kinase (PI3K) activation (24, 52). The accumulation of
lipid intermediates causes lipotoxicity by promoting reactive
oxygen species (ROS) production and endoplasmic reticulum
(ER) stress, which, in turn, lead to impaired mitochondrial
dysfunction (53) and create a vicious cycle of lipotoxicity
(54). More recent data suggest that intramyocellular lipid
dynamics [decreased triglyceride (TAG) synthesis or increased
TAG lipolysis, and reductions in oxidative capacity] may
represent essential causes in regulating lipid-induced IR (51).
Moreover, intermyocellular adipose tissue (IMAT) and IMCL
secrete myostatin, C-C motif chemokine ligand 2 (CCL2),
tumor necrosis factor-alpha (TNF-a), interleukin-1 alpha
(IL-1a), and interleukin-6 (IL-6), thus inducing IR and
lipotoxicity (55).

At the Hepatic Level

IR plays an important role in NAFLD pathogenesis. IR
triggers adipokine-induced liver damage through increased
inflammation, oxidative and ER stress, mitochondrial
dysfunction, anabolic resistance, and increased deposition
of ectopic fat. All of the above mentioned mechanisms are
responsible for the progression of NAFLD (56, 57) and account
for the overlap between the muscle and the liver damage.

The hepatic fat content is the strongest predictor of IR
both in the skeletal muscle and in adipose tissue. In addition,
hepatic steatosis and IR are correlated independently of adiposity,
which indicates that liver fat, rather than body fat in general,
is responsible for this association (58-61). Consequently, DAGs
levels are strong predictors of hepatic IR (62, 63) and trigger IR
through the activation of the PKC pathway.

The presence of hepatic steatosis is an independent predictor
for incident T2DM (64-66). As already shown (67), adipose
tissue IR was correlated with the severity of muscle and
liver insulin sensitivity, as well as with hepatic steatosis.
Moreover, their presence worsens with the progression of
glucose intolerance, which may aggravate lipotoxicity, explaining
the higher difference between adipose tissue IR, presented by
individuals with T2DM and with or without NAFLD. As higher
muscle mass is related to greater insulin sensitivity and lower risk
of prediabetes, sarcopenia may be an early predictor of diabetes
susceptibility, independently of obesity (68). Thus, sarcopenic
patients had higher amounts of total body fat mass (FM), more
components of metabolic syndrome (MetS), HOMA-IR index,
and higher C-reactive protein (CPR) levels, compared to those
without sarcopenia (10). Furthermore, a negative relationship
was found between HOMA-IR, liver attenuation index and
skeletal muscle mass index (SMI), in opposition to a positive
correlation between HOMA-IR and CPR, suggesting a potential
inflammatory role of the muscle-liver axis.

Consequently, the current therapeutic focus is to reduce the
low-grade inflammation through lifestyle changes and physical
activity, by promoting visceral fat and fatty liver reduction in
association with greater energy expenditure and increased SMM
(69). Given the limited expandability of the adipose tissue,
excessive lipids accumulation occurs in other compartments such
as the liver and skeletal muscle. Thus, during aerobic exercise,
the stored lipids are used as a fuel source (70), which can
lead to decreased levels of myostatin (15). Myostatin has been
suggested as a diagnostic biomarker to predict obesity-associated
comorbidities, due to its increased concentration in skeletal
muscle and its significant correlation with IR severity (71).

The Role of Adipose Tissue in Sarcopenia
and NAFLD

Adipose tissue may interfere with the liver and muscle
through the secretion of various adipokines, such as leptin and
adiponectin. Hyperleptinemia is positively correlated with fat
mass (FM) (72) and may facilitate IR, liver inflammation and
fibrosis (73). It has been shown that circulating leptin levels were
higher in patients with NAFLD than in normal subjects, and
were positively correlated with the severity of the liver damage
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(74). Increased leptin levels are found in sarcopenic patients
despite their low body FM. The appendicular skeletal muscle
mass (ASM) was independently and negatively correlated with
leptin even after adjusting for body FM (75).

Adiponectin, another major adipokine, is a protein exclusively
secreted from the adipose tissue and negatively correlates with
fat accumulation. Adiponectin promotes insulin sensitivity by
facilitating glucose uptake in the skeletal muscle and adipose
tissue and increases fatty acid oxidation (76, 77). Accordingly,
it is likely that adiponectin triggers the preferential use of
FFA as a fuel in the skeletal muscle (76-78). Additionally,
adiponectin exerts an anti-inflammatory effect (79) and has a
hepatoprotective role in liver inflammation and cell injury (80-
82).

To sum up, the complex interplay between the adipose tissue,
the skeletal muscle and the liver is leading to the development of
NAFLD and its progression to NASH, but also to the loss of the
skeletal muscle mass and worsening sarcopenia.

Chronic Low-Grade Inflammation
Both NAFLD and obesity are now recognized as subclinical
inflammatory conditions (83, 84). Obesity enlarged adipose
tissue secretes adipokines and proinflammatory cytokines
which facilitate infiltration of macrophages (MF) and other
inflammatory cells. MF are the major source of inflammatory
mediators and the importance of macrophage-mediated
inflammation is recognized as a cause of IR (84, 85). Thus, MF
change the phenotype to M1 and liberate pro-inflammatory
factors such as TNF-q, interleukin-1 beta (IL-1p), IL-6, and
CCL2 (5, 24, 86, 87) resulting in toxic effects on myocytes
and ultimately sarcopenia. It seems that these cytokines
induce muscle atrophy by favoring apoptosis and upregulating
proteasomal decay of filament proteins (5, 24, 76). IL-6 and TNF-
a are able to inhibit the anabolic hormone IGF-1 activity and to
induce IR, leading to a catabolic state and reduced myogenesis
(76, 88). TNF-a might also induce apoptosis in muscle cells (89).
In addition, IL-6 may be secreted by the skeletal muscle during
the physical exercise and after its outflow in the blood stream
increases liver gluconeogenesis and adipose tissue lipolysis
(76, 90). These data were supported by a study showing that CRP
and IL-6 were positively correlated with body mass index (BMI)
and FM and were inversely correlated with fat-adjusted ASM
(91). However, no significant associations were found between
CRP and IL-6 levels and obesity or sarcopenia showing that
the role of inflammatory cytokines in the development of SO is
poorly understood. Similarly, NAFLD is accompanied by hepatic
inflammation and IR (92). MF and Kupffer cells contribute
to the overall inflammatory environment of the liver and are
thought to contribute to decreased hepatic insulin sensitivity by
secreting pro-inflammatory molecules that activate pathways
involved in insulin signaling. Inflammatory cytokines favor “de
novo” lipogenesis (92, 93) and increased intra hepatocyte levels
of ceramide which may decrease insulin signaling (92, 94) by
inhibiting the activation of AKT/PKB (protein kinase B).

Thus, the development of chronic inflammation and oxidative
stress induced by the multidirectional molecular signals of
cytokines secreted in an excessive manner (80, 81) could

aggravate the dysregulation of the muscle-liver axis, resulting in
loss of the muscle mass (14) but also playing a causative role in
NAFLD progression (5).

Other Key Factors

Nonetheless, muscle-liver crosstalk is influenced by numerous
other factors, such as vitamin D deficiency, hormonal changes
(GH; IGF-1; testosterone levels), low physical activity, aging, and
diet composition (5, 15).

Hepatokines

Hepatokines are liver-secreted proteins that signal through
autocrine, paracrine and endocrine signaling to impact hepatic
and non-hepatic metabolic processes. The hepatocyte protein
secretome undergoes marked changes in response to liver
steatosis (95). The most studied hepatokines are: hepassocin
(HPS), adropin, angiopoietin-like protein 4 (ANGPTL4),
sex hormone-binding globulin (SHBG), fetuin-A and -B,
retinolbinding protein 4 (RBP4), selenoprotein P, fibroblast
growth factor 21 (FGF21), leukocyte cell-derived chemotaxin
2 (LECT2). HPS or hepatocyte-derived fibrinogen-related
protein can mediate IR in both liver and skeletal muscle and
increases hepatic lipid accumulation and NAFLD activity
scores (96). Furthermore, increased HPS levels in hepatocytes
induce IR in the skeletal muscle through the epidermal growth
factor receptor/ c-Jun N-terminal kinases (JNK) pathway (97).
Increased Fetuin-A in steatosis stimulates pro-inflammatory
cytokine production from adipocytes and MF but also may cause
IR (98, 99). Administration of FGF21 in mice improves hepatic
and peripheral insulin sensitivity (100), suppresses lipolysis in
adipose tissue (101), and reduces triglyceride and DAG levels in
liver and skeletal muscle (102, 103). However, these beneficial
effects on obesity, T2DM, and fatty liver disease seem to contrast
with the high levels of FGF21 identified in these disorders, being
currently difficult to specify whether this reflects a resistance
to FGF21 or it is a compensatory reaction to basal metabolic
stress (95).

LECT2 positively correlates with obesity and severity of
liver steatosis and mediates skeletal muscle IR and hepatic IR
(103-105). RBP4 is secreted by hepatocytes and adipose tissue
and is increased in steatosis. RBP overexpression is related to
inflammation and IR in mice and humans and has been validated
as a biomarker for a series of metabolic diseases, including T2DM
and obesity (106, 107). Selenoproteins P induces peripheral
and hepatic IR and is considered a biomarker for a range of
disorders including NAFLD, obesity, T2DM, and cardiovascular
disease (CVD) (108). Withal, the liver-specific deletion of the
gene encoding selenoprotein P enhances insulin signaling in
muscle and liver and improves whole-body glucose tolerance
(109). Positive metabolic actions are registered for adropin, a
hepatokine that improves insulin sensitivity, hepatic steatosis and
reduces adiposity. Low levels of adropin are linked to whole-body
adiposity, hepatic steatosis, IR, and CVD (110-112). ANGPTL4 is
generally produced in hepatic and adipose tissue and is decreased
in NAFLD. ANGPTL stimulates adipose tissue lipolysis, increases
plasma levels of lipids and may cause liver steatosis (113, 114).
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Altogether, hepatokines impact hepatic and
hepatic metabolic disorders and are important drivers of
metabolic processes, especially of the IR, directly influencing
the pathophysiology of the different components of the
muscle-liver axis.

non-

Myokines

Myostatin is a myokine known to play a crucial role in the
negative regulation of muscle mass. Increased levels of myostatin
promote protein catabolism, inhibit growth of skeletal muscle
and associate with obesity and IR (15). It has been shown
that deletion of myostatin in mice increases muscle mass and
reduces adiposity, increases insulin sensitivity and glucose uptake
and protects from hepatic steatosis (115-117). Myostatin has
both local and endocrine effects that can link sarcopenia and
NAFLD via a complex process involving several cellular signaling
pathways, resulting in the downregulation of the expression of
myogenic factors, the decrease in protein synthesis, and the
activation of proteasome-ubiquitin ligases (5, 115). Follistatin
is a specific inhibitor that binds myostatin and inhibits its
activity by preventing its attachment to the receptor. It has been
recently shown that myostatin may be a key molecular mediator
of muscle-liver crosstalk. Myostatin modulates the biologic
properties of human stellate cell (HSC) in a profibrogenic fashion
via activation of JNK and might be a novel muscle-to liver
pathway implicated in the pathogenesis of hepatic fibrosis in
NAFLD (118).

Other myokines that might link sarcopenia and NAFLD are
irisin and myonectin. Irisin improves glucose metabolism,
increases adipocyte energy expenditure, modulates the
expression of enzymes that inhibit lipid accumulation and
reduces weight and has a positive effect on hepatic steatosis
(24, 119, 120).

Myonectin promotes fatty acid uptake and links skeletal
muscle to lipid homeostasis in the liver and the adipose tissue
in response to alterations in the energy state, revealing a novel
myonectin-mediated metabolic circuit (121).

Vitamin D

Recent studies suggest that vitamin D deficiency or its impaired
signaling are involved in metabolic disorders, related to both
muscle and the liver (5, 122). It has been shown that vitamin D
nuclear receptors (VDRs) are present in human skeletal muscle.
Also, the vitamin D signaling by VDRs is involved in myogenesis,
myoblast proliferation, and differentiation and in the skeletal
muscle growth. Vitamin D levels are considerably lower in
individuals with sarcopenia, independently of the presence of
obesity (17, 123). Supplementation in vitamin D increases the
expression of VDRs in skeletal muscle and improves sarcopenia
(124), reinforcing the link between the two entities. Large meta-
analyses suggested that daily vitamin D supplementation was
beneficial for muscle strength, gait and balance (125) decreasing
the risk of falling, especially in those with a baseline vitamin
D level of <25 nmol/L (126). On the other hand, recent
studies (127) suggest that vitamin D deficiency is independently
associated with the severity of the injury in NAFLD. Altogether,
these data strengthen the hypothesis that vitamin D is a key

mediator in the nexus of NAFLD and sarcopenia and may be a
potential promising therapeutic target.

Physical Activity and Unhealthy Diet (Lifestyle
Changes)

Reduced physical activity correlates independently with
sarcopenia in patients with NAFLD (128). The physical exercises
required to improve sarcopenia in NAFLD patients should
aim to enhance muscle strength, muscle mass, and physical
performance. A meta-analysis evaluating the effects of the
physical exercise on sarcopenia in patients with NAFLD revealed
that endurance and combined (endurance and resistance)
exercises improved physical function but have no effect on
the muscle mass (129). Endurance exercises increase oxygen
consumption, mitochondrial synthesis and skeletal muscle
capillaries, improving the cardiovascular system and energy
levels (130, 131). Still, the best type of training that improves all
three parameters of sarcopenia needs to be defined.

