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Abstract: Sarcopenia is characterized by progressive and generalized loss of skeletal muscle mass and
strength that occurs with aging or in association with various diseases. The condition is prevalent
worldwide and occurs more frequently in patients with chronic diseases owing to the intrinsic
relationship of muscles with glucose, lipid, and protein metabolism. Liver cirrhosis is characterized
by the progression of necro-inflammatory liver diseases, which leads to fibrosis, portal hypertension,
and a catabolic state, which causes loss of muscle tissue. Sarcopenia is of significant concern in the
state of liver cirrhosis because sarcopenia has been associated with higher mortality, increased hospital
admissions, worse post-liver transplant outcomes, decreased quality of life, and increased risk for
other complications associated with cirrhosis. Therefore, sarcopenia is also an important feature of
liver cirrhosis, representing a negative prognostic factor and influencing mortality. An increased
understanding of sarcopenia could lead to the development of novel therapeutic approaches that
could help improve the cognitive impairment of cirrhotic patients; therefore, we present a review of
the mechanisms and diagnosis of sarcopenia in liver disease and existing therapeutic approaches.
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1. Introduction

Sarcopenia was first defined by Rosenberg. The word originates from a combination
of sarx and penia, which means “muscle” and “loss” in Greek, respectively, and has been
defined as the “loss of skeletal muscle mass with aging” [1]. It has recently been registered
as an injury/disease in the International Statistical Classification of Diseases and Related
Health Problems, 11th revision [2].

Reports on the frequency of sarcopenia vary. In general, 1–29% of elderly people
are affected, and a high proportion (14–33%) of people receiving long-term care have
sarcopenia [3]. As no unified diagnostic criteria currently exist, the diagnosis is made at
the discretion of the clinician. In early 2018, the European Working Group on Sarcopenia in
Older People 2 (EWGSOP2) updated the original definition to reflect scientific and clinical
evidence that has accumulated over the last decade. They reported that sarcopenia is
indicated for cases with decreased skeletal muscle mass of the extremities in addition to
decreased physical function (indicated by gait speed) or muscle strength (indicated by grip
strength) [4].

Physical function declines with age as the balance between protein synthesis and
degradation in the skeletal muscle becomes compromised. This reduces muscle strength,
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which can result in falls or gait disturbance [5]. A cohort study showed that muscle mass
begins to decrease in both men and women in their late 40 s, with consequent negative
influences on daily life [6].

The various causes of decreased muscle activity include sarcopenia, flail, cachexia,
disuse syndrome, and locomotive syndrome (Figure 1). These syndromes have partly
overlapping phenotypes.
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Figure 1. Sarcopenia and other related hypoactivity syndromes.

Figure 1 shows definitions with some overlap, each involving a decline in physical
function [7].

In this study, we review the mechanisms and diagnosis of sarcopenia in liver disease
and the existing and potential novel therapeutic approaches.

2. Classification of Sarcopenia

Recent classification systems largely categorize sarcopenia into primary and secondary
sarcopenia (Table 1). Losses of muscle mass and strength with aging are classified as pri-
mary sarcopenia, whereas losses of muscle mass and strength due to disuse muscle atrophy
related to activity, disease, and nutrition status are classified as secondary sarcopenia [8].
Secondary sarcopenia usually involves some underlying disease, such as renal, liver, in-
flammatory disease, or malignant tumor, with a concurrent lack of protein and energy
intake. Sarcopenia that develops from liver disease is an example of secondary sarcopenia.
The Sarcopenia Judgment Criteria (Version 1) for liver diseases developed by the Japan
Society of Hepatology Sarcopenia Judgement Criteria Creating Working Group refer to the
diagnostic criteria and definition of primary sarcopenia proposed by the Asian Working
Group for Sarcopenia (AWGS) [9].

Table 1. Classification of sarcopenia.

