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Abstract

The association between the pathogenesis and natural course of
nonalcoholic fatty liver disease (NAFLD) and skeletal muscle
dysfunction is increasingly recognized. These obesity-associated
disorders originate primarily from sustained caloric excess,
gradually disrupting cellular and molecular mechanisms of the
adipose-muscle-liver axis resulting in end-stage tissue injury
exemplified by cirrhosis and sarcopenia. These major clinical
phenotypes develop through complex organ-tissue interactions
from the earliest stages of NAFLD. While the role of adipose tissue
expansion and remodeling is well established in the development
of NAFLD, less is known about the specific interplay between
skeletal muscle and the liver in this process. Here, the relation-
ship between skeletal muscle and liver in various stages of NAFLD
progression is reviewed. Current knowledge of the pathophysi-
ology is summarized with the goal of better understanding the
natural history, risk stratification, and management of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) has become the
most prevalent liver disorder of our time, affecting more
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than one billion people worldwide and with an estimated 30%
prevalence in the adult US population, representing a signifi-
cant global healthcare burden.:> NAFLD is a manifestation of
metabolic syndrome in the liver, having complex pathobiol-
ogy. Its clinical outcomes are strongly linked to visceral
obesity, type 2 diabetes mellitus, dyslipidemia, and endothe-
lial dysfunction.? The original term of NAFLD includes a spec-
trum of disease, ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), which also features hepatocellular
injury, inflammation, and a variable degree of fibrosis.*
NAFLD may progress to cirrhosis, and it confers an increased
risk of hepatocellular carcinoma.*> However, prediction of
clinical outcomes in NAFLD has proven challenging as envi-
ronmental and genetic drivers of its progression are not fully
identified.®”

Inter-tissue crosstalk of the liver with adipose tissue and
skeletal muscle plays a fundamental role in the pathobiology
and natural course of NAFLD.87° Cellular and molecular
mechanisms governing the interplay of these organs in
health and disease are therefore of significant interest.!~13
Escalating dysfunction in the adipose-muscle-liver triangle
results in increasingly severe pathophenotypes and clinical
outcomes (Fig. 1). Skeletal muscle disorders in the form of
myosteatosis, sarcopenia, and sarcopenic obesity are associ-
ated with this process.%*%1> Disruption of the complex phys-
iological relationship between skeletal muscle and the liver is
mutually detrimental and promotes the progression of
NAFLD.13,16*18

This paper reviews the association between skeletal
muscle dysfunction and the liver in various stages of NAFLD.
We also summarize the pertinent aspects of NAFLD patho-
physiology, which may help prognostication and identify new
therapeutic targets.

Assessment of skeletal muscle mass and performance
in metabolic dysfunction

Definition of myosteatosis, sarcopenia, and sarcopenic
obesity

Myosteatosis is characteristically associated with liver stea-
tosis in NAFLD, resulting from ectopic fat accumulation in
skeletal muscle when available lipids exceed the disposal
capacity of adipose tissue.'3 Depending on the type of fat
deposition, myosteatosis may feature microscopic and mac-
roscopic changes in muscle composition and architecture.®
Intramyocellular fat is not necessarily abnormal as it serves
as an energy source to fuel muscle contraction.®2° The
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accumulation of excess fat in extramyocellular compart-
ments is mostly pathologic. It can be defined as intramus-
cular (between muscle fibers) or intermuscular (between
muscle fascicles) (Fig. 2). Myosteatosis may affect many
individuals who do not meet the anthropometric criteria for
sarcopenia or obesity. However, it is associated with lower
muscle function and strength, muscle atrophy, and physical
disabilities.?! Myosteatosis has been described in many cir-
rhotic patients undergoing liver transplant evaluation, and
studies have associated it with more complications and
poor survival.??

As the name implies, sarcopenia is a condition with
diminished skeletal muscle mass, first associated with
older age.?® Today, sarcopenia has a complex meaning as
a progressive and generalized disorder seen in various
chronic illnesses.'® Sarcopenia may affect up to 70% of
patients with cirrhosis and is an independent predictor of
morbidity and mortality in this population.'32% In 2010,
the European Working Group on Sarcopenia in Older
People (EWGSOP) recommended using both low muscle
mass and low muscle function (strength or performance)
to diagnose sarcopenia.?® In 2018, the EWGSOP updated
the definition of sarcopenia so that the primary parameter
is low muscle strength, the diagnosis is confirmed by the
evidence of low muscle mass, and the disease state is char-
acterized as severe if low physical performance is also
present.!®