An unbalanced diet, rich in lipids, fructose or sucrose,
plays an important role in the occurrence of NAFLD, by
favoring the development of subcutaneous and visceral obesity,
hypertension, IR, dyslipidemia and hyperuricemia (132, 133).
Interestingly, a week of high-fructose diet (>1.5 g/kg/day)
can double the intrahepatocellular lipids. During the same
time lapse, a fat-rich diet has a similar effect, leading to a
90.0% increase of intrahepatic fat, while a high glucose intake
(3.0 g/kg/day) causes a 60.0% increase (134). Nevertheless, a
reduction of fructose intake by 50.0% improves the hepatic fat
content, plasma transaminases, BMI, and the glucose metabolism
(135). The nutritional management in the presence of SO
involves FM reduction combined with an increase in muscle
mass and strength. These cases should benefit from protein
supplementation in order to prevent the catabolism and the
muscle loss (136). Patients with sarcopenia and NAFLD cirrhosis
require a protein intake of 1.5-2.0 g/kg/day (137). Moreover, in
cases of SO, a fairly hypocaloric diet and a late evening snack
(50.0 g carbohydrate £+ 20.0g protein) to minimize overnight
fasting and prevent muscle destruction, are advised (138, 139).

Hormonal Imbalance
It is now widely accepted that older age is correlated to the
development of NAFLD in the general population (43). Aging
is also associated with a decrease in anabolic hormones (GH,
IGF-1, testosterone), which further impacts muscle loss (140).
Aging and ectopic fat deposition cause a decline in GH levels,
which consequently downregulates the PI3K-AKT/PKB-mTOR
pathway, leading to lower levels of IGF-1 and impaired protein
synthesis in the muscles (141-143). Plasma IGF-1 levels are
positively correlated with LBM and muscle activity and negatively
associated with FM. IGF-1 binding proteins (IGFBP), which are
produced by the liver, also affect IGF-1 biological activity (144).
Moreover, reduced GH and IGF-1 levels favor ectopic fat storage
in the liver, contributing to NAFLD development (142, 145).
Under normal circumstances, testosterone increases muscle
mass by promoting protein synthesis, skeletal muscle cell
expression of androgen receptors, and IGF-1 secretion (36).
However, through an increased aromatase activity, obesity favors
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testosterone aromatization to estradiol, causing hypogonadism
(146). Hypogonadism favors central obesity by increasing TNF-
a and IL-6, thus contributing to SO (140, 147). Similarly, in
menopausal women, the low levels of estrogen and high levels of
follicle-stimulating hormone (FSH) and androgens promote SO
(148, 149).

CLINICAL EVIDENCE LINKING NAFLD AND
SARCOPENIA

The largest amount of data linking sarcopenia and NAFLD
comes from cross-sectional cohort studies, most of them
performed in Asian populations. Several large meta-analyses
showed that the risk of NAFLD, NASH and significant
fibrosis was increased 1.5-2.5 fold among individuals with
sarcopenia (150-153). Conversely, subjects with NAFLD have
significantly lower SMI when compared to controls (153).
Although these studies outline the bidirectional relationship
between sarcopenia and NAFLD, the causal relationship is
difficult to establish. The main limitations of these studies
come from the significant heterogeneity in the study population
and in the definitions and methods used to diagnose both
NAFLD and sarcopenia. These shortcomings explain at least
in part the differences in the prevalence of sarcopenia
across studies (Supplementary Table 1). Most of the studies
defined sarcopenia by low-muscle mass, determined by various
methods—dual energy-ray absorptiometry (DXA), bioelectric
impedance analysis (BIA), CT, and MRI Despite an international
consensus to include muscle strength when available (3), only a
minority of studies assessed muscle function and composition.
Muscle composition, in particular muscle fat infiltration,
also called myosteatosis, is a major determinant not only for
muscle strength and function, but also for metabolic and liver-
related clinical outcomes (144, 154, 155). Thus, adverse muscle
composition (AMC) has been widely studied, in an attempt to
elucidate the sarcopenia paradigm in NAFLD (144, 156, 157),
as shown in Figure 2. Patients with NAFLD have more frequent
AMC when compared with patients without NAFLD. A recent
study has shown that the skeletal muscle fat index (SMFI) as a
reflection of absolute high muscle fat content, rather than a low
muscle mass, is strongly and independently associated with the
severity spectrum of NAFLD and progressively increases from
patients without fatty liver to patients with isolated steatosis,
NASH without fibrosis and NASH with significant fibrosis
respectively, p < 0.0015 (155). Another study has shown that
NAFLD patients with low muscle mass and high intramuscular
fat represent a distinct clinical phenotype with significantly worse
metabolic outcomes, particularly with respect to T2DM and
coronary heart disease (156). Conversely, patients with NAFLD
and normal muscle composition had similar metabolic outcomes
as patients with normal liver and normal muscle composition.
Very important, this study showed that only a proportion of
patients with NAFLD and AMC had sarcopenia according to
the classical definition which strengthens the evidence that this
particular “unhealthy” phenotype is clearly underestimated by
the current methods used to diagnose and assess sarcopenia

(156). Altogether, these data suggest that muscle fatty infiltration
might be a potential marker associated with the severity spectrum
of NAFLD. Remarkably, a recent experimental study showed that
myosteatosis is strongly correlated with the severity of the liver
damage and discriminates between simple steatosis, NASH and
normal liver (144). Thus, myosteatosis has been suggested as a
new non-invasive biomarker of NAFLD/NASH, able not only to
predict the severity of the liver damage but also to identify early
changes muscle composition (144, 157, 158).

The differences in the study population with respect to
ethnicity and gender directly impact the body composition and
thus limits the generalizability of the results. Most of the studies
have been performed on Asian populations (10, 14, 17) and only
a minority have been performed in Europe (159) or in the US
(160-162). One study performed in the US has shown that the
prevalence of sarcopenia was higher in females, in Hispanics
and non-Hispanics whites (>40.0%) compared to non-Hispanic
Black and non-Hispanic Asian (<10.0%) (161). Several Asian
studies derived from the Korean National Health and Nutrition
Examination Survey (KHANES) 2008-2011 showed that patients
with sarcopenia have a two- to five-fold increased risk of
NAFLD (10, 45) and two-fold increase risk of significant fibrosis
(45) independently of obesity, IR, MetS and liver enzymes.
However, most of these studies used non-invasive methods to
diagnose NAFLD and to assess its severity (either biological
biomarkers or imaging methods) (14, 155, 159, 160, 163)
(Supplementary Table 1) which may lead to the misclassification
of NASH and advanced fibrosis.

More recently, the association between sarcopenia and the
severity spectrum of NAFLD has been confirmed in a cohort
of 309 patients with available liver histology. The prevalence
of sarcopenia almost doubled along the severity spectrum of
NAFLD and ranged from 9.0% in controls to 18.0% in patients
with isolated fatty liver, and 35.0% in patients with NASH.
Among individual histological features of NASH, sarcopenia was
associated with the amount of steatosis and ballooning but not
with lobular inflammation. Patients with sarcopenia also had
higher prevalence of significant fibrosis (>F2, 46.0 vs. 25.0%,
p < 0.001). Sarcopenic patients with NAFLD have a two-fold
increased risk for NASH (OR 2.46; 95% CI, 1.35-4.48) and
significant fibrosis (OR 2.01; 95% CI, 1.12-3.61). This association
persisted after adjustment for classical confounders (age, sex,
BMI, and T2DM) but was slightly attenuated after adjusting
for HOMA-IR and high-sensitivity C-reactive protein (hs-CRP)
which further highlights the role of IR and inflammation as a
potential link between the two entities (14).

The association between sarcopenia and the amount of
steatosis and fibrosis has been confirmed in a Caucasian
population by a recent study by Petta et al. (159) and persisted
after adjustment for confounders. The prevalence of sarcopenia
gradually increased with the fibrosis stages (fibrosis F0, 22.2%),
to F1 (34.9%), to F2 (43.7%), F3 (66.6%) and finally F4
(60.0%) (p = 0.002). Moreover, in the presence of sarcopenia,
the prevalence of severe fibrosis was higher both in patients
with visceral obesity (46.0 vs. 30.9% in non-sarcopenic, p =
0.05) and in non-obese patients (44.4 vs. 7.1%, p = 0.002).
Contrary to the Korean study, in this study, the significant
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FIGURE 2 | (Created with PowerPoint Microsoft). Muscle-liver-adipose tissue axis: the “egg or chicken” paradigm: weight gain leads to obesity and favors the onset of
chronic inflammation that can trigger increased muscle wasting (proteolysis) and promote “de novo” lipogenesis pathways. This increase the risk of NAFLD and
sarcopenia and favor the milieu for myosteatosis, a condition strictly associated with SO.

Sarcopenia

Muscle

association between sarcopenia and NASH was not maintained
after adjusting for demographic and metabolic risk factors (159).
These differences highlight not only the heterogeneity in the
populations studied (Asian vs. Caucasian) and the definition
used, but also suggest that sarcopenia and NAFLD are linked
through obesity and IR and probably potentate each other.
Indeed, sarcopenia reduces glucose uptake and increases insulin
resistance which in turn accelerates fibrosis progression. It is
under debate whether these findings should prompt us to include
the assessment of sarcopenia in the initial evaluation of patients
with NAFLD or vice versa and prospective follow-up studies are
mandatory. In line with that, several longitudinal studies support
the assumption that sarcopenia is an independent risk factor for
the progression of the liver damage and is able to predict clinical
outcomes and liver-related mortality.

A large longitudinal cohort study with a 10-year follow-up
showed that age-related decrease in ASM and body composition
were associated with an increased risk of incident NAFLD,
particularly in non-obese subjects. At baseline, individuals with
incident NAFLD had higher BMI, FM, and ASM despite a
lower ASM adjusted by body weight (ASM-to-weight); during
follow-up, they gained more weight, had a lower ASM-to-weight,
and had a more important decrease in ASM (43). Another
Korean study showed that baseline ASM-to-weight was inversely
associated with incident NAFLD and positively associated with

the resolution of pre-existing NAFLD. Furthermore, increasing
ASM-to-weight had a positive impact both on the risk of
incident NAFLD and the resolution of existing NAFLD even after
adjusting for metabolic confounders (164). Several longitudinal
follow-up studies showed that sarcopenic patients with NAFLD
had poor clinical outcomes and increased risk in overall (OR
1.28; 95% CI 1.06-1.5) and specific mortality, particularly
cardiovascular, cancer, and diabetes related mortality (162).
Another recent study analyzing the NHANES 1999-2004 dataset
reported a 78.0% increased risk in all-cause mortality and a
320.0% increase in cardiac-specific mortality in patients with
sarcopenia-related NAFLD (128).

Finally, in patients with compensated-advanced chronic liver
disease (c-ACLD), sarcopenia is highly prevalent [40.0% in
cirrhotic patients (165, 166), and rises up to 70.0% in candidates
to liver transplantation—LT] (Supplementary Table 2). Using
the Fried Frailty Index, 25.0% of candidates to LT were classified
as frail. In patients with cirrhosis, the annual rate of skeletal
muscle loss increases with the severity of liver disease from 1.3%
in Child A cirrhosis to 6.0% in Child C patients (167). In patients
with c-ACLD, both sarcopenia and frailty, significantly increase
the overall mortality (more than two-to-five-fold increase) the
risk of cirrhosis decompensation (hepatic encephalopathy—HE,
ascites), the length of hospital stay (168) and were associated with
higher medical costs (169).
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Sarcopenia is an independent predictor of mortality in
cirrhotic patients even after adjusting for MELD score or
the presence of portal hypertension (170). The addition of
sarcopenia to the MELD score improved the prediction of
short-term survival; The MELD-psoas model outperformed the
MELD score and performed similarly to MELD-Na in predicting
survival (171). Several studies described a dose-dependent and
bidirectional relationship between sarcopenia or frailty and the
clinical outcomes in cirrhosis. Thus, a single unit increase in
the Fried Frailty Index was associated with a 45.0% increase
in mortality on the waiting list for LT (172). Conversely, an
increase in HGS by 1.0kg or the improvement in the gait
speed by 0.1 m/s decreased the wait-list mortality by 11.0 and
28.0%, respectively (173). Although sarcopenia and frailty are
probably interrelated through a bidirectional relationship, each
entity captures different risks and thus explains the different
impact on the clinical outcomes in the same patient. Although
both sarcopenia and frailty have been largely explored in patients
with advanced liver disease, only a minority of studies specifically
focused on NAFLD-related cirrhosis (Supplementary Table 2).

The limited number of patients with NAFLD-related cirrhosis,
most of whom are coming from LT centers, is mainly due to
the fact that NAFLD was for a long time an underrecognized
condition and patients were listed both in United Network for
Organ Sharing (UNOS) and European Liver Transplant Registry
(ELTR) registries as either “cryptogenic cirrhosis” or “other
metabolic etiologies” (174). One study reported that patients with
NAFLD-related cirrhosis have a 6-fold increased risk of having
sarcopenic obesity (44) which in turn is associated with more
severe liver disease and worse outcomes (175). These results
are not consistent across all studies. For example, one study
from Mayo Clinics, found that patients with NAFLD-related
cirrhosis listed for LT had a higher prevalence of frailty (49.0%)
and myosteatosis (78.0%) and a lower prevalence of sarcopenia
(22.0%). The higher prevalence of frailty in patients with NAFLD
is probably related to the phenotype of NAFLD candidates to LT
(older age, clustering of cardiometabolic comorbidities) which
leads to disability, dependency and impaired cognitive function.
Frailty is associated with longer hospital stays and increased
risk of removal from the waiting list but had no impact on
the overall survival after LT (175). The course of sarcopenia
following LT is controversial and most of the studies have found
little or no improvement probably in a relationship with post-LT
complications or immunosuppressive therapy (176, 177).

SARCOPENIC OBESITY: A SEPARATE AND
DIFFERENT ENTITY?

Aging is characterized by specific alterations in body
composition, particularly by an increase in FM and a decrease
in SMM, without evident changes in BMI. The concept of
“sarcopenic obesity—SO” was first mentioned by Heber et al.
(178) in 1996 and defined as reduced LBM associated with
increased FM as determined by BIA. In 2000, Baumgartner
(179) described SO in relationship with the decline in physical
activity and energy expenditure as the interplay between obesity

and sarcopenia defined by DXA. The global prevalence of SO
is 11.0% in the general population and rises up to 23.0% in
subjects >75 years old as reported by a recent meta-analysis
(180) but can vary widely depending on the population
studied (181, 182).