Classification of Sarcopenia Causes

Primary sarcopenia
Age-related No causes other than aging

Secondary sarcopenia
Activity-related A bedridden state or weightlessness

Disease-related Severe organ (heart, lung, liver, kidney, or brain) dysfunction,
inflammatory disease, or malignant tumor

Nutrition-related Energy and protein deficiencies associated with malabsorption,
gastrointestinal disease, and/or medication

3. Mechanism of Sarcopenia in Liver Cirrhosis

Liver cirrhosis with a background of viral hepatitis frequently leads to sarcopenia,
and its incidence has been reported to be 30% in patients with chronic hepatitis and 40%
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in patients with liver cirrhosis [10]. Thus, sarcopenia should be considered because it can
affect the quality of life of patients with cirrhosis. A recent study involving computed
tomography (CT) analysis of skeletal muscle mass index (SMI), which was performed as
part of an interventional radiology treatment for hepatocellular carcinoma, reported that
high levels of skeletal muscle mass loss during six months of treatment were associated
with poor prognosis [11]. Skeletal muscle mass decreases progressively with age, at an
estimated rate of approximately 1% per year, as aging puts the body in a state where the
synthesis of the skeletal muscle is exceeded by its degradation. This decrease occurs at
higher rates in people with low levels of activities of daily living (ADL) [12].

Sarcopenia in liver cirrhosis is multifactorial. Changes due to liver cirrhosis are
considered potential disruptors of the balance of protein anabolism and catabolism. Muscle
mass is regulated by the balance of protein anabolism and catabolism and decreased muscle
mass due to decreased anabolism and enhanced catabolism is a characteristic of sarcopenia.

In addition to decreased protein anabolism as a result of decreased hepatic function,
the factors that induce sarcopenia in liver disease include hyperammonemia, lower lev-
els of branched-chain amino acids (BCAAs), and abnormal sex hormone levels (lower
testosterone levels) [13]. These are discussed in detail below.

Figure 2 shows a schematic overview of the crosstalk between liver cirrhosis and the
mechanisms of muscle loss and sarcopenia, lower BCAA levels, hyperammonemia, and
abnormal sex hormone levels. The expression patterns during the different phases of the
cell cycle are also shown in Figure 2. The myogenic factor 5(Myf5) protein level peaks in
G0 (Gap0) phase, decreases during G1 (Gap1) phase, and then increases again at the end of
G1, at which they remain stable through mitosis signaling activated by insulin-like growth
factor 1 (IGF1), positively regulating muscle mass, primarily via the induction of protein
synthesis downstream of serine/threonine-protein kinases (Akt) and mammalian target of
rapamycin (mTOR) [14] myostatin/GDF11/activin pathway negatively regulates muscle
size as a result of the phosphorylation of SMAD2/3 primarily by inhibiting Akt. IGF1
acts via the IGF receptor (IGFR) and insulin receptor substrate 1 (IRS1) activates Akt. Akt
activates mTOR complex 1 (mTORC1), a multiprotein complex that requires the protein
raptor for its function and is acutely inhibited by FKBP/rapamycin. mTORC1 controls
protein synthesis by phosphorylating S6 kinase 1 (S6K) [15].

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 16 
 

 

3. Mechanism of Sarcopenia in Liver Cirrhosis 

Liver cirrhosis with a background of viral hepatitis frequently leads to sarcopenia, 

and its incidence has been reported to be 30% in patients with chronic hepatitis and 40% 

in patients with liver cirrhosis [10]. Thus, sarcopenia should be considered because it can 

affect the quality of life of patients with cirrhosis. A recent study involving computed to-

mography (CT) analysis of skeletal muscle mass index (SMI), which was performed as 

part of an interventional radiology treatment for hepatocellular carcinoma, reported that 

high levels of skeletal muscle mass loss during six months of treatment were associated 

with poor prognosis [11]. Skeletal muscle mass decreases progressively with age, at an 

estimated rate of approximately 1% per year, as aging puts the body in a state where the 

synthesis of the skeletal muscle is exceeded by its degradation. This decrease occurs at 

higher rates in people with low levels of activities of daily living (ADL) [12]. 

Sarcopenia in liver cirrhosis is multifactorial. Changes due to liver cirrhosis are con-

sidered potential disruptors of the balance of protein anabolism and catabolism. Muscle 

mass is regulated by the balance of protein anabolism and catabolism and decreased mus-

cle mass due to decreased anabolism and enhanced catabolism is a characteristic of sarco-

penia. 

In addition to decreased protein anabolism as a result of decreased hepatic function, 

the factors that induce sarcopenia in liver disease include hyperammonemia, lower levels 

of branched-chain amino acids (BCAAs), and abnormal sex hormone levels (lower testos-

terone levels) [13]. These are discussed in detail below. 