Sarcopenic obesity is a term used to denote the simulta-
neous presence of skeletal muscle loss and excess body fat.
Sarcopenia and obesity continue to be independently defined
by their respective criteria, and there is no consensus on
whether sarcopenic obesity impacts clinical outcomes more
than the sum of its components.“’ Importantly, sarcopenia,
obesity, and obesity-related disorders, including NAFLD,
share several pathophenotypes, such as systemic low-grade
inflammation and insulin resistance via overlapping cellular
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and molecular mechanisms.%2% Sarcopenic obesity reaches
a prevalence of 20% to 35% among patients with cirrhosis
and is associated with increased mortality.?!
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Fig. 2. Skeletal muscle and fat deposition. (A) Skeletal muscle is made up of
intramyocellular myofibrils, muscle fibers and fascicles bound together by suc-
cessively thicker connective tissue layers as endomysium, perimysium, and epi-
mysium. (B) Skeletal muscle fat may be classified as intramyocellular (lipid
droplets filling the cytoplasm between myofibrils of elongated myocytes) and
extramyocellular components. Adipocytes may infiltrate muscle fibers (intra-
muscular fat), fascicles (intermuscular fat), or exist around the epimysium as
extramuscular fat depots of adipose tissue.
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Methods of analyzing skeletal muscle mass and
function

There are many methods to measure skeletal muscle mass
and many ways to report the findings, creating challenges in
the literature.?” A commonly used parameter is appendicular
skeletal muscle mass (also referred to as ASM) adjusted for
height to yield appendicular skeletal muscle index (also
referred to as SMI).?® Skeletal muscle cross-sectional
imaging with magnetic resonance (MR) or computed tomog-
raphy (CT) has become the gold standard, focusing on spe-
cific muscle groups or body locations, such as the psoas
muscle or third lumbar (L3) region.?® Multiple studies found
that using CT imaging to assess skeletal muscle index at the
L3 level is the most accurate method to evaluate sarcopenia
in cirrhosis.3° However, MR and CT imaging may not be widely
available and/or expose patients to radiation.

Dual-energy X-ray absorptiometry (DXA) is another
instrument available to measure skeletal muscle mass. It
uses multiple low-dose X-rays to create a 3-D compartmental
model and is highly accurate at differentiating fat, fat-free
mass, and bone mineral mass.*? The benefits of DXA are that
it is inexpensive, widely available, and carries low radiation
exposure. However, a disadvantage to using this method is
that different instrument brands may not give consistent
results, and it is less sensitive than CT in case-finding.'®3!
Further limitation of DXA is its inability to differentiate
muscle from water; thus, ascites can distort muscle mass
readings, a major concern in cirrhosis. However, this
concern may be resolved by using appendicular lean mass
to measure skeletal muscle indices.>?

Bioelectrical impedance analysis (BIA) is a simple, afford-
able, non-invasive, and portable tool that has been used to
estimate total body skeletal muscle mass or ASM. BIA
measurements are indirect as they use whole-body electrical
conductivity and a conversion equation that is calibrated with
a reference of DXA-measured lean body mass in a specific
population.33 The disadvantages of BIA include that its accu-
racy is affected by hydration status and may both underesti-
mate or overestimate fat-free mass. Additionally, prediction
equations used to derive muscle mass from BIA may require
adjustment for different ethnic populations.®* Ultrasound is
another tool available to evaluate muscle mass by measuring
the thickness of muscles in the leg and/or the arm.33 Assess-
ment of the quadriceps femoris can detect muscle thickness
and the cross-sectional area within a short period. Ultrasound
is safe, inexpensive, portable, and has the advantage of
assessing both muscle quality and quantity, while its disad-
vantages are that it is highly operator dependent and there is
no standardized technique among examiners for measuring
muscle thickness by ultrasound.3>

In line with EWGSOP recommendations, functional assays
of muscle strength and performance are now increasingly
utilized to assess myosteatosis and sarcopenia. Muscle
strength can be conveniently measured by grip strength
using a calibrated handheld dynamometer.337 In several
studies, grip strength is defined as the maximum value of
three serial attempts using the non-dominant hand.3®
Another method to measure muscle strength is the chair
stand test (chair rise test), which uses the leg muscles
instead and measures the time it takes for a patient to rise
five times from a seated position without using their arms.3°
Tools available to assess physical performance related to
skeletal muscle dysfunction include the Short Physical

Altajar S. et al: Myosteatosis, sarcopenia, and NAFLD

Performance Battery (SPPB), gait speed, get-up-and-go test,
6-m (i.e. minute) walk test, and stair climb power test. SPPB is
a test that involves evaluating gait speed, balance, and a chair
stand test. Gait speed is widely used in practice since it is easy
to measure and highly reliable. A widely accepted gait speed
test is the 4-m (i.e. meter) usual walking speed test. EWGSOP
recommendation is a cut-off of 0.8 m/s (i.e. meter per second)
for gait speed when defining severe sarcopenia.*®

While myosteatosis is essentially a histological diagnosis,
biopsy remains a rare option to assess excess fat deposition in
skeletal muscle.*® Similar to assessing hepatic fat content,
non-invasive measurements of myosteatosis include CT, MR
spectroscopy, and MR imaging.*!#? Skeletal muscle attenua-
tion measured by CT shows good correlation with intramyo-
cellular fat content compared to MR spectroscopy findings or
percutaneous muscle biopsy.***#? Further clinical studies may
be necessary before assessing myosteatosis becomes part of
the routine evaluation in NAFLD.