Situated at the confluence between the actual trends in aging
population and the increasing prevalence of obesity, SO is now an
emerging health problem responsible for an increased disability
in daily activities and reduced quality of life. The morbidity and
mortality risk related to SO is greater than risk related to either
obesity or sarcopenia alone (183-185). For example, in the British
Regional Heart Study, a 6-year prospective study of >4,000 men
aged 60-70 years, the mortality risk was 55.0% and increased
in subjects with both sarcopenia and obesity compared with
those with sarcopenia or obesity alone (186). Similar results were
found among Japanese Americans elderly men from the Kuakini
Honolulu Heart Program (187). It has been shown that compared
to patients with sarcopenia or obesity alone, patients with SO
are at increased risk of MetS irrespective of ethnicity (Asian,
OR 8.28; 95% CI 4.45-15.4, and mixed population Asian and
Caucasian, OR 11.59; 95% CI 6.72-19.98, respectively) (188, 189).
Several cross-sectional studies also reported an increased risk of
hypertension (OR 6.42; 95% CI 4.85-8.48), dyslipidemia (OR
2.82;95% CI 1.76-4.51) (190), diabetes (OR 2.16; 95% CI 1.08-
3.27) (191), or diabetes related complications (OR 6.52; 95% CI
1.47-28.8) (192).

Concerning the cardiovascular risk associated with SO, the
results are controversial. Some studies reported an overall
increased risk for early atherosclerosis as defined by coronary
artery calcifications (OR 1.92; 95% CI 1.16-3.18) (193) and
10-year cardiovascular risk determined by Framingham score
(OR 2.49; 95% CI 1.53-4.06) (194) in subjects with SO vs.
sarcopenia or obesity alone. Data from the US NHANES database
including 11,317 participants also demonstrated that SO was
associated with an eight-fold increased risk of cardiovascular
disease in both metabolically healthy and unhealthy individuals
(195). The British Regional Heart Study, conducted in older
men of 60-79 years of age, although found a significant
association between SO and cardiovascular mortality, failed to
demonstrate an association between SO and coronary heart
disease events. Ultimately, the association between SO and
individual cardiovascular risk factors—atherogenic lipids profile
with low high-density lipoprotein cholesterol (HDL-C) and high
triglyceride levels, increased hs-CRP and IR acts together and
increases the overall cardiovascular risk and mortality (196).

The risk factors for SO identified by most of the studies
are older age (180), sex-related hormonal changes (i.e.,
postmenopausal increase in visceral fat as a result of low estrogen
levels, testosterone deficiency) (197), ethnicity (higher prevalence
in Hispanics and non-Hispanic whites compared with non-
Hispanics blacks) (181), physical inactivity and clustering of
the comorbidities (198). These risk factors are all common
among patients with NAFLD and favors SO. The clinical
phenotype of NAFLD is typically characterized by older age and
clustering of cardiometabolic comorbidities—T2DM, obesity and
its complications, and cardiovascular disease—which result in the
impairment of the effort capacity and decreased physical activity.
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On the other hand, a sizable proportion of patients with
NAFLD experienced repetitive restrictive dietary interventions
to lose weight which often result in loss of the LBM but gain
in FM because of concomitant physical inactivity. Therefore,
it is not surprising that the prevalence of SO is higher in
patients with NAFLD (ranges from 18.0 to 77.0%) than reported
in the general population (144, 158) (Supplementary Table 3).
By altering lipid muscle metabolism, IR and the inflammatory
pathways, obesity and sarcopenia promote lipotoxicity and not
only potentate each other in a kind of vicious circle as discussed
above, but also have a negative impact on the natural course of
NAFLD both in terms of the evolution of the cardiometabolic
conditions and progression of the liver damage. Conversely, the
presence of NAFLD significantly impacts the changes in body
composition. This has been shown in a small North American
weight loss interventional trial which evaluated the relationship
between NAFLD and NAFLD resolution and body composition
in obese individuals. Despite similar changes in BMI during
follow-up, patients with NAFLD had a greater reduction in
visceral adipose tissue area (VATA). Furthermore, participants
with NAFLD resolution had an even more significant reduction
in the VATA while no significant changes occurred in the SMM
(199). These findings suggest a possible protective role of FM in
preserving muscle mass in weight loss settings but further studies
are warranted.

Because of the overlapping in the physiopathological
pathways, it is under debate whether the impact of SO on the
liver-related outcomes is more than additive. Both sarcopenia
and obesity are risk factors for fibrosis progression. As shown in
a recent study from the NHANES database from 2017 to 2018
(161), patients with SO had a higher prevalence of significant
fibrosis (20.9 vs. 9.4%), and cirrhosis (7.5 vs. 2.6%) than those
without these conditions. Even after adjustment for confounders,
patients with SO have a two-fold higher risk of having NAFLD-
associated significant fibrosis. SO is found in 20.0 to 40.0%
of LT candidates. One study has shown that patients with
end-stage NAFLD listed for LT have a six-fold increased risk of
SO (44).

Both sarcopenia and obesity are established risk factors
for the development of hepatocellular carcinoma (HCC) and
are predictors for tumor recurrence and overall survival (200,
201). A retrospective study of 465 Japanese patients who
underwent liver resection for HCC found that preoperative
SO more than doubles the risk of death and HCC recurrence
after hepatectomy (202). These results have been confirmed
by another Japanese study that showed that patients with
SO have a significant decrease in overall and recurrence-free
survival at 3- and 5 years despite similar 1-year survival.
This study also showed that patients with SO also have more
advanced liver lesions with higher rates of multiple tumors,
microvascular invasion, moderate differentiation, and satellite
nodules (57). A more in-depth analysis of body composition
has shown that sarcopenia, intramuscular fat content and
visceral adiposity were independent predictors of mortality in
patients with HCC. These data emphasize that body composition
rather than BMI has significant prognostic value in HCC
patients (203).

As most of these data are coming from Asian population
with HBV-related cirrhosis, their generalizability to a Caucasian
population with NAFLD is limited. Whether the impact of SO on
liver and HCC-related outcomes is magnified in the context of
the pro-inflammatory and IR milieu which characterizes patients
with NAFLD should be determined by future prospective studies.

GAPS IN KNOWLEDGE AND FUTURE
DIRECTIONS

Sarcopenia and SO are perfect models to illustrate the changes
in body composition that occur with aging and result in distinct
clinical phenotypes which specifically impact clinical outcomes.
Simple clinical tools like BMI or waist circumference (WC)
measures are widely used to evaluate nutritional status (204) but
are unable to capture the differences in body composition, such
as the amount and the distribution of muscle and fat mass. As
an example, it is now widely accepted that low BMI is linked to
higher mortality rates in relationship with a low SMM and not
with a low FM. These data underline the clinical relevance of
the body composition and bring into attention a challenging new
paradigm also called the “obesity paradox.” This new concept
suggests the possible protective role of the FM and reveals the
preservation of the lean body mass as an important therapeutic
goal (205). This concept is particularly important in patients
with NAFLD because weight loss and lifestyle changes have a
central role in the management of the disease (206). Preventing
lean mass wasting should be a therapeutic goal in patients with
NAFLD who are particularly exposed to reduced physical activity
and sedentary behavior (207) due to the associated comorbidities.
Because a lot of the molecules now tested in randomized clinical
trials in NAFLD target multiple metabolic pathways to improve
liver damage and some of them are associated with changes in
body weight, the assessment of the body composition is now
one of the secondary outcomes to assess drug efficacy in the
ongoing clinical trials in NAFLD (208). While the assessment of
body composition gains more and more recognition in NAFLD
clinical trials, its use in routine clinical practice is still limited and
warrants increased awareness of the clinical practitioners.

The assessment of body composition has been extensively
investigated in sarcopenia and SO aiming to improve the
diagnosis of muscle disease in many settings. However, this
triggered a plethora of various diagnostic tools and different cut-
offs which resulted either in underestimating or overestimating
the prevalence of these conditions according to the populations
studied (209). The cut-off that is better correlated with
clinical outcomes has to be determined by future longitudinal
prospective follow-up studies for each diagnostic tool. Among
the diagnostic methods employed to assess muscle mass and
quality (210), some of them (CT, MRI) can also be performed to
evaluate the presence of hepatic steatosis which makes possible a
single examination for both conditions.

Another gap in the knowledge with important clinical
implications is to distinguish between each of (1) the quantitative
assessment of the SMM and body composition resulting into
sarcopenia or SO (2) assessment of the muscle strength resulting
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in functional impairment and frailty and (3) assessment of
the muscle composition resulting in myosteatosis. A better
understanding of the clinical and prognostic information
brought by each of these measures will allow for more
individualized recommendations to use one test or another
depending upon the clinical phenotype and management
strategies used for each patient.

Although the association between sarcopenia and NAFLD is
largely supported by the existing literature, there is insufficient
evidence to argue for a direct causal relationship between these
two entities beyond the common pathophysiological pathways.
In a kind of an “egg and chicken story” it is unclear whether
sarcopenia is coming first and represents a risk factor for NASH
progression, or it is rather a complication of NAFLD which
occurs later along with the worsening of the liver damage
(Figure 2). The studies published to date suggest that the two
entities are interconnected through a bidirectional relationship
and each one increases the risk for the other, in some kind
of a vicious circle. Thus, the crosstalk between muscle, liver
and adipose tissue plays a central role in shaping the body
composition and defines a new clinical phenotype concept called
sarcopenic NAFLD, which might account for the heterogeneity
of the NAFLD phenotypes. This concept is partially supported
by clinical and experimental data suggesting that sarcopenia and
NAFLD are both consequences of lipotoxicity and ectopic lipid
storage in skeletal muscle (myosteatosis) and hepatocytes. Yet, it
has to be determined whether screening for sarcopenia should be
implemented in routine clinical practice in patients with NAFLD.
Hypothetically, screening for sarcopenia and assessing muscle
composition in NAFLD would allow to better stratify patients
according to the clinical phenotype and identify those at higher
risk of disease progression and severe clinical outcomes. A first
line screening for sarcopenia could be easily done in clinical
practice using available questionnaires such as GLIM criteria
(Global Leadership Initiative on Malnutrition) (211), a worldwide
consensus for categorizing the various forms of malnutrition
based on phenotypic (body morphologies) and etiologic (food

REFERENCES

1. Younossi ZM. Non-alcoholic fatty liver disease—a global public health
perspective. ] Hepatol. (2019) 70:531-44. doi: 10.1016/j.jhep.2018.10.033

2. Rosenberg IH. Sarcopenia: origins and clinical relevance. J Nutr. (1997)
127:990S—18. doi: 10.1093/jn/127.5.990S

3. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al.
Sarcopenia: European consensus on definition and diagnosis: report of the
European Working Group on Sarcopenia in Older People. Age Aging. (2010)
39:412-23. doi: 10.1093/ageing/afq034

4. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al.
Frailty in older adults: evidence for a phenotype. | Gerontol A Biol Sci Med
Sci. (2001) 56:M146-156. doi: 10.1093/gerona/56.3.m146

5. Chakravarthy MV, Siddiqui MS, Forsgren MEF, Sanyal AJ. Harnessing muscle-
liver crosstalk to treat nonalcoholic steatohepatitis. Front Endocrinol. (2020)
11:592373. doi: 10.3389/fendo.2020.592373

6. Sinclair M, Gow PJ, Grossmann M, Angus PW. Review article: sarcopenia
in cirrhosis—aetiology, implications and potential therapeutic interventions.
Aliment Pharmacol Ther. (2016) 43:765-77. doi: 10.1111/apt.13549

intake and disease burden) criteria. European Association for the
Study of the Liver (EASL) guidelines clearly state that obesity
does not rule out malnutrition and recommend to perform
a rapid nutritional screen for sarcopenia in all patients with
cirrhosis and to complete a detailed assessment in those at high
risk of malnutrition (139).

Finally, in patients with NAFLD, a more subtle analysis of the
clinical phenotypes would potentially lower the heterogeneity of
the population included in NAFLD clinical trials, thus increasing
the chances to prove drugs efficacy. This would be particularly
helpful in the actual landscape of drug development in NAFLD
with a lot of molecules that failed to prove their efficacy despite
promising results in experimental and preliminary phase I and II
clinical trials. On the other hand, sarcopenia is a modifiable risk
factor through lifestyle interventions. Thus, the identification of
sarcopenic NAFLD phenotype will allow a better counseling of
the nutritional interventions with a focus on diet composition
and physical exercise to avoid skeletal muscle loss and weight
regain which is also known as the “accordion effect” (137). Subtle
changes in body composition might help to restore homeostasis
in the muscle-liver-adipose tissue axis and promote a long-term
sustained weight loss which is a key to modify the natural course
of NAFLD.

AUTHOR CONTRIBUTIONS

RP designed, wrote, and revised the manuscript. CS and VZ
equally contributed to writing the manuscript. HS performed
literature research and entered data. TM and VR critically
revised the manuscript. All authors approved the final version of
the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.
774030/ full#supplementary-material

7. Bunchorntavakul C, Reddy KR. Review article: malnutrition/sarcopenia and
frailty in patients with cirrhosis. Aliment Pharmacol Ther. (2020) 51:64-
77. doi: 10.1111/apt.15571

8. Kim TN, Yang SJ, Yoo HJ, Lim KI, Kang HJ, Song W, SH, et al. Prevalence of
sarcopenia and sarcopenic obesity in Korean adults: the Korean sarcopenic
obesity study. Int ] Obes. (2009) 33:885-892. doi: 10.1038/ij0.2009.130

9. Roh E, Choi KM. Health consequences of sarcopenic obesity: a narrative
review. Front Endocrinol. (2020) 11:332. doi: 10.3389/fendo.2020.