Figure 2 shows a schematic overview of the crosstalk between liver cirrhosis and the 

mechanisms of muscle loss and sarcopenia, lower BCAA levels, hyperammonemia, and 

abnormal sex hormone levels. The expression patterns during the different phases of the 

cell cycle are also shown in Figure 2. The myogenic factor 5(Myf5) protein level peaks in 

G0 (Gap0) phase, decreases during G1 (Gap1) phase, and then increases again at the end 

of G1, at which they remain stable through mitosis signaling activated by insulin-like 

growth factor 1 (IGF1), positively regulating muscle mass, primarily via the induction of 

protein synthesis downstream of serine/threonine-protein kinases (Akt) and mammalian 

target of rapamycin (mTOR) [14] myostatin/GDF11/activin pathway negatively regulates 

muscle size as a result of the phosphorylation of SMAD2/3 primarily by inhibiting Akt. 

IGF1 acts via the IGF receptor (IGFR) and insulin receptor substrate 1 (IRS1) activates Akt. 

Akt activates mTOR complex 1 (mTORC1), a multiprotein complex that requires the pro-

tein raptor for its function and is acutely inhibited by FKBP/rapamycin. mTORC1 controls 

protein synthesis by phosphorylating S6 kinase 1 (S6K) [15]. 

 

Figure 2. Mechanism of liver disease and sarcopenia.



Int. J. Mol. Sci. 2021, 22, 1425 4 of 16

3.1. Hyperammonemia

The risk of hyperammonemia increases with the increase in loss of muscle mass along
with liver dysfunction, as the muscle helps in NH3 disposal. Ammonia is produced in
the gastrointestinal tract by the bacterial degradation of amines, amino acids, purines,
and urea. Enterocytes also converts glutamine to glutamate and ammonia through the
activity of glutaminase. Normally, ammonia is detoxified in the liver by conversion to
urea in the urea cycle [16]. Ammonia is also consumed in the conversion of glutamate to
glutamine, a reaction that depends on the activity of glutamine synthetase. Two factors
contribute to hyperammonemia, which occurs in patients with cirrhosis. First, the mass
of functioning hepatocytes decreases, resulting in fewer opportunities for ammonia to
be detoxified through the above-mentioned processes. Second, portosystemic shunting
(e.g., spleno-renal and gastro-renal shunts) divert ammonia-containing blood from the liver
to the systemic circulation. Normal skeletal muscle cells do not possess the enzymatic
machinery required for the urea cycle but do contain glutamine synthetase. Glutamine
synthetase activity in muscles increases in cases of cirrhosis and portosystemic shunting;
thus, the skeletal muscle is an important site for ammonia metabolism in cirrhosis [17].

Myokines are cytokines synthesized and released by myocytes. Myostatin is a major
myokine that induces a negative feedback mechanism in muscles. The effects of myostatin
are mediated through the activin type IIB receptor, which is expressed ubiquitously in the
skeletal muscle [18,19]. The downstream mediators of myostatin, SMAD2 and SMAD3,
are phosphorylated and form a complex with SMAD. This complex, in turn, stimulates
forkhead-box-containing protein O (FoxO)-dependent transcription and regulates the
transcription of genes associated with proliferation and differentiation in skeletal muscle
precursor cells and the protein degradation pathways of ubiquitin-proteasome processes
and autophagy in mature myofibers [20,21]. Besides, myostatin-mediated SMAD signaling
activation inhibits protein synthesis in muscle tissues by suppressing the signaling pathway
of the Akt-mediated mammalian target of rapamycin (mTOR). Functionally, myostatin is
a negative regulator of muscle growth, thereby leading to the inhibition of myogenesis
through muscle cell differentiation and growth [22]. In addition, hyperammonemia leads
to myostatin expression via a nuclear factor of the kappa light polypeptide gene enhancer
in the B-cell (NF-κB)-dependent toll-like receptor-independent pathway [20].

Myostatin, another Transforming Growth Factor-β (TGFβ) family member with es-
tablished cachectic and profibrotic properties [23], is produced by muscles and inhibits
muscle growth by acting through either activin-like kinase 4 (Alk 4) or activin-like kinase 5
(Alk 5) and the activin type II receptors [24] This indicates that myostatin shares a signaling
pathway with the activins and that follistatin also binds, albeit less effectively, to myostatin.
The ability of follistatin to prevent muscle wasting in cachexia and fibrosis in mouse models
of muscular dystrophy probably involves interference with myostatin signaling via the
pathway, although the relative contributions of endogenous activin and myostatin have
not been well characterized in these models [25–27].