Clinical evidence of skeletal muscle dysfunction in
NAFLD

Population-based and targeted studies on sarcopenia
and NAFLD

There have been relatively few studies that have aimed at
analyzing the relationship between myosteatosis and NAFLD.
Instead, many studies have focused on the relationship
between NAFLD and sarcopenia or sarcopenic obesity; this
association has been extensively studied in several cohorts
from Asian-Pacific countries. In a prospective observational
cohort of 452 healthy adults from the Korean Sarcopenic
Obesity Study, individuals with sarcopenia (defined by having
a DXA-estimated skeletal muscle mass index 1 standard
deviation below the reference) had significantly greater
body mass index (BMI), waist circumference, total body fat
mass, HOMA-IR score, and adverse cardiovascular indices
compared to the non-sarcopenic group.43 In a retrospective
analysis of the Korean National Health and Nutrition Exami-
nation Surveys (2008-2011), sarcopenia was diagnosed by
DXA in 337 (12.2%) of 2,761 participants with NAFLD.**
That study found that sarcopenia carries an approximately
2-fold risk of significant fibrosis, independent of obesity and
insulin resistance [odds ratio (OR)=1.76 to 2.68].** In a
South Korean cohort of 309 subjects with biopsy-proven
NAFLD, the prevalence of sarcopenia increased as liver
disease progressed from the absence of NAFLD (8.7%) to
steatosis (17.9%) and NASH (35.0%).%> Moreover, significant
fibrosis (= F2) was more prevalent in subjects with sarcope-
nia than in those without (45.7% vs. 24.7%).%°

In a large, longitudinal cohort study that followed 15,567
subjects from Seoul over 7 years, an inverse association was
found between SMI (identified by BIA) and incident NAFLD
(determined by the hepatic steatosis index) that developed in
1,864 of the 12,624 subjects (14.8%) without baseline
NAFLD [adjusted hazard ratio (HR)=0.44]1.° In this study, a
positive association between higher skeletal muscle mass
index and the resolution of NAFLD was observed in 79 of the
2,943 subjects (2.7%) with baseline NAFLD (adjusted
HR=2.09). These relationships persisted even after adjusting
for baseline skeletal muscle mass index, suggesting that skel-
etal muscle mass impacts NAFLD's natural history.*® In a pro-
spective cross-sectional cohort study from China with 5,132
participants aged 18 to 80 years, sonographically-diagnosed
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NAFLD was increasingly found among individuals with low
SMI identified by DXA (OR=2.57) and low muscle strength
based on weight-adjusted handgrip strength (OR=1.47).
This association was even more robust with sarcopenia
(OR=3.91) and sarcopenic obesity (OR=10.42 when defined
by BMI and OR=11.64 when defined by waist circumference),
indicating that the concurrence of sarcopenia and obesity rep-
resents an exceptionally high risk of NAFLD.*”

Clinical evidence for the link between skeletal muscle
dysfunction and NAFLD is not confined to the Asia-Pacific
region. SMI defined sarcopenia based on BIA (= 37 in men
and = 28 in women) in a retrospective study of 225 Italian
adults with biopsy-proven NASH, and its prevalence
increased with the severity of liver fibrosis from 20.4% (=
F2) to 48.3% (= F3). Multivariate regression analysis indi-
cated that sarcopenia is associated with an OR of 2.88 for
having at least F3 fibrosis in this cohort.*® In the Rotterdam
Study, a large ongoing population-based cohort of partici-
pants aged 45 years or older in the Netherlands, 161 lean,
and 1,462 overweight or obese participants with NAFLD were
analyzed for the prevalence of pre-sarcopenia and sarcope-
nia, which was relatively low (5.9% and 4.5%, respectively).
SMI calculated from DXA measurements showed an inverse
relationship with  NAFLD in normal-weight women
(OR=0.48).38 In general, fat mass rather than lean mass
was a predictor for NAFLD in this cohort, and the android-
fat-to-gynoid-fat ratio was the best performing predictor for
NAFLD prevalence (ORs ranging from 1.97 in lean men to
4.81 in lean women), suggesting that android fat is more
likely to cause NAFLD.3® Cross-sectional data analysis of
11,325 American participants of the third NHANES found
that NAFLD was more prevalent with sarcopenia than
without (46.7% vs. 27.5%). After adjustment for confound-
ers, the association of sarcopenia with NAFLD remained sig-
nificant (OR=1.24). Moreover, advanced liver fibrosis was
more common in participants with sarcopenia than in those
without (7.8 vs. 1.6%). The data indicate that sarcopenia in
NAFLD represents a risk factor of advanced fibrosis independ-
ent of metabolic risk factors (OR=1.79).%°