00332

Hong HC, Hwang SY, Choi HY, Yoo HJ, Seo JA, Kim SG, et al

Relationship between sarcopenia and nonalcoholic fatty liver disease: the

Korean Sarcopenic Obesity Study. Hepatol Baltim Md. (2014) 59:1772-

8. doi: 10.1002/hep.26716

. Loomba R, Friedman SL, Shulman GI.

consequences of nonalcoholic fatty

184:2537-64. doi: 10.1016/j.cell.2021.04.015

Armandi A, Rosso C, Caviglia GP, Bugianesi E. Insulin resistance across

the spectrum of nonalcoholic fatty liver disease. Metabolites. (2021)

11:155. doi: 10.3390/metabo11030155

Mechanisms and disease

liver disease. Cell. (2021)

Frontiers in Nutrition | www.frontiersin.org

11

January 2022 | Volume 8 | Article 774030


https://www.frontiersin.org/articles/10.3389/fnut.2021.774030/full#supplementary-material
https://doi.org/10.1016/j.jhep.2018.10.033
https://doi.org/10.1093/jn/127.5.990S
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.3389/fendo.2020.592373
https://doi.org/10.1111/apt.13549
https://doi.org/10.1111/apt.15571
https://doi.org/10.1038/ijo.2009.130
https://doi.org/10.3389/fendo.2020.00332
https://doi.org/10.1002/hep.26716
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.3390/metabo11030155
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zambon Azevedo et al.

Sarcopenia and Fatty Liver

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Prior SJ, Ryan AS, Stevenson TG, Goldberg AP. Metabolic inflexibility during
submaximal aerobic exercise is associated with glucose intolerance in obese
older adults. Obes Silver Spring Md. (2014) 22:451-7. doi: 10.1002/0by.20609
Koo BK, Kim D, Joo SK, Kim JH, Chang MS, Kim BG, et al. Sarcopenia is
an independent risk factor for non-alcoholic steatohepatitis and significant
fibrosis. ] Hepatol. (2017) 66:123-31. doi: 10.1016/j.jhep.2016.08.019
Nishikawa H, Enomoto H, Nishiguchi S, Iijima H. Sarcopenic obesity in
liver cirrhosis: possible mechanism and clinical impact. Int ] Mol Sci. (2021)
22:1917. doi: 10.3390/ijms22041917

Tovo CV, Fernandes SA, Buss C, de Mattos AA. Sarcopenia and non-
alcoholic fatty liver disease: Is there a relationship? A systematic review.
World ] Hepatol. (2017) 9:326-32. doi: 10.4254/wjh.v9.i6.326

Lee Y-H, Jung KS, Kim SU, Yoon H-J, Yun Y], Lee B-W, et al. Sarcopaenia
is associated with NAFLD independently of obesity and insulin resistance:
nationwide surveys (KNHANES 2008-2011). ] Hepatol. (2015) 63:486-
93. doi: 10.1016/j.jhep.2015.02.051

De Fré CH, De Fré MA, Kwanten WJ, Op de. Beeck BJ, Van Gaal LE,
Francque SM. Sarcopenia in patients with non-alcoholic fatty liver disease:
is it a clinically significant entity? Obes Rev Off ] Int Assoc Study Obes. (2019)
20:353-63. doi: 10.1111/0br.12776

Sung MJ, Lim TS, Jeon MY, Lee HW, Kim BK, Kim DY, et al. Sarcopenia
is independently associated with the degree of liver fibrosis in patients with
type 2 diabetes mellitus. Gut Liver. (2020) 14:626-35. doi: 10.5009/gnl19126
Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest. (2000)
106:171-6. doi: 10.1172/JCI10583

Tarantino G, Finelli C. What about non-alcoholic fatty liver disease as a
new criterion to define metabolic syndrome? World J Gastroenterol. (2013)
19:3375-84. doi: 10.3748/wjg.v19.i22.3375

Muniyappa R, Quon M]J. Insulin action and insulin resistance in
vascular endothelium. Curr Opin Clin Nutr Metab Care. (2007) 10:523—
30. doi: 10.1097/MCO.0b013e32819f8ecd

Hyde R, Peyrollier K, Hundal HS. Insulin promotes the cell surface
recruitment of the SAT2/ATA2 system A amino acid transporter from
an endosomal compartment in skeletal muscle cells. J Biol Chem. (2002)
277:13628-34. doi: 10.1074/jbc.M108609200

Hong S-H, Choi KM. Sarcopenic obesity, insulin resistance, and their
implications in cardiovascular and metabolic consequences. Int ] Mol Sci.
(2020) 21:E494. doi: 10.3390/ijms21020494

Guillet C. Prodhomme M, Balage M, Gachon P, Giraudet C, Morin L,
Grizard ], Boirie Y. Impaired anabolic response of muscle protein synthesis
is associated with S6K1 dysregulation in elderly humans. FASEB ] Off Publ
Fed Am Soc Exp Biol. (2004) 18:1586-7. doi: 10.1096/fj.03-1341fje

Fujita S, Rasmussen BB, Cadenas JG, Drummond M]J, Glynn EL, Sattler
FR, et al. Aerobic exercise overcomes the age-related insulin resistance
of muscle protein metabolism by improving endothelial function and
Akt/mammalian target of rapamycin signaling. Diabetes. (2007) 56:1615—
22. doi: 10.2337/db06-1566

Cahill GE, Herrera MG, Morgan AP, Soeldner JS, Steinke J, Levy PL,
et al. Hormone-fuel interrelationships during fasting. J Clin Invest. (1966)
45:1751-69. doi: 10.1172/JCI105481

Goodpaster BH, Sparks LM. Metabolic flexibility in health and disease. Cell
Metab. (2017) 25:1027-36. doi: 10.1016/j.cmet.2017.04.015

Randle PJ]. Regulatory interactions between lipids and carbohydrates: the
glucose fatty acid cycle after 35 years. Diabetes Metab Rev. (1998) 14:263—
83. doi: 10.1002/(sici)1099-0895(199812)14:4<263::aid-dmr233>3.0.co;2-¢
Lee S, Rivera-Vega M, Alsayed HMAA, Boesch C, Libman I. Metabolic
inflexibility and insulin resistance in obese adolescents with non-alcoholic
fatty liver disease. Pediatr Diabetes. (2015) 16:211-8. doi: 10.1111/pedi.12141
Galgani JE, Moro C, Ravussin E. Metabolic flexibility
insulin  resistance. ~Am ] Physiol Endocrinol  Metab.
295:E1009-1017. doi: 10.1152/ajpend0.90558.2008

Masgrau A, Mishellany-Dutour A, Murakami H, Beaufrére A-M, Walrand
S, Giraudet C, et al. Time-course changes of muscle protein synthesis
associated with obesity-induced lipotoxicity. J Physiol. (2012) 590:5199-
210. doi: 10.1113/jphysiol.2012.238576

Carpentier AC. 100th anniversary of the discovery of insulin perspective:
insulin and adipose tissue fatty acid metabolism. Am ] Physiol Endocrinol
Metab. (2021) 320:E653-70. doi: 10.1152/ajpendo.00620.2020

and
(2008)

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Koopmans §J, Kushwaha RS, DeFronzo RA. Chronic physiologic
hyperinsulinemia ~ impairs ~ suppression of plasma free fatty
acids and increases de novo lipogenesis but does not cause
dyslipidemia  in  conscious normal rats.  Metabolism.  (1999)

48:330-7. doi: 10.1016/50026-0495(99)90081-1

Tournadre A, Vial G, Capel E Soubrier M, Boirie Y. Sarcopenia. Joint Bone
Spine. (2019) 86:309-14. doi: 10.1016/j.jbspin.2018.08.001

Kadi F. Cellular and molecular mechanisms responsible for the action of
testosterone on human skeletal muscle. A basis for illegal performance
enhancement. Br ] Pharmacol. (2008) 154:522-8. doi: 10.1038/bjp.2008.118
Deger SM, Hung AM, Gamboa JL, Siew ED, Ellis CD, Booker C, et al.
Systemic inflammation is associated with exaggerated skeletal muscle
protein catabolism in maintenance hemodialysis patients. JCI Insight. (2017)
2:95185. doi: 10.1172/jci.insight.95185

Rasmussen BB, Fujita S, Wolfe RR, Mittendorfer B, Roy M, Rowe VL, et al.
Insulin resistance of muscle protein metabolism in aging. FASEB ] Off Publ
Fed Am Soc Exp Biol. (2006) 20:768-9. doi: 10.1096/1j.05-4607fje

Fujita S, Glynn EL, Timmerman KL, Rasmussen BB, Volpi E.
Supraphysiological hyperinsulinaemia is necessary to stimulate skeletal
muscle protein anabolism in older adults: evidence of a true age-related
insulin resistance of muscle protein metabolism. Diabetologia. (2009)
52:1889-98. doi: 10.1007/s00125-009-1430-8

Wilkes EA, Selby AL, Atherton PJ, Patel R, Rankin D, Smith K, et al
Blunting of insulin inhibition of proteolysis in legs of older subjects may
contribute to age-related sarcopenia. Am J Clin Nutr. (2009) 90:1343-
50. doi: 10.3945/ajcn.2009.27543

Bhanji RA, Narayanan P, Allen AM, Malhi H, Watt KD. Sarcopenia in
hiding: The risk and consequence of underestimating muscle dysfunction
in nonalcoholic steatohepatitis. Hepatol Baltim Md. (2017) 66:2055-
65. doi: 10.1002/hep.29420

Boirie Y, Short KR, Ahlman B, Charlton M, Nair KS. Tissue-specific
regulation of mitochondrial and cytoplasmic protein synthesis rates by
insulin. Diabetes. (2001) 50:2652-8. doi: 10.2337/diabetes.50.12.2652

Lee MJ, Kim E-H, Bae S-J, Kim G-A, Park SW, Choe J, et al. Age-related
decrease in skeletal muscle mass is an independent risk factor for incident
nonalcoholic fatty liver disease: a 10-year retrospective cohort study. Gut
Liver. (2019) 13:67-76. doi: 10.5009/gnl18070

Carias S, Castellanos AL, Vilchez V, Nair R, Dela Cruz AC, Watkins J, et al.
Nonalcoholic steatohepatitis is strongly associated with sarcopenic obesity in
patients with cirrhosis undergoing liver transplant evaluation. J Gastroenterol
Hepatol. (2016) 31:628-33. doi: 10.1111/jgh.13166

Lee Y, Kim SU, Song K, Park JY, Kim DY, Ahn SH, et al. Sarcopenia is
associated with significant liver fibrosis independently of obesity and insulin
resistance in nonalcoholic fatty liver disease: nationwide surveys (KNHANES
2008-2011). Hepatol Baltim Md. (2016) 63:776-86. doi: 10.1002/hep.2
8376

Anthony JC, Anthony TG, Kimball SR, Jefferson LS. Signaling pathways
involved in translational control of protein synthesis in skeletal muscle by
leucine. ] Nutr. (2001) 131:856S—60S. doi: 10.1093/jn/131.3.856S

Devries MC, McGlory C, Bolster DR, Kamil A, Rahn M, Harkness L,
et al. Leucine, not total protein, content of a supplement is the primary
determinant of muscle protein anabolic responses in healthy older women. J
Nutr. (2018) 148:1088-95. doi: 10.1093/jn/nxy091

Jobgen WS, Fried SK, Fu WJ, Meininger CJ, Wu G. Regulatory role for the
arginine-nitric oxide pathway in metabolism of energy substrates. ] Nutr
Biochem. (2006) 17:571-88. doi: 10.1016/j.jnutbio.2005.12.001
Martinez-Arnau FM, Fonfria-Vivas R, Buigues C, Castillo Y, Molina
P, Hoogland AJ, et al. Effects of leucine administration in sarcopenia:
a randomized and placebo-controlled clinical trial. Nutrients. (2020)
12:E932. doi: 10.3390/nu12040932

Huber Y, Pfirrmann D, Gebhardt I, Labenz C, Gehrke N, Straub BK, et al.
Improvement of non-invasive markers of NAFLD from an individualised,
web-based exercise program. Aliment Pharmacol Ther. (2019) 50:930-
9. doi: 10.1111/apt.15427

Bosma M, Kersten S, Hesselink MKC, Schrauwen P. Re-evaluating
lipotoxic  triggers in skeletal muscle: relating intramyocellular
lipid metabolism to insulin sensitivity. Prog Lipid Res. (2012)
51:36-49. doi: 10.1016/j.plipres.2011.11.003

Frontiers in Nutrition | www.frontiersin.org

12

January 2022 | Volume 8 | Article 774030


https://doi.org/10.1002/oby.20609
https://doi.org/10.1016/j.jhep.2016.08.019
https://doi.org/10.3390/ijms22041917
https://doi.org/10.4254/wjh.v9.i6.326
https://doi.org/10.1016/j.jhep.2015.02.051
https://doi.org/10.1111/obr.12776
https://doi.org/10.5009/gnl19126
https://doi.org/10.1172/JCI10583
https://doi.org/10.3748/wjg.v19.i22.3375
https://doi.org/10.1097/MCO.0b013e32819f8ecd
https://doi.org/10.1074/jbc.M108609200
https://doi.org/10.3390/ijms21020494
https://doi.org/10.1096/fj.03-1341fje
https://doi.org/10.2337/db06-1566
https://doi.org/10.1172/JCI105481
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.1002/(sici)1099-0895(199812)14:4<263::aid-dmr233>3.0.co;2-c
https://doi.org/10.1111/pedi.12141
https://doi.org/10.1152/ajpendo.90558.2008
https://doi.org/10.1113/jphysiol.2012.238576
https://doi.org/10.1152/ajpendo.00620.2020
https://doi.org/10.1016/s0026-0495(99)90081-1
https://doi.org/10.1016/j.jbspin.2018.08.001
https://doi.org/10.1038/bjp.2008.118
https://doi.org/10.1172/jci.insight.95185
https://doi.org/10.1096/fj.05-4607fje
https://doi.org/10.1007/s00125-009-1430-8
https://doi.org/10.3945/ajcn.2009.27543
https://doi.org/10.1002/hep.29420
https://doi.org/10.2337/diabetes.50.12.2652
https://doi.org/10.5009/gnl18070
https://doi.org/10.1111/jgh.13166
https://doi.org/10.1002/hep.28376
https://doi.org/10.1093/jn/131.3.856S
https://doi.org/10.1093/jn/nxy091
https://doi.org/10.1016/j.jnutbio.2005.12.001
https://doi.org/10.3390/nu12040932
https://doi.org/10.1111/apt.15427
https://doi.org/10.1016/j.plipres.2011.11.003
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zambon Azevedo et al.