3.2. Lower Levels of BCAAs

Valine, leucine, and isoleucine are essential amino acids for humans and are involved
in the pathophysiology of liver diseases. The high protein requirements in cirrhosis of
the liver can be explained because of an accelerated rate of transition from a fed state to a
fasted state, possibly due to diminished liver glycogen stores. When glycogen stores are
insufficient to ensure normal blood glucose levels even during short-term fasting, the early
onset of gluconeogenesis from amino acids will occur as a result. This leads to additional
amino acid loss and depletion of tissue protein stores [28].

BCAAs are involved in the metabolism of proteins, glucose, and fat. BCAAs activate
mTOR signaling, stimulating the synthesis of glycogen and proteins such as albumin.
mTOR is an atypical protein kinase that controls growth and metabolism in response to
nutrients, growth factors, and cellular energy levels, and it is frequently dysregulated in
liver cirrhosis [29]. BCAAs regulate the metabolism of glucose and lipids through the
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PI3K-Akt pathway. Deficiencies in BCAAs reduce hepatic fatty acid synthesis, promote
fatty acid β-oxidation, and increase fat mobilization in white adipose tissue through the
AMP-activated protein kinase-mTOR-FoxO1 pathway.

A highly conserved signaling pathway involving insulin-like growth factor 1 (IGF1)
and a cascade of intracellular components are related to the regulation of skeletal muscle
growth. The P13K protein kinase B (PKB)/Akt-mTOR pathway, a central component in
this cascade in protein anabolism, exists downstream of the IGF1 signaling pathway [30].
The pathway affects mTOR, glycogen synthase kinase 3β, and protein degradation via the
transcription factors of the FoxO family.

Phosphorylation of ribosomal protein S6 kinase 1 by mTOR initiates protein synthesis
via activation of the S6 ribosomal protein and other translation-related proteins. Growth
hormones that act on the liver stimulate the secretion of IGF; therefore, protein anabolism
decreases with age owing to the decline in growth hormone levels and hepatic function
that occur with aging [31].

Insulin resistance causes a similar decrease in protein anabolism [32]. Protein catabolism
is brought about by the ubiquitin-proteasome and autophagy systems, which are positively
controlled by the transcription factor FoxO [33]. The effects of FoxO are suppressed by
the phosphorylation from the PKB/Akt complex and subsequent transportation out of
the nucleus. Autophagy is the process by which autophagosomes form and fuse with
lysosomes to degrade cytoplasmic components such as proteins, which are positively
controlled by FoxO and suppressed by mTOR [34].

Protein-energy malnutrition (PEM) is defined as a state in which protein and energy
intake are insufficient. In the context of liver disease, this involves an imbalance between
plasma levels of free amino acids, and hypoproteinemia and hyperammonemia, as well as
a negative nitrogen equilibrium resulting from abnormal protein/amino acid metabolism
due to decreased efficiency of glucose use during the early morning fasting state [35].
This state is equivalent to three days of fasting by a healthy person. During fasting, liver
glycogen reserves decrease, and gluconeogenesis occurs, using amino acids from the
breakdown of myoproteins; therefore, the skeletal muscle mass decreases, and the nitrogen
balance tends to become negative. In the postabsorptive state, body fat is used as a nutrient
supply. Among patients with liver cirrhosis, 43% were in a state of energy malnutrition,
61% were in a state of protein malnutrition, and 27% were in a state of PEM [36].

The three BCAAs (valine, leucine, and isoleucine) play important roles in the formation
and maintenance of the skeletal muscle [37]. Decreases in their levels in the context of liver
disease can lead to decreased muscle mass regardless of age [38]. Furthermore, decreased
BCAA levels in patients with liver cirrhosis can result in amino acid imbalances and a
decrease in the Fischer ratio [39]. One plausible mechanism of amino acid imbalance is
that the decline in the detoxification function of the liver that occurs during cirrhosis is
compensated by the inhibition of ammonia metabolism in the skeletal muscles, and BCAAs
are used as substrates in this process [40].