Sarcopenia in patients with established cirrhosis

Sarcopenia is a common feature of cirrhosis, and the tran-
sition from normal body composition to sarcopenia and from
obesity to sarcopenic obesity has been repeatedly observed
with the progression of liver disease. In contrast, healthier
skeletal muscle indices are associated with long-term survival
in patients with cirrhosis.?2-°%>* There have been few studies
focusing on the specific relationship between skeletal muscle
dysfunction and advanced liver disease associated with
NAFLD. Recently, a study done at Mayo Clinic in Rochester,
Minnesota (USA), evaluated the presence of sarcopenia and
myosteatosis in patients awaiting liver transplant with a
primary diagnosis of NASH (n=136) vs. alcohol-associated
liver disease (n=129).°2 This study showed that while NASH
patients had a higher Rockwood frailty score (49% vs. 34%,
p=0.03), sarcopenia was less frequent in this group than
among patients with alcohol-associated liver disease (22%
vs. 47%, p<0.001). Moreover, myosteatosis (diagnosed by
CT) was present to a similar degree in both groups and
showed no association with adverse events such as increased
length of stay or poor survival.>2

The presence of myosteatosis, sarcopenia, and sarcopenic
obesity was analyzed in a cohort study of 678 patients with

cirrhosis in Edmonton (Canada). The etiology of cirrhosis was
primarily chronic hepatitis C (40%), alcohol (23%), and
NASH or cryptogenic (14%). Myosteatosis was found in 353
patients (52%), while 292 patients had sarcopenia (43%),
and 135 had sarcopenic obesity (20%). The median survival
of patients with myosteatosis, sarcopenia, and sarcopenic
obesity was significantly worse than those without muscular
abnormalities (28+5, 22+3 and 22+3 vs. 95+22 months,
respectively). Multivariate analysis indicated an increased
risk of mortality associated with myosteatosis and sarcopenia
(HR=1.42 and 2.00, respectively).?? Another retrospective
analysis done in Kentucky (USA) focused on 207 adult
patients who received liver transplantation (male, 68%;
mean age, 54+8 years) due to cirrhosis from alcohol-
related liver disease (38.6%), chronic hepatitis C (38.2%),
and NASH (21.7%) or based on hepatocellular carcinoma
(24.6%). In this cohort, 48% of patients were obese, 59%
had sarcopenia, and 41.7% had sarcopenic obesity during
transplant evaluation. Additionally, it was observed that sar-
copenia was still present in 56 out of 59 (95%) patients who
received CT scan at 6 months posttransplant.>® Multivariate
analysis found that obesity was an independent predictor of
pretransplant sarcopenia and NASH was associated with a 6-
fold increased risk of having sarcopenic obesity in cirrhotic
patients.>3

Pathogenesis of skeletal muscle dysfunction in NAFLD

Key mediators of adipose-muscle-liver crosstalk

Cellular and molecular mechanisms provide a complex inter-
play between adipose tissue, skeletal muscle, and the liver
(Fig. 3). Adipose tissue as an endocrine organ secretes many
bioactive substances termed adipokines that relay informa-
tion to other metabolically active organs, including skeletal
muscle and the liver.>* Adiponectin, a major adipokine with
many beneficial properties, activates 5’-adenosine mono-
phosphate-activated protein kinase (AMPK), a master regula-
tor of energy metabolism. Adiponectin receptor type 1 is
highly expressed in skeletal muscle, while type 2 is mostly
expressed in the liver, allowing for separate regulatory mech-
anisms.>> Adiponectin promotes insulin sensitivity via cellular
uptake and processing of glucose and fatty acids.>® Adiponec-
tin negatively regulates cell apoptosis via the mammalian
target of rapamycin (mTOR) pathway and c-Jun N-terminal
kinase (JNK)/caspase 3 pathways.>” Moreover, adiponectin
binding may activate ceramidases that degrade harmful
ceramide and its derivatives.® Leptin is another major adipo-
kine with beneficial effects, such as regulation of appetite,
energy metabolism, and body weight.>® Circulating leptin is
believed to exert anabolic effects and decrease the impact of
atrophy-related factors in skeletal muscle.>® Obesity-associ-
ated leptin resistance results in hyperleptinemia, promoting
insulin resistance by upregulating pro-inflammatory cyto-
kines IL-6 and tumor necrosis factor alpha (TNF-«).%° High
leptin levels diminish the anabolic actions of insulin-like
growth factor 1 (IGF1) in skeletal muscle and may increase
frailty.3* Moreover, high leptin levels promote inflammation
and fibrogenesis in the liver and have been linked to the pro-
gression of NAFLD in experimental and clinical studies.®*:62
Hormonally-active substances secreted by skeletal muscle
cells are termed myokines, with remote actions on adipose
tissue, liver, pancreatic beta cells, and the gut micro-
biota.®*®* The growing list of myokines includes myostatin,
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Fig. 3. Adipose-muscle-liver crosstalk in NAFLD: Mechanisms and mediators of pathogenesis. Schematic depiction of major structural and functional changes in
adipose tissue, skeletal muscle, and the liver (blue) due to sustained energy surplus with key molecular mediators and mechanisms of interplay (black arrows). Input from
other body components, such as pancreatic beta cells (hyperinsulinemia due to insulin resistance) and gut microbiota (dysbiosis), may affect all elements of the adipose-

muscle-liver triangle (blue arrows). See details in the main text.