Sarcopenia and Fatty Liver

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Boura-Halfon S, Zick Y. Phosphorylation of IRS proteins, insulin action,
and insulin resistance. Am ] Physiol Endocrinol Metab. (2009) 296:E581-
591. doi: 10.1152/ajpendo.90437.2008

Hafizi Abu Bakar M, Kian Kai C, Wan Hassan WN, Sarmidi MR, Yaakob
H, Zaman Huri H. Mitochondrial dysfunction as a central event for
mechanisms underlying insulin resistance: the roles of long chain fatty acids.
Diabetes Metab Res Rev. (2015) 31:453-75. doi: 10.1002/dmrr.2601

Stinkens R, Goossens GH, Jocken JWE, Blaak EE. Targeting fatty acid
metabolism to improve glucose metabolism. Obes Rev Off J Int Assoc Study
Obes. (2015) 16:715-57. doi: 10.1111/0br.12298

Rivas DA, McDonald DJ, Rice NP, Haran PH, Dolnikowski GG, Fielding RA.
Diminished anabolic signaling response to insulin induced by intramuscular
lipid accumulation is associated with inflammation in aging but not
obesity. Am ] Physiol Regul Integr Comp Physiol. (2016) 310:R561-
9. doi: 10.1152/ajpregu.00198.2015

Hui E, Xu A, Bo Yang H, Lam KSL. Obesity as the common soil of non-
alcoholic fatty liver disease and diabetes: role of adipokines. J Diabetes
Investig. (2013) 4:413-25. doi: 10.1111/jdi.12093

Liao C, Li G, Bai Y, Zhou S, Huang L, Yan M, et al. Prognostic value
and association of sarcopenic obesity and systemic inflammatory indexes
in patients with hepatocellular carcinoma following hepatectomy and the
establishment of novel predictive nomograms. ] Gastrointest Oncol. (2021)
12:669-93. doi: 10.21037/jgo-20-341

Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, Patterson BW, Klein
S. Alterations in adipose tissue and hepatic lipid kinetics in obese men
and women with nonalcoholic fatty liver disease. Gastroenterology. (2008)
134:424-31. doi: 10.1053/j.gastro.2007.11.038

Korenblat KM, Fabbrini E, Mohammed BS, Klein S. Liver, muscle,
and adipose tissue insulin action is directly related to intrahepatic
triglyceride content in obese subjects. Gastroenterology. (2008) 134:1369—
75. doi: 10.1053/j.gastro.2008.01.075

Koska ], Stefan N, Permana PA, Weyer C, Sonoda M, Bogardus C,
et al. Increased fat accumulation in liver may link insulin resistance with
subcutaneous abdominal adipocyte enlargement, visceral adiposity, and
hypoadiponectinemia in obese individuals. Am ] Clin Nutr. (2008) 87:295-
302. doi: 10.1093/ajcn/87.2.295

Gastaldelli A, Cusi K, Pettiti M, Hardies J, Miyazaki Y, Berria R, et al.
Relationship between hepatic/visceral fat and hepatic insulin resistance in
nondiabetic and type 2 diabetic subjects. Gastroenterology. (2007) 133:496-
506. doi: 10.1053/j.gastro.2007.04.068

Kumashiro N, Erion DM, Zhang D, Kahn M, Beddow SA, Chu X, et al.
Cellular mechanism of insulin resistance in nonalcoholic fatty liver disease.
Proc Natl Acad Sci USA. (2011) 108:16381-5. doi: 10.1073/pnas.1113359108
Magkos E Su X, Bradley D, Fabbrini E, Conte C, Eagon JC,
et al. Intrahepatic diacylglycerol content is associated with hepatic
insulin  resistance in obese subjects. Gastroenterology. (2012)
142:1444-6.€2. doi: 10.1053/j.gastro.2012.03.003

Ducluzeau P-H, Boursier ], Bertrais S, Dubois S, Gauthier A, Rohmer V,
et al. MRI measurement of liver fat content predicts the metabolic syndrome.
Diabetes Metab. (2013) 39:314-21. doi: 10.1016/j.diabet.2013.01.007
Kotronen A, Laaksonen MA, Heliovaara M, Reunanen A, Tuomilehto J, Yki-
Jarvinen H, et al. Fatty liver score and 15-year incidence of type 2 diabetes.
Hepatol Int. (2013) 7:610-21. doi: 10.1007/s12072-013-9430-7

Zelber-Sagi S, Lotan R, Shibolet O, Webb M, Buch A, Nitzan-Kaluski D, et al.
Non-alcoholic fatty liver disease independently predicts prediabetes during
a 7-year prospective follow-up. Liver Int Off J Int Assoc Study Liver. (2013)
33:1406-12. doi: 10.1111/1iv.12200

Ortiz-Lopez C, Lomonaco R, Orsak B, Finch ], Chang Z, Kochunov VG,
et al. Prevalence of prediabetes and diabetes and metabolic profile of patients
with nonalcoholic fatty liver disease (NAFLD). Diabetes Care. (2012) 35:873—
8. doi: 10.2337/dc11-1849

Srikanthan P, Hevener AL, Karlamangla AS. Sarcopenia exacerbates
obesity-associated insulin resistance and dysglycemia: findings from the
National Health and Nutrition Examination Survey III. PLoS ONE. (2010)
5:¢10805. doi: 10.1371/journal.pone.0010805

Moon JS, Yoon JS, Won KC, Lee HW. The role of skeletal muscle in
development of nonalcoholic Fatty liver disease. Diabetes Metab J. (2013)
37:278-85. doi: 10.4093/dm;j.2013.37.4.278

70.

71.

72.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Altajar S, Baffy G. Skeletal muscle dysfunction in the development and
progression of nonalcoholic fatty liver disease. J Clin Transl Hepatol. (2020)
8:414-23. doi: 10.14218/JCTH.2020.00065

Hittel DS, Berggren JR, Shearer J, Boyle K, Houmard JA. Increased secretion
and expression of myostatin in skeletal muscle from extremely obese women.
Diabetes. (2009) 58:30-8. doi: 10.2337/db08-0943

Sakuma K, Yamaguchi A. Sarcopenic obesity and endocrinal adaptation with
age. Int ] Endocrinol. (2013) 2013:204164. doi: 10.1155/2013/204164

. Polyzos SA, Kountouras J, Zavos C, Deretzi G. The potential adverse role

of leptin resistance in nonalcoholic fatty liver disease: a hypothesis based
on critical review of the literature. J Clin Gastroenterol. (2011) 45:50-
4. doi: 10.1097/MCG.0b013e3181ec5c66

Polyzos SA, Aronis KN, Kountouras ], Raptis DD, Vasiloglou ME
Mantzoros CS. Circulating leptin in non-alcoholic fatty liver disease:
a systematic review and meta-analysis. Diabetologia. (2016) 59:30-
43. doi: 10.1007/s00125-015-3769-3

. Waters DL, Qualls CR, Dorin RI, Veldhuis JD, Baumgartner RN. Altered

growth hormone, cortisol, and leptin secretion in healthy elderly persons
with sarcopenia and mixed body composition phenotypes. ] Gerontol A Biol
Sci Med Sci. (2008) 63:536-41. doi: 10.1093/gerona/63.5.536

Kob R, Bollheimer LC, Bertsch T, Fellner C, Djukic M,
Sieber CC, et al. Sarcopenic obesity: molecular clues to a
better understanding of its pathogenesis? Biogerontology. (2015)

16:15-29. doi: 10.1007/510522-014-9539-7

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S,
et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation
by activating AMP-activated protein kinase. Nat Med. (2002) 8:1288-
95. doi: 10.1038/nm788

Kusminski CM, Scherer PE. The road from discovery to clinic: adiponectin
as a biomarker of metabolic status. Clin Pharmacol Ther. (2009) 86:592—
5. doi: 10.1038/clpt.2009.155

Xu A, Wang Y, Keshaw H, Xu LY, Lam KSL, Cooper GJS. The fat-
derived hormone adiponectin alleviates alcoholic and nonalcoholic fatty liver
diseases in mice. J Clin Invest. (2003) 112:91-100. doi: 10.1172/JCI17797
Yokota T, Oritani K, Takahashi I, Ishikawa J, Matsuyama A, Ouchi N, et al.
Adiponectin, a new member of the family of soluble defense collagens,
negatively regulates the growth of myelomonocytic progenitors and the
functions of macrophages. Blood. (2000) 96:1723-32.

Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, Kuriyama H, et al.
Adiponectin, an adipocyte-derived plasma protein, inhibits endothelial NF-
kappaB signaling through a cAMP-dependent pathway. Circulation. (2000)
102:1296-301. doi: 10.1161/01.¢ir.102.11.1296

Ouchi N, Kihara S, Arita Y, Nishida M, Matsuyama A, Okamoto
Y, et al. Adipocyte-derived plasma protein, adiponectin, suppresses
lipid scavenger receptor expression
in human monocyte-derived macrophages.  Circulation.  (2001)
103:1057-63. doi: 10.1161/01.¢ir.103.8.1057

Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver
disease: the multiple parallel hits hypothesis. Hepatol Baltim Md. (2010)
52:1836-46. doi: 10.1002/hep.24001

Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory
properties of adipose tissue macrophages recruited during diet-induced
obesity. Diabetes. (2007) 56:16-23. doi: 10.2337/db06-1076

Patsouris D, Li P-P, Thapar D, Chapman J, Olefsky JM, Neels ]JG. Ablation of
CD11c-positive cells normalizes insulin sensitivity in obese insulin resistant
animals. Cell Metab. (2008) 8:301-9. doi: 10.1016/j.cmet.2008.08.015

Bing C. Is interleukin-1B a culprit in macrophage-adipocyte crosstalk in
obesity? Adipocyte. (2015) 4:149-52. doi: 10.4161/21623945.2014.979661
Castoldi A, Naffah de. Souza C, Camara NOS, Moraes-Vieira PM.
The macrophage switch in obesity development. Front Immunol. (2015)
6:637. doi: 10.3389/fimmu.2015.00637

Roubenoff R. Catabolism of aging: is it
process?  Curr Opin  Clin  Nutr Metab Care.
9. doi: 10.1097/01.mc0.0000068965.34812.62

Marzetti E, Carter CS, Wohlgemuth SE, Lees HA, Giovannini S, Anderson B,
et al. Changes in IL-15 expression and death-receptor apoptotic signaling in
rat gastrocnemius muscle with aging and life-long calorie restriction. Mech
Ageing Dev. (2009) 130:272-80. doi: 10.1016/j.mad.2008.12.008

accumulation and class A

an  inflammatory

(2003)  6:295-

Frontiers in Nutrition | www.frontiersin.org

13

January 2022 | Volume 8 | Article 774030


https://doi.org/10.1152/ajpendo.90437.2008
https://doi.org/10.1002/dmrr.2601
https://doi.org/10.1111/obr.12298
https://doi.org/10.1152/ajpregu.00198.2015
https://doi.org/10.1111/jdi.12093
https://doi.org/10.21037/jgo-20-341
https://doi.org/10.1053/j.gastro.2007.11.038
https://doi.org/10.1053/j.gastro.2008.01.075
https://doi.org/10.1093/ajcn/87.2.295
https://doi.org/10.1053/j.gastro.2007.04.068
https://doi.org/10.1073/pnas.1113359108
https://doi.org/10.1053/j.gastro.2012.03.003
https://doi.org/10.1016/j.diabet.2013.01.007
https://doi.org/10.1007/s12072-013-9430-7
https://doi.org/10.1111/liv.12200
https://doi.org/10.2337/dc11-1849
https://doi.org/10.1371/journal.pone.0010805
https://doi.org/10.4093/dmj.2013.37.4.278
https://doi.org/10.14218/JCTH.2020.00065
https://doi.org/10.2337/db08-0943
https://doi.org/10.1155/2013/204164
https://doi.org/10.1097/MCG.0b013e3181ec5c66
https://doi.org/10.1007/s00125-015-3769-3
https://doi.org/10.1093/gerona/63.5.536
https://doi.org/10.1007/s10522-014-9539-7
https://doi.org/10.1038/nm788
https://doi.org/10.1038/clpt.2009.155
https://doi.org/10.1172/JCI17797
https://doi.org/10.1161/01.cir.102.11.1296
https://doi.org/10.1161/01.cir.103.8.1057
https://doi.org/10.1002/hep.24001
https://doi.org/10.2337/db06-1076
https://doi.org/10.1016/j.cmet.2008.08.015
https://doi.org/10.4161/21623945.2014.979661
https://doi.org/10.3389/fimmu.2015.00637
https://doi.org/10.1097/01.mco.0000068965.34812.62
https://doi.org/10.1016/j.mad.2008.12.008
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zambon Azevedo et al.

Sarcopenia and Fatty Liver

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

MA. Muscle as an endocrine
Physiol ~ Rev.