3.3. Abnormal Sex Hormones

The liver plays an essential role in energy homeostasis and is involved in hormone
metabolism. The reproductive functions of the testes and ovaries decline with age [41]. The
common clinical features of cirrhosis include feminization of body shape and gynecomastia,
which are primarily due to a decrease in testosterone levels and a concomitant increase in
the estrogen-to-androgen ratio. This change affects muscle protein turnover, which leads to
the suppression of myoblast differentiation to skeletal muscle cells, resulting in sarcopenia.
Testosterone specifically targets androgen receptors in existing muscle cells to promote
growth and in satellite cells to trigger differentiation into new myocytes; however, it may
also act on other pathways, including the downregulation of myostatin and upregulation
of IGF-1, which may contribute to its efficacy in cirrhosis [42]. Multiple factors most
likely contribute to testosterone deficiency in cirrhosis, and all levels of the hypothalamic-
pituitary-testicular axis can be affected. Some cases of alcoholic cirrhosis result in a direct
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testicular injury caused by ethanol and elevated luteinizing hormone (LH) levels, consistent
with primary hypogonadism [43]. More commonly, cirrhosis is associated with central
hypogonadism, where pituitary LH production is either inappropriately normal or even
suppressed, despite low circulating testosterone levels. In end-stage cirrhosis, LH is almost
universally low.

A severe systemic disease of any etiology, including liver failure, can downregulate
gonadotropin-releasing hormone secretion by the hypothalamus and lead to secondary
testicular failure. This is believed to be at least partly due to the direct effects of elevated
inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor-alpha [44].

Given the strong association between sarcopenia and the risk of mortality in patients
with cirrhosis, therapies that increase muscle mass are important for decompensated
cirrhosis. The ability of testosterone therapy to increase muscle mass in this setting is
notable given the multiple factors that contribute to sarcopenia in cirrhosis. These factors
include malnutrition, portal hypertension, elevated inflammatory mediators, reduced
IGF-1 level, myostatin upregulation, and a shift to muscle protein breakdown for energy
use as a result of reduced hepatic glycogen synthesis and storage [45].

4. Modalities for the Assessment of Sarcopenia in the Clinical Field

The Japan Society of Hepatology (JSH) has evaluated grip strength and total muscle
mass at the third lumbar vertebra (L3) by using computed tomography (CT) and bioelectri-
cal impedance analysis. This evaluation confirmed that when the Sarcopenia Judgment
Criteria (Version 1) for liver diseases of the JSH [8] are fulfilled, the diagnosis of sarcopenia
is appropriate (Table 2).

Table 2. Parameters and criteria for the diagnosis of sarcopenia.

Parameter Criteria for Diagnosing Sarcopenia

Muscle mass at L3 measured with CT Men: 42 cm2/m2

Women: 38 cm2/m2

SMI BIA Men: 7.0 kg/m2

Women: 5.7 kg/m2

Grip strength Men: <26 kg
Women: <18 kg

Abbreviations: BIA, bioelectrical impedance analysis; CT, computed tomography; L3, level of the third lumbar
vertebra; SMI, skeletal muscle mass index.

Given the high mortality rate associated with decreased gait speed, this parameter
is considered important in the evaluation of ADL. Gait speed evaluation, according to
the AWGS, is performed along a distance of ≥6 m to assess normal gait speed without
acceleration or deceleration. The patient was asked to walk from 0 to 6 m, and the time
taken for the patient to walk 4 m between the 1 and 5 m markers was measured. Decreased
gait speed is defined as ≤0.8 m/s (a gait speed of 1 m/s is the speed that is sufficient for a
person to cross a pedestrian-crossing at a safe speed) [9]; however, measuring gait speed
as part of routine medical practice in outpatient visits is challenging because only 3.6%
of elderly patients receiving home-based care in Japan fulfill the definition of decreased
gait speed. Version 1 of the JSH guidelines does not include gait speed as an indicator
of sarcopenia.

Grip strength is a simple and reliable indicator of muscle strength and is included in
the JSH Sarcopenia Judgment Criteria [8]. The value correlated with lower limb muscle
strength (low grip strength is a clinical indicator of low mobility) and grip strength is a
better predictor of clinical outcome than muscle mass [45].

A Smedley Grip Tester is commonly used to assess grip strength. The patient holds the
grip meter outward in an upright position and opens and closes the hand while keeping
the arm raised. Two measurements were taken for each hand, and the average value was
assumed to be the grip strength value. The cutoff value for low grip strength according to
the JSH guidelines is <26 kg for men and <18 kg for women [8].
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Other than the modalities recommended in the JSH, the judgment criteria such as
those of the EWGSOP and AWGS recommend dual-energy X-ray absorptiometry (DXA) for
the evaluation of sarcopenia [9]. This method is used to measure bone mineral content to
diagnose osteoporosis and determine therapeutic effects. It also enables the measurement
of body fat mass and fat-free mass. Based on the principle that the attenuation of the energy
of X-rays passing through a substance depends on the nature and amount of the substance,
the bone mineral content, body fat mass, and fat-free mass can be measured from the
difference in the transmittance of the two types of X-rays with different energies [46].