Abbreviation: 12,13-diHOME, 12,13-dihydroxy-9Z-octadecenoic acid; ANGPTL4, angiopoietin-like 4; BAT, brown adipose tissue; BCAA, branched-
chain amino acids; FFA, free fatty acids; GH, growth hormone; HSC, hepatic stellate cell; IGF-1, insulin-like growth factor 1; IL-6, interleukin 6; IRF-
4, interferon regulatory factor 4; LPL, lipoprotein lipase; MCP-1, monocyte chemoattractant protein 1; NAFLD, nonalcoholic fatty liver disease; TNFaq,

tumor necrosis factor-alpha.

irisin, myonectin, and various interleukins (IL-6, IL-7, IL-8,
and IL-15). Myostatin is a TGF-B superfamily member and a
negative regulator of skeletal muscle mass.®3 Myostatin inter-
feres with mTOR signaling and activates skeletal muscle pro-
teolysis through autophagy and the ubiquitin-proteasome
pathway.®> Myostatin promotes liver inflammation and fibro-
sis via activin IIbr receptors on hepatic stellate cells.®® Irisin is
an exercise-inducible myokine with the ability to increase
total body energy expenditure by stimulating “browning”
and uncoupling protein-1 expression in subcutaneous white
adipose tissue and thus improving insulin sensitivity.6” One of
the molecular targets of irisin is the nuclear hormone receptor
PPAR-a, which explains its stimulatory impact on fatty acid
oxidation.®® Myonectin, another exercise-inducible myokine,
promotes the uptake of free fatty acids in adipose tissue and
the liver.5® Also, myonectin activates the PI3K/Akt/mTOR
pathway and inhibits autophagy.®® It has been suggested
that myonectin is a nutrient-sensing myokine, coordinating
nutrient uptake and storage among various tissues.®’

Brown adipose tissue (BAT) is an increasingly recognized
player in the adipose-muscle-liver triangle. BAT is a key
regulator of energy homeostasis, due to its abundance of
uncoupling protein-1 which enables the breakdown of lipids
and other nutrient substrates at high rates by dissipating

biochemical energy as heat rather than capturing it through
ATP synthesis.”® This profound thermogenic and energy-
wasting ability of BAT may lower the risk of obesity-associated
disorders, such as NAFLD.”! Several molecular links between
BAT, skeletal muscle, and the liver have been recently identi-
fied. 12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME),
an exercise-induced lipokine released by BAT, promotes fatty
acid uptake and oxidation in skeletal muscle.”> Moreover,
interferon regulatory factor 4 (IRF4) in BAT prevents loss of
exercise capacity by repressing the transcription of muscle
function inhibitor myostatin.”®> IRF4 regulates exercise
capacity, mitochondrial function, ribosomal protein synthesis,
and mTOR signaling in skeletal muscle.”® Finally, neuregulin 4
(Nrg4), a member of the epidermal growth factor (EGF) family,
is highly expressed in BAT under physiological conditions and
has reduced levels during obesity. Nrg4 has a beneficial impact
on NAFLD by controlling the activity of liver X receptor (LXR)
and sterol regulatory element-binding protein 1c (SREBP-1c),
key regulators of de novo lipogenesis in the liver.”*

Disruption of the adipose-liver-muscle axis in NAFLD

Expansion and remodeling of white adipose tissue in obesity
leads to the development of prominent visceral fat depots,
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which result in lipotoxicity, inflammation and altered neuro-
endocrine function.® Increased triglyceride storage and
reduced lipid turnover leads to accumulation of potentially
toxic lipid molecules, such as ceramides, diacylglycerol and
long-chain acyl CoA.”* Lipotoxicity promotes infiltration of
adipose tissue with macrophages and other immune cells
causing chronic, low-grade inflammation.”® This injury is
aggravated by oxidative stress on mitochondria, which
process the breakdown of excess lipids, and by reduced
tissue perfusion, leading to hypoxia in fat depots grown out
of proportion.”® Adipocytes in enlarged visceral fat depots
have an altered adipokine secretion profile, characterized by
diminished levels of adiponectin and increased secretion of
leptin as well as other potentially harmful adipokines. like
chemerin and resistin.° Adipocyte injury results in recruit-
ment of macrophages and other immune cells associated
with inflammation and the release of IL-6, TNF-a and plasmi-
nogen activator inhibitor-1.”” Liver-derived fibroblast growth
factor 21 (FGF21) has also been implicated in regulating
energy metabolism in adipose tissue. Serum FGF21 levels
increase in NAFLD but its effect may be lost due to peripheral
resistance.”®