Pedersen BK, Febbraio
focus on  muscle-derived  interleukin-6.
88:1379-406. doi: 10.1152/physrev.90100.2007
Cesari M, Kritchevsky SB, Baumgartner RN, Atkinson HH, Penninx
BWH]J, Lenchik L, et al. Sarcopenia, obesity, and inflammation—results
from the Trial of Angiotensin Converting Enzyme Inhibition and Novel
Cardiovascular Risk Factors study. Am ] Clin Nutr. (2005) 82:428-
34. doi: 10.1093/ajcn.82.2.428

Lackey DE, Olefsky JM. Regulation of metabolism by the innate immune
system. Nat Rev Endocrinol. (2016) 12:15-28. doi: 10.1038/nrendo.2015.189
Obstfeld AE, Sugaru E, Thearle M, Francisco A-M, Gayet C, Ginsberg
HN, et al. chemokine receptor 2 (CCR2) regulates the hepatic recruitment
of myeloid cells that promote obesity-induced hepatic steatosis. Diabetes.
(2010) 59:916-25. doi: 10.2337/db09-1403

Bikman BT, Summers SA. Ceramides as modulators of cellular and whole-
body metabolism. J Clin Invest. (2011) 121:4222-30. doi: 10.1172/JCI57144

Meex RCR, Watt M]J. Hepatokines: linking nonalcoholic fatty liver
disease and insulin resistance. Nat Rev Endocrinol. (2017) 13:509-
20. doi: 10.1038/nrendo.2017.56

Wu H-T, Ou H-Y, Hung H-C, Su Y-C, Lu F-H, Wu J-S, et al
novel hepatokine, HFREP1, plays a crucial role in the development of
insulin resistance and type 2 diabetes. Diabetologia. (2016) 59:1732-
42. doi: 10.1007/s00125-016-3991-7

Jung TW, Chung YH, Kim H-C, Abd El-Aty AM, Jeong JH.

organ:
(2008)

Hyperlipidemia-induced hepassocin in the liver contributes to
insulin resistance in skeletal muscle. Mol Cell Endocrinol. (2018)
470:26-33. doi: 10.1016/j.mce.2017.10.014

Mukhopadhyay S, Bhattacharya S. Plasma fetuin-A  triggers

inflammatory changes in macrophages and adipocytes by acting as
an adaptor protein between NEFA and TLR-4. Diabetologia. (2016)
59:859-60. doi: 10.1007/500125-016-3866-y

Pal D, Dasgupta S, Kundu R, Maitra S, Das G, Mukhopadhyay S, et al. Fetuin-
A acts as an endogenous ligand of TLR4 to promote lipid-induced insulin
resistance. Nat Med. (2012) 18:1279-85. doi: 10.1038/nm.2851

Xu J, Lloyd DJ, Hale C, Stanislaus S, Chen M, Sivits G, et al. Fibroblast
growth factor 21 reverses hepatic steatosis, increases energy expenditure,
and improves insulin sensitivity in diet-induced obese mice. Diabetes. (2009)
58:250-9. doi: 10.2337/db08-0392

Arner P, Pettersson A, Mitchell PJ, Dunbar JD, Kharitonenkov A,
Rydén M. FGF21 attenuates lipolysis in human adipocytes—a possible
link to improved insulin sensitivity. FEBS Lett. (2008) 582:1725-
30. doi: 10.1016/j.febslet.2008.04.038

Camporez JPG, Jornayvaz FR, Petersen MC, Pesta D, Guigni BA, Serr ], et al.
Cellular mechanisms by which FGF21 improves insulin sensitivity in male
mice. Endocrinology. (2013) 154:3099-109. doi: 10.1210/en.2013-1191

Kim JA, Choi KM. Sarcopenia and fatty liver disease. Hepatol Int. (2019)
13:674-87. doi: 10.1007/s12072-019-09996-7

Lan F, Misu H, Chikamoto K, Takayama H, Kikuchi A, Mohri K, et al.
LECT2 functions as a hepatokine that links obesity to skeletal muscle insulin
resistance. Diabetes. (2014) 63:1649-64. doi: 10.2337/db13-0728

Yoo HJ, Hwang SY, Choi J-H, Lee HJ, Chung HS, Seo J-A, et al
Association of leukocyte cell-derived chemotaxin 2 (LECT2) with
NAFLD, metabolic syndrome, and atherosclerosis. PLoS ONE. (2017)
12:¢0174717. doi: 10.1371/journal.pone.0174717

Graham TE, Yang Q, Blither M, Hammarstedt A, Ciaraldi TP, Henry RR, et al.
Retinol-binding protein 4 and insulin resistance in lean, obese, and diabetic
subjects. N Engl ] Med. (2006) 354:2552-63. doi: 10.1056/NEJM0a054862
Yang Q, Graham TE, Mody N, Preitner E Peroni OD, Zabolotny JM, et al.
Serum retinol binding protein 4 contributes to insulin resistance in obesity
and type 2 diabetes. Nature. (2005) 436:356-62. doi: 10.1038/nature03711
Hellwege JN, Palmer ND, Ziegler JT, Langefeld CD, Lorenzo C, Norris
JM, et al. Genetic variants in selenoprotein P plasma 1 gene (SEPP1) are
associated with fasting insulin and first phase insulin response in Hispanics.
Gene. (2014) 534:33-9. doi: 10.1016/j.gene.2013.10.035

Misu H, Takamura T, Takayama H, Hayashi H, Matsuzawa-Nagata N, Kurita
S, et al. A liver-derived secretory protein, selenoprotein P, causes insulin
resistance. Cell Metab. (2010) 12:483-95. doi: 10.1016/j.cmet.2010.09.015

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Kumar KG, Trevaskis JL, Lam DD, Sutton GM, Koza RA, Chouljenko
VN, et al. Identification of adropin as a secreted factor linking dietary
macronutrient intake with energy homeostasis and lipid metabolism. Cell
Metab. (2008) 8:468-81. doi: 10.1016/j.cmet.2008.10.011

Butler AA, Tam CS, Stanhope KL, Wolfe BM, Ali MR, O’Keeffe M,
et al. Low circulating adropin concentrations with obesity and aging
correlate with risk factors for metabolic disease and increase after gastric
bypass surgery in humans. J Clin Endocrinol Metab. (2012) 97:3783-
91. doi: 10.1210/jc.2012-2194

Sayin O, Tokgoz Y, Arslan N. Investigation of adropin and leptin levels in
pediatric obesity-related nonalcoholic fatty liver disease. ] Pediatr Endocrinol
Metab JPEM. (2014) 27:479-84. doi: 10.1515/jpem-2013-0296

Dijk W, Beigneux AP, Larsson M, Bensadoun A, Young SG, Kersten S.
Angiopoietin-like 4 promotes intracellular degradation of lipoprotein lipase
in adipocytes. J Lipid Res. (2016) 57:1670-83. doi: 10.1194/jlr.M067363
Mandard S, Zandbergen F, van Straten E, Wahli W, Kuipers E Miiller M, et al.
The fasting-induced adipose factor/angiopoietin-like protein 4 is physically
associated with lipoproteins and governs plasma lipid levels and adiposity. ]
Biol Chem. (2006) 281:934-44. doi: 10.1074/jbc.M506519200

Elkina Y, von Haehling S, Anker SD, Springer J. The role of myostatin in
muscle wasting: an overview. | Cachexia Sarcopenia Muscle. (2011) 2:143-
51. doi: 10.1007/s13539-011-0035-5

Guo T, Jou W, Chanturiya T, Portas J, Gavrilova O, McPherron AC.
Myostatin inhibition in muscle, but not adipose tissue, decreases
fat mass and improves insulin sensitivity. PLoS ONE. (2009)
4:e4937. doi: 10.1371/journal.pone.0004937

Wilkes JJ, Lloyd DJ, Gekakis N. Loss-of-function mutation in myostatin
reduces tumor necrosis factor alpha production and protects liver
against obesity-induced insulin resistance. Diabetes. (2009) 58:1133-
43. doi: 10.2337/db08-0245

Delogu W, Caligiuri A, Provenzano A, Rosso C, Bugianesi E, Coratti A, et al.
Myostatin regulates the fibrogenic phenotype of hepatic stellate cells via c-
jun N-terminal kinase activation. Dig Liver Dis Off ] Ital Soc Gastroenterol
Ital Assoc Study Liver. (2019) 51:1400-8. doi: 10.1016/j.d1d.2019.03.002
Zhang Y, Li R, Meng Y, Li S, Donelan W, Zhao Y, et al. Irisin stimulates
browning of white adipocytes through mitogen-activated protein kinase
p38 MAP kinase and ERK MAP kinase signaling. Diabetes. (2014) 63:514—
25. doi: 10.2337/db13-1106

Huh JY, Dincer F, Mesfum E, Mantzoros CS. Irisin stimulates muscle growth-
related genes and regulates adipocyte differentiation and metabolism in
humans. Int ] Obes. (2014) 38:1538-44. doi: 10.1038/ij0.2014.42

Seldin MM, Peterson JM, Byerly MS, Wei Z, Wong GW.
Myonectin ~ (CTRP15), a mnovel myokine that links skeletal
muscle to systemic lipid homeostasis. ] Biol Chem. (2012)

287:11968-80. doi: 10.1074/jbc.M111.336834

Benetti E, Mastrocola R, Chiazza E Nigro D, D’Antona G,
Bordano 'V, Effects of vitamin D on
and myosteatosis in diet-induced obese mice. PLoS One.
13:0189707. doi: 10.1371/journal.pone.0189707

Pang Q, Qu K, Liu C, Zhang J-Y, Liu S-S. Sarcopenia and nonalcoholic fatty
liver disease: New evidence for low vitamin D status contributing to the link.
Hepatol Baltim Md. (2016) 63:675. doi: 10.1002/hep.28010

Tanaka K, Kanazawa I, Yamaguchi T, Yano S, Kaji H, Sugimoto T.
Active vitamin D possesses beneficial effects on the interaction between
muscle and bone. Biochem Biophys Res Commun. (2014) 450:482-
7. doi: 10.1016/j.bbrc.2014.05.145

Muir SW, Montero-Odasso M. Effect of vitamin D supplementation
on muscle strength, gait and balance in older adults: a
systematic review and meta-analysis. | Am Geriatr Soc. (2011)
59:2291-300. doi: 10.1111/j.1532-5415.2011.03733.x

Stockton KA, Mengersen K, Paratz JD, Kandiah D, Bennell KL. Effect of
vitamin D supplementation on muscle strength: a systematic review and
meta-analysis. Osteoporos Int ] Establ Result Coop Eur Found Osteoporos Natl
Osteoporos Found USA. (2011) 22:859-71. doi: 10.1007/s00198-010-1407-y
Eliades M, Spyrou E, Agrawal N, Lazo M, Brancati FL, Potter J], et al. Meta-
analysis: vitamin D and non-alcoholic fatty liver disease. Aliment Pharmacol
Ther. (2013) 38:246-54. doi: 10.1111/apt.12377

resistance
(2018)

et al insulin

Frontiers in Nutrition | www.frontiersin.org

January 2022 | Volume 8 | Article 774030


https://doi.org/10.1152/physrev.90100.2007
https://doi.org/10.1093/ajcn.82.2.428
https://doi.org/10.1038/nrendo.2015.189
https://doi.org/10.2337/db09-1403
https://doi.org/10.1172/JCI57144
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1007/s00125-016-3991-7
https://doi.org/10.1016/j.mce.2017.10.014
https://doi.org/10.1007/s00125-016-3866-y
https://doi.org/10.1038/nm.2851
https://doi.org/10.2337/db08-0392
https://doi.org/10.1016/j.febslet.2008.04.038
https://doi.org/10.1210/en.2013-1191
https://doi.org/10.1007/s12072-019-09996-7
https://doi.org/10.2337/db13-0728
https://doi.org/10.1371/journal.pone.0174717
https://doi.org/10.1056/NEJMoa054862
https://doi.org/10.1038/nature03711
https://doi.org/10.1016/j.gene.2013.10.035
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2008.10.011
https://doi.org/10.1210/jc.2012-2194
https://doi.org/10.1515/jpem-2013-0296
https://doi.org/10.1194/jlr.M067363
https://doi.org/10.1074/jbc.M506519200
https://doi.org/10.1007/s13539-011-0035-5
https://doi.org/10.1371/journal.pone.0004937
https://doi.org/10.2337/db08-0245
https://doi.org/10.1016/j.dld.2019.03.002
https://doi.org/10.2337/db13-1106
https://doi.org/10.1038/ijo.2014.42
https://doi.org/10.1074/jbc.M111.336834
https://doi.org/10.1371/journal.pone.0189707
https://doi.org/10.1002/hep.28010
https://doi.org/10.1016/j.bbrc.2014.05.145
https://doi.org/10.1111/j.1532-5415.2011.03733.x
https://doi.org/10.1007/s00198-010-1407-y
https://doi.org/10.1111/apt.12377
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zambon Azevedo et al.

Sarcopenia and Fatty Liver

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Golabi P, Gerber L, Paik JM, Deshpande R, de Avila L, Younossi ZM.
Contribution of sarcopenia and physical inactivity to mortality in people
with non-alcoholic fatty liver disease. JHEP Rep Innov Hepatol. (2020)
2:100171. doi: 10.1016/j.jhepr.2020.100171

Gonzalez A, Valero-Breton M, Huerta-Salgado C, Achiardi O, Simon E
Cabello-Verrugio C. Impact of exercise training on the sarcopenia criteria
in non-alcoholic fatty liver disease: a systematic review and meta-analysis.
Eur J Transl Myol. (2021) 31:9630. doi: 10.4081/ejtm.2021.9630

Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative biology of
exercise. Cell. (2014) 159:738-49. doi: 10.1016/j.cell.2014.10.029
Hughes DC, Ellefsen S, Baar K. Adaptations to
and strength training. Cold Spring Harb Perspect Med.
8:a029769. doi: 10.1101/cshperspect.a029769

Jegatheesan P, De Bandt J-P. Fructose and NAFLD: The multifaceted aspects
of fructose metabolism. Nutrients. (2017) 9:E230. doi: 10.3390/nu9030230
Bizeau ME, Pagliassotti MJ. Hepatic adaptations to sucrose and fructose.
Metabolism. (2005) 54:1189-201. doi: 10.1016/j.metabol.2005.04.004
Lecoultre V, Egli L, Carrel G, Theytaz F Kreis R, Schneiter P, et al.
Effects of fructose and glucose overfeeding on hepatic insulin sensitivity
and intrahepatic lipids in healthy humans. Obes Silver Spring Md. (2013)
21:782-5. doi: 10.1002/0by.20377

Volynets V, Machann J, Kiiper MA, Maier IB, Spruss A, Konigsrainer A, et al.
moderate weight reduction through dietary intervention decreases hepatic
fat content in patients with non-alcoholic fatty liver disease (NAFLD): a pilot
study. Eur J Nutr. (2013) 52:527-35. doi: 10.1007/s00394-012-0355-z
Cheung K, Lee SS, Raman M. Prevalence and mechanisms of malnutrition in
patients with advanced liver disease, and nutrition management strategies.
Clin Gastroenterol Hepatol Off Clin Pract ] Am Gastroenterol Assoc. (2012)
10:117-25. doi: 10.1016/j.cgh.2011.08.016