The use of X-ray methods has several advantages, including minimal radiation expo-
sure, little effect on the human body, and its non-invasive nature. Although nonfat mass
measurement by DXA does not indicate pure muscle mass, in the case of the limbs, most of
the mass that is not represented by fat or bone can be attributed to the muscle. The SMI is
obtained by dividing the total nonfat mass in the limbs by the square of height.

The principle of bioelectrical impedance analysis (BIA) is based on the determination
of body composition based on the difference in impedance (electrical resistance) relative to
the alternating current. Impedance is high in fat tissue and bones (where the water content
is low) and low in lean tissues because of their high water content. No radiation exposure
is involved, and the procedure is short and minimally invasive. As most lean tissue is
muscle, it is possible to estimate muscle mass using this approach; however, care must be
taken when interpreting the results of BIA in cases in which large amounts of ascites or
significant edema are present because excess water is stored in the muscle tissue. [47].

CT can provide important quantitative data on the composition of muscles and the dis-
tribution of adipose tissue. This modality is often used in examinations for hepatocellular
carcinoma in patients with liver cirrhosis, even in those with decompensated cirrhosis who
have abdominal ascites. The measurement of muscle mass with CT generally measures
the difference in Hounsfield units (HU), which is the signal intensity of X-ray CT between
tissues. CT images are defined by relative readings of absorption, with water being 0 HU
and air being −1000 HU. Fats are defined by readings between −30 and −190 HU, and
areas measured to be 0–100 HU represent muscles. The muscle area at the level of the third
lumbar vertebra (L3) is indicative of the total muscle mass and is often imaged in the case
of liver disease. The standard and temporally defined normal levels (men: 42 cm2/m2,
women: 38 cm2/m2) were defined using the Slice-O-Matic software (Tomovision, Montreal,
Canada). In facilities that do not have this muscle-measuring software, acceptable methods
of diagnosing sarcopenia are temporal, which is defined as the left and right total of the
long axis multiplied by the short axis of the iliopsoas muscle at the L3 level (cutoff value:
6.0 cm2/m2 for men and 3.4 cm2/m2 for women) or the psoas muscle index measured
using the manual trace method (cutoff value: 6.36 cm2/m2 for men and 3.92 cm2/m2 for
women) [48].

To date, some serological indicators for sarcopenia have been reported but they are
not disease-specific marker. Based on the results of highly sensitive analyses, biochemical
markers, including C-reactive protein, immune complex C1q, C-terminal agrin fragment,
telomere length, and p53 codon 72 gene polymorphisms, have been reported as substitutes
for sarcopenia [49]. In addition, serum protein levels reflect the visceral protein content
and are important indicators of protein malnutrition [50].

In contrast, levels of rapid-turnover proteins such as prealbumin, transferrin, and
retinol-binding protein are suitable as dynamic nutritional indexes for the evaluation of
short-term nutritional status [51].

5. Other Effects of Sarcopenia Related to Liver Cirrhosis

Sarcopenia is also related to prescribed medicine for liver cirrhosis and complications
in other organs (Table 3). In general, restriction of protein intake is required to maintain
appropriate renal function during the chronic renal failure phase. Renal dysfunction is a
common manifestation of advanced cirrhosis that is associated with significant mortality
and morbidity. Liver cirrhosis patients with chronic renal failure are at risk of developing
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complications associated with nutritional disorders [52]; therefore, protein restriction also
causes secondary sarcopenia. Considering this protein restriction, target intake levels must
be decided according to each patient’s disease, age, physical activity level, complications,
and ADL, rather than using a uniform approach. Diet therapy has also been suggested to
be prioritized for patients aged >75 years [53].

Table 3. Other Effects of Sarcopenia Associated with Liver Cirrhosis.