Since adipose tissue has limited expandability, surplus
lipids that are associated with obesity accumulate in non-
adipose tissues, such as the liver and skeletal muscle.® Stea-
tosis in the liver and skeletal muscle has complex pathophysi-
ology, and its cause and consequence is challenging to
distinguish.?® Physiological amounts of intramyocellular
lipids are stored as triglycerides in lipid droplets and used as
a fuel source during exercise.® Lipid droplets are highly
dynamic organelles involved in cell signaling and vesicle traf-
ficking.”® Intramyocellular lipid droplets are more abundantin
type I compared to type II fibers, reflecting the greater oxi-
dative capacity of type I fibers.8° Perilipins are proteins asso-
ciated with the surface of lipid droplets; they regulate lipid
traffic and composition.!* High levels of perilipin 2 have
been detected in patients with sarcopenia and hepatic stea-
tosis.®! Physical exercise may increase intramuscular trigly-
cerides’ turnover and prevent the accumulation of lipotoxic
intermediates, thus reducing the risk of insulin resistance.?
Low-grade inflammation and excess lipid deposition in skele-
tal muscle results in mitochondrial dysfunction, myocellular
apoptosis, and an adverse secretory pattern of myokines,
which further disrupts endocrine interactions with adipose
tissue and the liver.*?

Insulin resistance is the most consequential biochemical
pathophenotype associated with obesity, leading to progres-
sive dysfunction of the adipose-muscle-liver axis.®? Insulin
resistance in obesity develops from the combined impact of
toxic lipid molecules and pro-inflammatory mediators. Diac-
ylglycerol, ceramides, and long-chain acetyl coenzyme A
interfere with physiological insulin signaling by activating
atypical isoforms of protein kinase C (PKC), setting off a
series of deleterious molecular events in the liver and skeletal
muscle.®3 PKC-mediated serine phosphorylation of insulin-
receptor substrates in skeletal muscle and liver inhibits PI-
3-kinase/Akt signaling. In contrast, PKC-mediated activation
of protein phosphatase 2A dephosphorylates Akt at a key
serine residue.®* These changes prevent glucose uptake in
skeletal muscle and lead to diminished glycogen synthesis
and increased gluconeogenesis rates in the liver.”> Peripheral
insulin signaling is also weakened by additional serine/threo-
nine kinases or ‘stress kinases,” such as c-Jun N-terminal
kinase (JNK), p38-mitogen-activated protein kinase

(p38-MAPK), and IkB kinase (IKK), activated by TNF-a and
other pro-inflammatory cytokines.82 Compensatory hyperin-
sulinemia further promotes steatosis. Critical regulators of
lipid metabolism, like SREBP-1c, remain responsive to
insulin; they stimulate de novo lipogenesis and inhibit g-oxi-
dation in the liver, creating a vicious cycle between lipotoxicity
and insulin resistance.”>:82

Disruption in the composition and function of gut micro-
biota (dysbiosis) may occur in response to various environ-
mental factors.®5 Sustained nutrient excess has been linked
to dysbiosis with an essential role in the pathophysiology of
obesity-associated disorders.®® Aberrant host-microbiome
interactions may contribute to all NAFLD stages by altering
intestinal bile acid metabolism, weakening of the intestinal
epithelial barrier, and compromising innate immunity of the
gut mucosa as fundamental underlying mechanisms.87-88
Dysbiosis promotes chronic inflammation and insulin resist-
ance, at least in part via modulation of the skeletal muscle
composition and function.®® Although there is no direct evi-
dence of a link between human gut microbiota composition
and sarcopenia, experimental studies indicate that adminis-
tration of Faecalibacterium prausnitzii, a bacterial strain
known for its beneficial effects through abundant production
of short-chain fatty acids, increases gastrocnemius muscle
mass and mitochondrial oxidative phosphorylation capacity
in mice fed with a high-fat diet.®®

Adipose—-muscle-liver axis dysfunction in advanced
stages of NAFLD

The adipose—-muscle-liver axis becomes increasingly disrup-
ted as NAFLD progresses into cirrhosis, and it is characterized
by end-organ damage, frailty, infections, and oncogenesis.
The relationship between cirrhosis and sarcopenia has a
complex pathophysiology.*>°! Liver dysfunction and
reduced skeletal muscle mass intensify insulin resistance,
which advances to type 2 diabetes and possibly leads to pan-
creatic p-cell failure.'?-°2 Nutrient intake is reduced in cirrho-
sis due to anorexia, nausea, and malabsorption, which results
from the congestion of gastrointestinal mucosa due to portal
hypertension, impaired gut motility, and altered enterohe-
patic biliary physiology.*? Cirrhotic patients have insufficient
hepatic glycogen reserves due to the impaired synthetic
capacity of hepatic cells.®* Due to reduced hepatic ability to
store, synthesize and mobilize carbohydrate stores, even
after an overnight fast, patients with cirrhosis quickly shift
their energy source to fat and protein catabolism, leading to
rapid muscle breakdown.?!* Ongoing mitochondrial dysfunc-
tion, generation of reactive oxygen species, and impaired bio-
energetics in skeletal muscle may all contribute to impaired
protein synthesis and activate autophagy as a metabolic
adaptive response.'3 Reduced cellular amino acid concentra-
tions activate adaptive responses, including increased skele-
tal muscle autophagy, which has been reported in cirrhosis.®!