Plauth M, Bernal W, Dasarathy S, Merli M, Plank LD, Schiitz T, et al.
guideline on clinical nutrition in liver disease. Clin Nutr Edinb Scotl. (2019)
38:485-521. doi: 10.1016/j.cInu.2018.12.022

endurance
(2018)

El  Sherif O, Dhaliwal A, Newsome PN, Armstrong M]J.
Sarcopenia in nonalcoholic fatty liver disease: new challenges
for clinical practice. Expert Rev Gastroenterol Hepatol. (2020)
14:197-205. doi: 10.1080/17474124.2020.1731303

European Association for the Study of the Liver. European
Association for the Study of the Liver. EASL Clinical Practice

Guidelines on nutrition in chronic liver disease. ] Hepatol. (2019)
70:172-193. doi: 10.1016/j.jhep.2018.06.024

Mudali S, Dobs AS. Effects of testosterone on body composition of the aging
male. Mech Ageing Dev. (2004) 125:297-304. doi: 10.1016/j.mad.2004.01.004
Egerman  MA, Glass DJ.  Signaling  pathways  controlling
skeletal muscle mass. Crit Rev Biochem Mol Biol. (2014)
49:59-68. doi: 10.3109/10409238.2013.857291

Berryman DE, Glad CAM, List EO, Johannsson G. The GH/IGEF-1
axis in obesity: pathophysiology and therapeutic considerations. Nat Rev
Endocrinol. (2013) 9:346-56. doi: 10.1038/nrendo.2013.64

Cabrera D, Ruiz A, Cabello-Verrugio C, Brandan E, Estrada L, Pizarro
M, et al. Diet-induced nonalcoholic fatty liver disease is associated with
sarcopenia and decreased serum insulin-like growth factor-1. Dig Dis Sci.
(2016) 61:3190-8. doi: 10.1007/s10620-016-4285-0

Nachit M, De Rudder M, Thissen J-P, Schakman O, Bouzin C, Horsmans
Y, et al. Myosteatosis rather than sarcopenia associates with non-alcoholic
steatohepatitis in non-alcoholic fatty liver disease preclinical models. |
Cachexia Sarcopenia Muscle. (2021) 12:144-58. doi: 10.1002/jcsm.12646
Poggiogalle E, Lubrano C, Gnessi L, Mariani S, Lenzi A, Donini LM. Fatty
liver index associates with relative sarcopenia and GH/IGF-1 status in obese
subjects. PLoS ONE. (2016) 11:e0145811. doi: 10.1371/journal.pone.0145811
Nettleship JE, Pugh PJ, Channer KS, Jones T, Jones RD. Inverse relationship
between serum levels of interleukin-1beta and testosterone in men with
stable coronary artery disease. Horm Metab Res Horm Stoffwechselforschung
Horm Metab. (2007) 39:366-71. doi: 10.1055/s-2007-976543

Kalyani RR, Corriere M, Ferrucci L. Age-related and disease-related muscle
loss: the effect of diabetes, obesity, and other diseases. Lancet Diabetes
Endocrinol. (2014) 2:819-29. doi: 10.1016/52213-8587(14)70034-8
Abdulnour J, Doucet E, Brochu M, Lavoie J-M, Strychar I, Rabasa-
Lhoret R, et al. The effect of the menopausal transition on body

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

composition and cardiometabolic risk factors: a Montreal-Ottawa New
Emerging Team group study. Menopause N Y N. (2012) 19:760-
7. doi: 10.1097/gme.0b013e318240f6f3

Takahashi Y. Essential roles of growth hormone (GH) and insulin-
like growth factor-I (IGF-I) in the liver. Endocr ]. (2012) 59:955-
62. doi: 10.1507/endocrj.ej12-0322

Yu R, Shi Q, Liu L, Chen L. Relationship of sarcopenia with steatohepatitis
and advanced liver fibrosis in non-alcoholic fatty liver disease: a meta-
analysis. BMC Gastroenterol. (2018) 18:51. doi: 10.1186/s12876-018-0776-0
Wijarnpreecha K, Panjawatanan P, Thongprayoon C, Jaruvongvanich V,
Ungprasert P. Sarcopenia and risk of nonalcoholic fatty liver disease: a
meta-analysis. Saudi ] Gastroenterol Off ] Saudi Gastroenterol Assoc. (2018)
24:12-7. doi: 10.4103/sjg.S]G_237_17

Pan X, Han Y, Zou T, Zhu G, Xu K, Zheng J, et al. Sarcopenia contributes
to the progression of nonalcoholic fatty liver disease-related fibrosis: a meta-
analysis. Dig Dis Basel Switz. (2018) 36:427-36. doi: 10.1159/000491015

Cai C, Song X, Chen Y, Chen X, Yu C. Relationship between
relative skeletal muscle mass and nonalcoholic fatty liver disease:
a systematic review and meta-analysis. Hepatol Int. (2020) 14:115-
26. doi: 10.1007/512072-019-09964-1

Montano-Loza AJ, Meza-Junco J, Baracos VE, Prado CMM, Ma M, Meeberg
G, et al. Severe muscle depletion predicts postoperative length of stay but
is not associated with survival after liver transplantation. Liver Transplant
Off Publ Am Assoc Study Liver Dis Int Liver Transplant Soc. (2014) 20:640-
8. doi: 10.1002/1t.23863

Nachit M, Kwanten WJ, Thissen J-P, Op De Beeck B, Van Gaal L,
Vonghia L, et al. Muscle fat content is strongly associated with NASH:
a longitudinal study in patients with morbid obesity. J Hepatol. (2021)
75:292-301. doi: 10.1016/j.jhep.2021.02.037

Linge J, Ekstedt M, Dahlqvist Leinhard O. Adverse muscle
composition is linked to poor functional performance and metabolic
comorbidities in NAFLD. JHEP Rep Innov Hepatol. (2021)
3:100197. doi: 10.1016/j.jhepr.2020.100197

De Munck TJI, Verhaegh P, Lodewick T, Bakers F Jonkers D,
Masclee AAM, et al. Myosteatosis in nonalcoholic fatty
disease: an exploratory study. Clin Res Hepatol Gastroenterol. (2021)
45:101500. doi: 10.1016/j.clinre.2020.06.021

Habig G, Smaltz C, Halegoua-DeMarzio D. Presence and implications
of sarcopenia in non-alcoholic steatohepatitis. Metabolites. (2021)
11:242. doi: 10.3390/metabo11040242

Petta S, Ciminnisi S, Di Marco V, Cabibi D, Camma C, Licata A, et al.
Sarcopenia is associated with severe liver fibrosis in patients with non-
alcoholic fatty liver disease. Aliment Pharmacol Ther. (2017) 45:510-
8. doi: 10.1111/apt.13889

Issa D, Alkhouri N, Tsien C, Shah S, Lopez R, McCullough A, et al. Presence
of sarcopenia (muscle wasting) in patients with nonalcoholic steatohepatitis.
Hepatol Baltim Md. (2014) 60:428-9. doi: 10.1002/hep.26908
Wijarnpreecha K, Aby ES, Ahmed A, Kim D. Association between sarcopenic
obesity and nonalcoholic fatty liver disease and fibrosis detected by fibroscan.
] Gastrointest Liver Dis JGLD. (2021) 30:227-32. doi: 10.15403/jgld-3323
Kim D, Wijarnpreecha K, Sandhu KK, Cholankeril G, Ahmed A. Sarcopenia
in nonalcoholic fatty liver disease and all-cause and cause-specific mortality
in the United States. Liver Int Off ] Int Assoc Study Liver. (2021) 41:1832-
40. doi: 10.1111/liv.14852

Dasarathy J, Periyalwar P, Allampati S, Bhinder V, Hawkins C, Brandt P, et al.
Hypovitaminosis D is associated with increased whole body fat mass and
greater severity of non-alcoholic fatty liver disease. Liver Int Off J Int Assoc
Study Liver. (2014) 34:e118-127. doi: 10.1111/1iv.12312

Kim G, Lee S-E, Lee Y-B, Jun JE, Ahn ], Bae JC, et al. Relationship
between relative skeletal muscle mass and nonalcoholic fatty liver
disease: a 7-year longitudinal study. Hepatol Baltim Md. (2018) 68:1755-
68. doi: 10.1002/hep.30049

Montano-Loza AJ, Angulo P, Meza-Junco ], Prado CMM, Sawyer MB,
Beaumont C, et al. Sarcopenic obesity and myosteatosis are associated with
higher mortality in patients with cirrhosis. ] Cachexia Sarcopenia Muscle.
(2016) 7:126-35. doi: 10.1002/jcsm.12039

Montano-Loza AJ, Meza-Junco J, Prado CMM, Lieffers JR, Baracos VE,
Bain VG. et al. Muscle wasting is associated with mortality in patients with

liver

Frontiers in Nutrition | www.frontiersin.org

January 2022 | Volume 8 | Article 774030


https://doi.org/10.1016/j.jhepr.2020.100171
https://doi.org/10.4081/ejtm.2021.9630
https://doi.org/10.1016/j.cell.2014.10.029
https://doi.org/10.1101/cshperspect.a029769
https://doi.org/10.3390/nu9030230
https://doi.org/10.1016/j.metabol.2005.04.004
https://doi.org/10.1002/oby.20377
https://doi.org/10.1007/s00394-012-0355-z
https://doi.org/10.1016/j.cgh.2011.08.016
https://doi.org/10.1016/j.clnu.2018.12.022
https://doi.org/10.1080/17474124.2020.1731303
https://doi.org/10.1016/j.jhep.2018.06.024
https://doi.org/10.1016/j.mad.2004.01.004
https://doi.org/10.3109/10409238.2013.857291
https://doi.org/10.1038/nrendo.2013.64
https://doi.org/10.1007/s10620-016-4285-0
https://doi.org/10.1002/jcsm.12646
https://doi.org/10.1371/journal.pone.0145811
https://doi.org/10.1055/s-2007-976543
https://doi.org/10.1016/S2213-8587(14)70034-8
https://doi.org/10.1097/gme.0b013e318240f6f3
https://doi.org/10.1507/endocrj.ej12-0322
https://doi.org/10.1186/s12876-018-0776-0
https://doi.org/10.4103/sjg.SJG_237_17
https://doi.org/10.1159/000491015
https://doi.org/10.1007/s12072-019-09964-1
https://doi.org/10.1002/lt.23863
https://doi.org/10.1016/j.jhep.2021.02.037
https://doi.org/10.1016/j.jhepr.2020.100197
https://doi.org/10.1016/j.clinre.2020.06.021
https://doi.org/10.3390/metabo11040242
https://doi.org/10.1111/apt.13889
https://doi.org/10.1002/hep.26908
https://doi.org/10.15403/jgld-3323
https://doi.org/10.1111/liv.14852
https://doi.org/10.1111/liv.12312
https://doi.org/10.1002/hep.30049
https://doi.org/10.1002/jcsm.12039
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zambon Azevedo et al.

Sarcopenia and Fatty Liver

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

cirrhosis. Clin Gastroenterol Hepatol Off Clin Pract ] Am Gastroenterol Assoc.
(2012) 10:166-173, 173.el. doi: 10.1016/j.cgh.2011.08.028

Hanai T, Shiraki M, Ohnishi S, Miyazaki T, Ideta T, Kochi T, et al.
Rapid skeletal muscle wasting predicts worse survival in patients with
liver cirrhosis. Hepatol Res Off ] Jpn Soc Hepatol. (2016) 46:743—
51. doi: 10.1111/hepr.12616

Bhanji RA, Carey EJ, Yang L, Watt KD. The long winding road to transplant:
how sarcopenia and debility impact morbidity and mortality on the waitlist.
Clin Gastroenterol Hepatol Off Clin Pract ] Am Gastroenterol Assoc. (2017)
15:1492-7. doi: 10.1016/j.cgh.2017.04.004

van Vugt JLA, Buettner S, Alferink LJM, Bossche N, de Bruin RWE Darwish
Murad S, et al. Low skeletal muscle mass is associated with increased
hospital costs in patients with cirrhosis listed for liver transplantation-a
retrospective study. Transpl Int Off ] Eur Soc Organ Transplant. (2018)
31:165-74. doi: 10.1111/tri.13048

Beer L, Bastati N, Ba-Ssalamah A, Pétter-Lang S, Lampichler K, Bican Y,
et al. MRI-defined sarcopenia predicts mortality in patients with chronic
liver disease. Liver Int Off ] Int Assoc Study Liver. (2020) 40:2797-
807. doi: 10.1111/1iv.14648

Durand E Buyse S, Francoz C, Laouénan C, Bruno O, Belghiti J,
et al. Prognostic value of muscle atrophy in cirrhosis using psoas
muscle thickness on computed tomography. J Hepatol. (2014) 60:1151-
7. doi: 10.1016/j.jhep.2014.02.026

Lai JC, Feng S, Terrault NA, Lizaola B, Hayssen H, Covinsky K.
Frailty predicts waitlist mortality in liver transplant candidates. Am |
Transplant Off ] Am Soc Transplant Am Soc Transpl Surg. (2014) 14:1870-
9. doi: 10.1111/ajt.12762

Lai JC, Dodge JL, Sen S, Covinsky K, Feng S. Functional decline in patients
with cirrhosis awaiting liver transplantation: results from the functional
assessment in liver transplantation (FrAILT) study. Hepatol Baltim Md.
(2016) 63:574-80. doi: 10.1002/hep.28316

Pais R, Barritt AS, Calmus Y, Scatton O, Runge T, Lebray P, et al. and liver
transplantation: current burden and expected challenges. ] Hepatol. (2016)
65:1245-57. doi: 10.1016/j.jhep.2016.07.033

Bhanji RA, Narayanan P, Moynagh MR, Takahashi N, Angirekula M,
Kennedy CC, et al. Differing impact of sarcopenia and frailty in nonalcoholic
steatohepatitis and alcoholic liver disease. Liver Transplant Off Publ
Am Assoc Study Liver Dis Int Liver Transplant Soc. (2019) 25:14-
24. doi: 10.1002/1t.25346