Factor The Key Mechanism References

Renal Dysfunction-associated
Liver Cirrhosis Restriction of Protein Intake [52,53]

Loop Diuretic Sarcopenia Regulation for Myoblast Differentiation [54,55]

Sarcopenic Obesity Qualitative Decline in Muscle Mass for
Insulin Resistance [56–59]

Enterobacteria Mitochondrial Dysfunction for
Disturbance of Intestinal Flora [60,61]

In 2017, the Na-K-Cl co-transporter, which is the target of loop diuretics, was reported
to regulate myoblast differentiation and skeletal muscle hypertrophy. Administration of
loop diuretics suppresses skeletal muscle differentiation and hypertrophy [54]. Although
loop diuretics are believed to be involved in sarcopenia in this manner, a recent report has
suggested similar clinical results in patients with liver cirrhosis [55].

The pathology of sarcopenic obesity has attracted attention in recent years; it occurs
when chronic inflammation in obesity causes insulin resistance and oxidative stress. These
factors lead to a quantitative and qualitative decline in muscle mass and an increase in fat,
which together cause sarcopenia [56]. Obesity is a common complication of type 2 diabetes,
and epidemiological studies have shown enhanced decreases in muscle strength and mass
of the lower extremities in elderly patients with these conditions [57,58]. Current evidence
demonstrating the effect of obesity on muscle quality is limited [59].

High-fat diets cause changes to the normal intestinal bacteria, which can result in
inflammation, and the involvement of intestinal bacteria in the underlying pathologies of
obesity, type 2 diabetes, and metabolic syndrome has been demonstrated [60].

Inflammation that arises from the disturbance of intestinal flora may be involved in
mitochondrial dysfunction that occurs with aging, which in turn leads to the release of
mitochondrial damage-associated molecular patterns such as mitochondrial deoxyribonu-
cleic acid and adenosine triphosphate. These molecules represent novel therapeutic targets
for sarcopenia, which have been reported to be involved in muscle loss [61].

6. Nutritional Status in Liver Cirrhosis

Objective evaluations of the extent, characteristics, and sustained period of nutritional
abnormalities in liver disease are essential for proper nutritional management. A nutritional
assessment can be functionally classified as either static or dynamic.

A static assessment evaluates slow metabolic turnover using measurements of body
composition, including triceps skinfold thickness and arm muscle circumference (AMC) [62]
as well as immunological indicators such as peripheral blood lymphocyte count, delayed
skin hypersensitivity, and lymphocyte blast transformation. These measurements were
used to assess nutritional status.

A dynamic assessment analyzes the fluctuation of metabolism during the measure-
ment period and is used to judge the short-term effects of nutritional treatments. For
example, protein metabolism is assessed using the respiratory quotient based on indirect
calorimetry [63].

Many patients with liver cirrhosis have decreased energy intake levels because of
taste disorders and changes in gastrointestinal hormones, inflammatory cytokines, and
ascites levels. Measurement of energy metabolism by indirect calorimetry can be used to
examine the enhancement of resting energy expenditure in patients with liver cirrhosis.
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Furthermore, the combustion ratio of energy substrates can be used to evaluate glucose
and fat combustion in the case of liver disease [64].

Although no gold standard method has been established for nutritional assessments
in liver disease, assessments are generally performed by evaluating nutritional intake and
body composition as well as with serological assessments, including subjective global
assessment, which is based on medical history, medical interviews, and physical findings.
This method is simple and applicable to patients with liver cirrhosis [65]. The nonprotein
respiratory quotient (npRQ) is recommended for the assessment of energy malnutrition;
however, given its complexity, it is rarely used in routine medical practice. The %AMC
and free fatty acid (FFA) levels in the early morning fasting state correlated with the npRQ,
where %AMC < 95 and FFA > 660 µEq/L indicate npRQ < 0.85 [66]. In liver cirrhosis,
glycogen storage is drastically reduced owing to abnormalities in glycogen synthesis. The
patient starves easily even after a short fasting period, and the body rapidly enters a state
of malnutrition through the breakdown of proteins and degradation of body fat, as patients
with liver cirrhosis tend to undergo intense starvation, which is equivalent to 2–3 days of
fasting in healthy people at the time of waking [67].