Increasing hepatocellular dysfunction in cirrhosis may also
result in decreased levels of potent anabolic factors, such as
testosterone, and a relative lack of follistatin, a natural
antagonist myostatin and activin(s) antagonist that contrib-
utes to skeletal muscle wasting by lowering protein synthesis
and inducing myostatin expression.®> High levels of FFA, in
turn, inhibit the growth hormone (GH)/ IGF-1 axis, which
generally plays a protective role in age-related muscle loss
and muscle regeneration.!? Decreased hepatic production of
IGF-1 has been associated with sarcopenia in experimental
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NAFLD.°* Additionally, cirrhosis is associated with systemic
inflammation that directly promotes muscle wasting.t3°!
Testosterone increases muscle protein synthesis by increas-
ing amino acid utilization in skeletal muscle and increasing
androgen receptor expression.®® Gut barrier function in cir-
rhosis is compromised due to dysbiosis and portal hyperten-
sion, allowing the translocation of bacterial products
recognized as pathogen-associated molecular patterns by
immune cells in the gut and the liver leading to activation of
pro-inflammatory state.8°*

Additionally, there are specific metabolic changes seen in
cirrhosis that may worsen sarcopenia. Hepatocellular dys-
function and portosystemic shunting impair the rate of urea-
genesis, which is a key metabolic pathway for ammonia
disposal.!® In order to compensate for this, skeletal muscle
converts excess ammonia into glutamate by removing
a-ketoglutarate from the tricarboxylic acid (TCA) cycle,
which weakens myocellular ATP production capacity, leading
to reduced myocellular protein synthesis and increased
autophagy.®® Due to branched-chain keto-dehydrogenase
availability, skeletal muscle cells can channel branched-
chain amino acids (BCAA) into the TCA cycle and sustain mito-
chondrial oxidative phosphorylation.®” However, BCAA levels
are already decreased in cirrhosis and may be further reduced
due to increased utilization for ammonia disposal in the skel-
etal muscle, whereby reduced muscle mass contributes to
hyperammonemia.!3 Sarcopenia is also worsened by a defi-
ciency in vitamin D since it is a ligand of the nuclear vitamin D
receptor, which regulates the expression of genes involved in
cell proliferation and differentiation and affects myogenesis
and muscle inflammation.*2°8 Lower levels of vitamin D are
typically seen in the elderly but may get worse when absorp-
tion and metabolism of vitamin D become impaired in severe
liver disease.%°°

Cirrhotic patients are increasingly prone to frailty and
infections. Frailty, a condition distinct from disability, has
been defined as a biological syndrome of decreased reserve
and resistance to stressors. It is characterized by a cumu-
lative decline across multiple physiologic systems and
increased vulnerability to adverse outcomes.'® Frailty that
predates a patient’s stated age significantly affects clinical
performance in cirrhosis and is closely associated with sarco-
penia. Physical exercise dramatically improves components
of frailty, which is much more challenging with the coexis-
tence of sarcopenia.®! Susceptibility to infections is another
major determinant of clinical outcomes in cirrhosis. Dysbiosis
and breakdown of the intestinal barrier combined with porto-
systemic shunting promote bacterial infections in cirrhosis.*%2
Immune functions in cirrhosis are further compromised by
malnutrition and alcohol drinking.1°® Finally, myosteatosis
and sarcopenia predict increased risk and worse prognosis
of hepatocellular carcinoma in cirrhosis associated with
NAFLD and other liver diseases, although the precise molec-
ular mechanisms of this process are not entirely
understood. 104105

Prevention and management of skeletal muscle
dysfunction in NAFLD

It is now clearly established that progression and clinical
outcomes in NAFLD are affected by skeletal muscle health,
which in turn may benefit from effective treatment of liver
disease.!® Finding therapeutic strategies that address the
pathobiology of both organs in metabolic dysfunction is
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therefore desirable. The main clinical objectives and specific
treatment targets in this effort may differ depending on the
stage of liver disease. Effective management of non-cirrhotic
NAFLD is expected to diminish myosteatosis and prevent cel-
lular and molecular mechanisms that would ultimately result
in sarcopenia with or without concomitant obesity. In NAFLD
patients with established cirrhosis, halting the progression of
skeletal muscle dysfunction may be a more appropriate role
than reversing the course of the disease. However, improved
muscle function is likely to have a positive impact on liver
disease progression and outcomes in all stages of
NAFLD.12,17,18,106

Lifestyle modification approaches to skeletal muscle
dysfunction in NAFLD

There are multiple lines of evidence that lifestyle interven-
tions aimed at improving skeletal muscle mass, strength, and
function positively impact the course of NAFLD.34106:107
These approaches, such as sustained physical activity,
adequate nutrition, monitored weight loss, control of diabe-
tes, and alcohol abstinence, usually promote whole health
with combined benefits, and it may be challenging to decipher
specific effects on skeletal muscle or the liver. Nevertheless,
skeletal muscle is a major energy expenditure site and a key
component in balancing excess nutrient intake to limit the
buildup of adipose tissue and lipid spillover with ectopic dep-
osition. Moreover, aerobic exercise has been associated with
lower levels of circulating pro-inflammatory mediators, such
as IL-6, TNF-«, and C-reactive protein, thus reducing sys-
temic low-grade inflammation, restoring adipokine and
myokine balance, and improving insulin resistance.34:106:107
Regular exercise is known to modulate the composition and
function of gut microbiota, improving bacterial richness and
balance towards health-promoting taxa.®