Dasarathy S, Merli M. Sarcopenia from mechanism to diagnosis
and treatment in liver disease. ] Hepatol. (2016) 65:1232-
44. doi: 10.1016/j.jhep.2016.07.040

Bhanji RA, Takahashi N, Moynagh MR, Narayanan P, Angirekula
M, Mara KC, et al. The evolution and impact of sarcopenia pre-
and post-liver transplantation. Aliment Pharmacol Ther. (2019) 49:807-
13. doi: 10.1111/apt.15161

Heber D, Ingles S, Ashley JM, Maxwell MH, Lyons RE, Elashoff RM. Clinical
detection of sarcopenic obesity by bioelectrical impedance analysis. Am J Clin
Nutr. (1996) 64:472S-78. doi: 10.1093/ajcn/64.3.472S

Baumgartner RN. Body composition in healthy aging. Ann NY Acad Sci USA.
(2000) 904:437-48. doi: 10.1111/j.1749-6632.2000.tb06498 x

Gao Q, Mei E Shang Y, Hu K, Chen F, Zhao L, et al. Global prevalence
of sarcopenic obesity in older adults: A systematic review and meta-
analysis. Clin Nutr Edinb Scotl. (2021) 40:4633-41. doi: 10.1016/j.clnu.2021.
06.009

Batsis JA, Villareal DT. Sarcopenic obesity in older adults: aetiology,
epidemiology and treatment strategies. Nat Rev Endocrinol. (2018) 14:513-
37. doi: 10.1038/s41574-018-0062-9

Johnson Stoklossa CA, Sharma AM, Forhan M, Siervo M, Padwal
RS, Prado CM. Prevalence of sarcopenic obesity in adults with class
II/IIT obesity using different diagnostic criteria. J Nutr Metab. (2017)
2017:7307618. doi: 10.1155/2017/7307618

Batsis JA, Barre LK, Mackenzie TA, Pratt SI, Lopez-Jimenez F, Bartels
SJ. Variation in the prevalence of sarcopenia and sarcopenic obesity in
older adults associated with different research definitions: dual-energy
X-ray absorptiometry data from the National Health and Nutrition
Examination Survey 1999-2004. ] Am Geriatr Soc. (2013) 61:974-
80. doi: 10.1111/jgs.12260

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

202.

Gandham A, Mesinovic J, Jansons P, Zengin A, Bonham MP, Ebeling PR,
et al. Falls, fractures, and areal bone mineral density in older adults with
sarcopenic obesity: A systematic review and meta-analysis. Obes Rev Off |
Int Assoc Study Obes. (2021) 22:e13187. doi: 10.1111/0br.13187

Khor EQ, Lim JP, Tay L, Yeo A, Yew S, Ding YY, et al. Obesity definitions in
sarcopenic obesity: differences in prevalence, agreement and association with
muscle function. J Frailty Aging. (2020) 9:37-43. doi: 10.14283/jfa.2019.28
Wannamethee SG, Shaper AG, Lennon L, Whincup PH. Decreased muscle
mass and increased central adiposity are independently related to mortality
in older men. Am J Clin Nutr. (2007) 86:1339-46. doi: 10.1093/ajcn/86.5.1339
Sanada K, Chen R, Willcox B, Ohara T, Wen A, Takenaka C,
et al. Association of sarcopenic obesity predicted by anthropometric
measurements and 24-y all-cause mortality in elderly men: The Kuakini
Honolulu Heart Program. Nutr Burbank Los Angel Cty Calif. (2018) 46:97-
102. doi: 10.1016/j.nut.2017.09.003

Lim S, Kim JH, Yoon JW, Kang SM, Choi SH, Park Y], et al. Sarcopenic
obesity: prevalence and association with metabolic syndrome in the Korean
Longitudinal Study on Health and Aging (KLoSHA). Diabetes Care. (2010)
33:1652-4. doi: 10.2337/dc10-0107

Scott D, Park MS, Kim TN. Ryu JY, Hong HC, Yoo H]J, et al. Associations
of low muscle mass and the metabolic syndrome in caucasian and
asian middle-aged and older adults. ] Nutr Health Aging. (2016) 20:248-
55. doi: 10.1007/s12603-015-0559-z

Baek SJ, Nam GE, Han KD, Choi SW, Jung SW, Bok AR, et al
Sarcopenia and sarcopenic obesity and their association with dyslipidemia
in Korean elderly men: the 2008-2010 Korea National Health and
Nutrition Examination Survey. ] Endocrinol Invest. (2014) 37:247-
60. doi: 10.1007/s40618-013-0011-3

Lim H-S, Park Y-H, Suh K, Yoo MH, Park HK, Kim HJ, et al. Association
between sarcopenia, sarcopenic obesity, and chronic disease in Korean
elderly. ] Bone Metab. (2018) 25:187-93. doi: 10.11005/jbm.2018.25.3.187
Takahashi F, Hashimoto Y, Kaji A, Sakai R, Okamura T, Hamaguchi M,
et al. Sarcopenic obesity is associated with macroalbuminuria in patients
with type 2 diabetes: a cross-sectional study. Endocr J. (2021) 68:781-
9. doi: 10.1507/endocrj.EJ20-0655

Chung GE, Park HE, Lee H, Kim M]J, Choi S-Y, Yim JY, et al. Sarcopenic
obesity is significantly associated with coronary artery calcification. Front
Med. (2021) 8:651961. doi: 10.3389/fmed.2021.651961

Kim J-H, Cho JJ, Park YS. Relationship between sarcopenic obesity and
cardiovascular disease risk as estimated by the Framingham risk score. J
Korean Med Sci. (2015) 30:264-71. doi: 10.3346/jkms.2015.30.3.264

Cho H-W, Chung W, Moon S, Ryu O-H, Kim MK, Kang JG. Effect of
sarcopenia and body shape on cardiovascular disease according to obesity
phenotypes. Diabetes Metab J. (2021) 45:209-18. doi: 10.4093/dm;j.2019.0223
Silveira EA, da Silva Filho RR, Spexoto MCB, Haghighatdoost E
Sarrafzadegan N, de Oliveira C. The role of sarcopenic obesity in
cancer and cardiovascular disease: a synthesis of the evidence on
pathophysiological aspects and clinical implications. Int ] Mol Sci. (2021)
22:4339. doi: 10.3390/ijms22094339

Sowers M, Zheng H, Tomey K, Karvonen-Gutierrez C, Jannausch M, Li
X, et al. Changes in body composition in women over six years at midlife:
ovarian and chronological aging. J Clin Endocrinol Metab. (2007) 92:895-
901. doi: 10.1210/jc.2006-1393

Wagenaar CA, Dekker LH, Navis GJ. Prevalence of sarcopenic obesity and
sarcopenic overweight in the general population: the lifelines cohort study.
Clin Nutr Edinb Scotl. (2021) 40:4422-9. doi: 10.1016/j.cInu.2021.01.005
Rachakonda V, Wills R, DeLany JP, Kershaw EE, Behari J. Differential
impact of weight loss on nonalcoholic fatty liver resolution in a North
American Cohort with obesity. Obes Silver Spring Md. (2017) 25:1360-
8. doi: 10.1002/0by.21890

Chang K-V, Chen J-D, Wu W-T, Huang K-C, Hsu C-T, Han D-S. Association
between loss of skeletal muscle mass and mortality and tumor recurrence
in hepatocellular carcinoma: a systematic review and meta-analysis. Liver
Cancer. (2018) 7:90-103. doi: 10.1159/000484950

. Sun B, Karin M. Obesity, inflammation, and liver cancer. ] Hepatol. (2012)

56:704-13. doi: 10.1016/j.jhep.2011.09.020
Kobayashi A, Kaido T, Hamaguchi Y, Okumura S, Shirai H, Yao S,
et al. Impact of sarcopenic obesity on outcomes in patients undergoing

Frontiers in Nutrition | www.frontiersin.org

16

January 2022 | Volume 8 | Article 774030


https://doi.org/10.1016/j.cgh.2011.08.028
https://doi.org/10.1111/hepr.12616
https://doi.org/10.1016/j.cgh.2017.04.004
https://doi.org/10.1111/tri.13048
https://doi.org/10.1111/liv.14648
https://doi.org/10.1016/j.jhep.2014.02.026
https://doi.org/10.1111/ajt.12762
https://doi.org/10.1002/hep.28316
https://doi.org/10.1016/j.jhep.2016.07.033
https://doi.org/10.1002/lt.25346
https://doi.org/10.1016/j.jhep.2016.07.040
https://doi.org/10.1111/apt.15161
https://doi.org/10.1093/ajcn/64.3.472S
https://doi.org/10.1111/j.1749-6632.2000.tb06498.x
https://doi.org/10.1016/j.clnu.2021.06.009
https://doi.org/10.1038/s41574-018-0062-9
https://doi.org/10.1155/2017/7307618
https://doi.org/10.1111/jgs.12260
https://doi.org/10.1111/obr.13187
https://doi.org/10.14283/jfa.2019.28
https://doi.org/10.1093/ajcn/86.5.1339
https://doi.org/10.1016/j.nut.2017.09.003
https://doi.org/10.2337/dc10-0107
https://doi.org/10.1007/s12603-015-0559-z
https://doi.org/10.1007/s40618-013-0011-3
https://doi.org/10.11005/jbm.2018.25.3.187
https://doi.org/10.1507/endocrj.EJ20-0655
https://doi.org/10.3389/fmed.2021.651961
https://doi.org/10.3346/jkms.2015.30.3.264
https://doi.org/10.4093/dmj.2019.0223
https://doi.org/10.3390/ijms22094339
https://doi.org/10.1210/jc.2006-1393
https://doi.org/10.1016/j.clnu.2021.01.005
https://doi.org/10.1002/oby.21890
https://doi.org/10.1159/000484950
https://doi.org/10.1016/j.jhep.2011.09.020
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zambon Azevedo et al.

Sarcopenia and Fatty Liver

203.

204.

205.

206.

207.

208.

209.

hepatectomy for hepatocellular carcinoma. Ann Surg. (2019) 269:924-
31. doi: 10.1097/SLA.0000000000002555

Fujiwara N, Nakagawa H, Kudo Y, Tateishi R, Taguri M, Watadani T,
et al. Sarcopenia, intramuscular fat deposition, and visceral adiposity
independently predict the outcomes of hepatocellular carcinoma. J Hepatol.
(2015) 63:131-40. doi: 10.1016/j.jhep.2015.02.031

Garvey WT, Mechanick JI, Brett EM, Garber AJ, Hurley DL, Jastreboff
AM, et al. Reviewers of the AACE/ACE obesity clinical practice guidelines.
Endocr Pract Off ] Am Coll Endocrinol Am Assoc Clin Endocrinol. (2016)
22:842-84. doi: 10.4158/EP161356.ESGL

Bosy-Westphal A, Miller M]J. Diagnosis of obesity based on
body composition-associated health risks-time for a change in
paradigm. Obes Rev Off ] Int Assoc Study Obes. (2021) 22 (Suppl
2):13190. doi: 10.1111/0br.13190

Romero-Gémez M, Zelber-Sagi S, Trenell M. Treatment of NAFLD
with diet, physical activity and exercise. ] Hepatol. (2017) 67:829-
46. doi: 10.1016/j.jhep.2017.05.016

Kim D, Vazquez-Montesino LM. Li AA, Cholankeril G, Ahmed A.
Inadequate physical activity and sedentary behavior are independent
predictors of nonalcoholic fatty liver disease. Hepatol Baltim Md. (2020)
72:1556-68. doi: 10.1002/hep.31158

Vuppalanchi R, Noureddin M, Alkhouri N, Sanyal AJ. Therapeutic pipeline
in nonalcoholic steatohepatitis. Nat Rev Gastroenterol Hepatol. (2021)
18:373-92. doi: 10.1038/s41575-020-00408-y

Walowski CO, Braun W, Maisch M]J, Jensen B, Peine S, Norman
K, et al. Reference for skeletal
concepts and methodological ~ considerations.
12:E755. doi: 10.3390/nu12030755

mass—-current
(2020)

values muscle

Nutrients.

210. Albano D, Messina C, Vitale ], Sconfienza LM. Imaging
of  sarcopenia:  old  evidence ~and new  insights.  Eur
Radiol. (2020) 30:2199-208. doi: 10.1007/s00330-019-
06573-2

211. Cederholm T, Jensen GL, Correia MITD, Gonzalez MC, Fukushima R,

Higashiguchi T, et al. GLIM criteria for the diagnosis of malnutrition—
a consensus report from the global clinical nutrition community.
] Cachexia Sarcopenia Muscle. (2019) 10:207-17. doi: 10.1002/jcsm.1
2383

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zambon Azevedo, Silaghi, Maurel, Silaghi, Ratziu and Pais.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

17

January 2022 | Volume 8 | Article 774030


https://doi.org/10.1097/SLA.0000000000002555
https://doi.org/10.1016/j.jhep.2015.02.031
https://doi.org/10.4158/EP161356.ESGL
https://doi.org/10.1111/obr.13190
https://doi.org/10.1016/j.jhep.2017.05.016
https://doi.org/10.1002/hep.31158
https://doi.org/10.1038/s41575-020-00408-y
https://doi.org/10.3390/nu12030755
https://doi.org/10.1007/s00330-019-06573-2
https://doi.org/10.1002/jcsm.12383
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Impact of Sarcopenia on the Severity of the Liver Damage in Patients With Non-alcoholic Fatty Liver Disease
	Introduction
	Common Mechanisms Linking Sarcopenia and Nafld
	Insulin Resistance
	At the Skeletal Muscle Level
	At the Hepatic Level

	The Role of Adipose Tissue in Sarcopenia and NAFLD
	Chronic Low-Grade Inflammation
	Other Key Factors
	Hepatokines
	Myokines
	Vitamin D
	Physical Activity and Unhealthy Diet (Lifestyle Changes)
	Hormonal Imbalance


	Clinical Evidence Linking Nafld and Sarcopenia
	Sarcopenic Obesity: A Separate and Different Entity?
	Gaps in Knowledge and Future Directions
	Author Contributions
	Supplementary Material
	References