Physical activity is also critical to mitigate the potential
drawbacks of weight management strategies in metabolic
dysfunction.'®'? Even if it is controlled and incremental,
weight loss induced by caloric restriction alone may lead to
sarcopenia or make it worse since it usually results in the loss
of both fat tissue (75%) and fat free mass (25%).1°° Fortu-
nately, however, several studies indicate that these concerns
are not necessarily substantiated. In a North American study,
nondiabetic, severely obese individuals were enrolled in a 6-
month lifestyle modification interventional trial to analyze the
association between NAFLD and body composition before and
after weight loss.*° Subjects with NAFLD had greater visceral
adiposity and experienced more significant improvements in
visceral fat mass, waist circumference, hepatic insulin sensi-
tivity, and serum transaminases than those without NAFLD.
However, there was no baseline difference in muscle mass
between the two groups. Perhaps more importantly, no dis-
proportionate loss of lean mass and skeletal muscle mass
occurred among participants with NAFLD resolution, suggest-
ing that weight loss interventions may be accomplished with
muscle preservation.''® Initial reports about the impact of
bariatric surgery on skeletal muscle mass are also promising.
In a retrospective European study from a single center ana-
lyzing 69 patients who underwent bariatric surgery (gastric
bypass or sleeve gastrectomy), the percentage of BMI loss
and improvement in comorbidities were similar in the sarco-
penic and non-sarcopenic subgroups, with no significant dif-
ferences in skeletal muscle mass indices at 1l-year
postoperative follow-up.1?
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Pharmacotherapy in skeletal muscle dysfunction
associated with advanced liver disease

Lifestyle interventions represent a logical approach to
improve liver disease and metabolic comorbidities that
result from increased caloric intake and physical inactivity.
However, there are immense efforts to find efficient and safe
pharmacotherapy for obesity-associated disorders, such as
NAFLD, and restore homeostasis within the adipose-muscle-
liver triangle.!!? Several phase III clinical trials for NAFLD aim
to find drugs that target lipid accumulation, lipotoxicity,
insulin resistance, liver inflammation, and fibrosis alone and
in combination.'*3:11% By contrast, less advanced are thera-
peutic efforts to improve myosteatosis and sarcopenia asso-
ciated with metabolic dysfunction through molecular targets.
Vitamin D supplementation to correct low levels to improve
the liver-muscle interplay and reduce NAFLD’s progression
and severity has yielded controversial results.'2°° Similarly,
additional clinical evidence is needed to support the use of
testosterone and GH to counteract the effects of myostatin
in advanced liver disease.'?®! In a proof-of-concept multi-
center clinical trial, 24-week treatment of patients aged 75
years and older with a humanized monoclonal antibody
against myostatin significantly increased lean mass and
improved skeletal muscle performance measured by fast
gait speed, chair stand tests, and other functional
assays.''® The impact of targeted molecular interventions
on skeletal muscle dysfunction associated with NAFLD
remains to be seen.

As discussed above, hyperammonemia in end-stage liver
disease represents harm to skeletal muscle homeostasis as it
interferes with myocellular energy metabolism and promotes
protein breakdown and autophagy.’® Ammonia-lowering
measures, such as lactulose or rifaximin, and supplementa-
tion with protein-based calories or BCAA provide an opportu-
nity to mitigate the loss of sarcopenia in cirrhosis by reducing
the rate of protein catabolism and improving muscle
mass.®!'11® However, nutritional parameters and quality of
life do not necessarily follow the improvement in hepatic
encephalopathy, and slow skeletal muscle turnover has
been considered as an explanation for the apparent need of
long-term management of hyperammonemia to affect sarco-
penia in cirrhosis.? Liver transplantation may be the ultimate
solution to eliminate the impact of diseased liver on skeletal
muscle dysfunction; although, it is essential to realize that
pre-existing sarcopenia may significantly hamper postopera-
tive recovery after liver transplantation, and the adverse
impact of immunosuppressive therapies on skeletal muscle
is not negligible.18°1

Conclusions

We have come a long way in understanding NAFLD’s patho-
physiology since its original description 40 years ago. There is
emerging interest in renaming NAFLD to metabolic dysfunc-
tion-associated fatty liver disease (also referred to as MAFLD)
and recognizing this liver condition as part of a multisystem
metabolic disorder that represents a continuum, beginning at
early changes due to sustained caloric excess to severe
outcomes from end-stage organ damage.'” Since so many
people are affected by this highly prevalent condition, risk
assessment and prognostication is critically important and
may be enhanced by better understanding the cellular and

molecular mechanisms governing the relationship between
skeletal muscle and the liver.
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