Version 3 of the Japanese Society for Parenteral and Enteral Nutrition: Intravenous
Enteral Nutrition Guidelines states that consuming a late evening snack is effective in
avoiding a starvation state from decreased glycogen storage during the night and that in
addition to a general diet and intake of supplements, nutritional status can be improved
by ingesting BCAA granule preparations and enteral nutrients for liver failure before
going to bed [68]. As protein synthesis in the liver primarily occurs at night and the
rate-limiting step of protein synthesis in patients with liver cirrhosis is the lack of BCAA,
it is rational to take enteral nutrition containing BCAAs as part of the treatment for liver
failure [69]. Late evening snacking (LES) decreased lipid oxidation and improved nitrogen
balance, irrespective of the composition or type of formulation used. Daytime isocaloric
isonitrogenous snacks did not have the metabolic or clinical benefit of LES. LES decreased
skeletal muscle proteolysis. LES holds the most promise as an intervention to reverse
anabolic resistance and sarcopenia with improved quality of life in patients with cirrhosis.
Its long-term benefit and improved survival require critical evaluation [70].

7. Treatment of Sarcopenia in Liver Cirrhosis

The effects of each treatment on decreased muscle mass are summarized in Figure 3.
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7.1. Drug Medicine and Nutrients

Protein synthesis within muscle cells is necessary to maintain muscle mass. Changes in
the concentrations of blood amino acids can modulate skeletal muscle protein metabolism,
and increased concentrations from amino acid intake will enhance protein synthesis.
A prospective study reported that low protein intake leads to a decrease in skeletal muscle
mass [71].

A significant increase in lean body mass was suggested to increase the rate of protein
synthesis in muscles [72]. Valine, leucine, and isoleucine are BCAAs that are present in
approximately 30–40% of muscle proteins and are involved in the synthesis of muscle
proteins and suppression of protein breakdown. Leucine is known to stimulate muscle
protein synthesis by activating the mTOR pathway [73]. A previous study showed that
supplementation with BCAAs activates cell signaling pathways that result in increased
myofibrillar protein synthesis. Although the administration of BCAAs alone may not
induce a maximal myofibrillar protein synthesis response to resistance exercise training,
supplementation with BCAAs may be a useful approach for increasing muscle mass in
patients with liver cirrhosis [74].

Recently, β-hydroxy-β-methylbutyrate (HMB) has attracted attention because of its
effect on muscle synthesis, which is believed to be more potent than that of leucine.
Administration of HMB and supplements containing HMB has been shown to increase
muscle mass and strength in various clinical conditions, although the effect size was
small [75]. HMB is a bioactive metabolite formed from the breakdown of the branched-
chain amino acid leucine. HMB is responsible for the enhancement of protein anabolism
and suppression of catabolism in muscles [76].

Carnitine is required for the transportation of fatty acids from the cytoplasm into
the mitochondria. In humans, carnitine is not only absorbed through food but is also
synthesized in the kidneys, liver, and brain. L-carnitine is involved in the functional
activation of mitochondria, and a study that compared a group treated with carnitine and
a control group that had lipopolysaccharide-induced inflammation revealed correlations
between carnitine and muscle mass, the muscle-specific protein MuRF1, mitochondrial
function, and myokine [77].

Several studies have shown correlations between muscle mass and muscle strength
and blood vitamin D levels, and their findings suggest that treatment with vitamin D
compounds results in sustained increases in vitamin D receptor gene expression in human
skeletal muscle, suggesting that vitamin D exerts a direct action on muscles in addition to
its influence on bone and muscle metabolism [78].

The relationship between n-3 unsaturated fatty acids and skeletal muscle is a subject
of growing interest. Metabolites of n-3 long-chain unsaturated fatty acids such as eicos-
apentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid (22:6 n-3) have been reported
to promote β-oxidation of fatty acids in the skeletal muscle and suppress inflammation
and muscle loss [79]. While multiple reports have claimed that EPA is effective for the
prevention of skeletal muscle mass loss due to cancer cachexia. Administration of n-3 fatty
acids has been shown to increase the rate of protein synthesis in people aged ≥65 years [80];
therefore, supplementation of n-3 fatty acids, in addition to amino acids, may help increase
protein synthesis in muscles as part of sarcopenia treatment [81].

Minerals may contribute to the prevention and treatment of sarcopenia, age-related
loss of muscle mass, muscle strength, and physical performance. Minerals may be impor-
tant nutrients to prevent and treat sarcopenia. Zinc deficiency can also lead to a nitrogen
metabolic disorder in patients with liver cirrhosis. Zinc supplementation can improve not
only ammonia metabolism but also protein metabolism. Zinc is an important trace element
for normal cell development, proliferation, and differentiation, and is also known to be
crucial for ensuring an appropriate immunological reaction, such as anti-inflammatory
effects, anti-oxidant effects, or autophagy [82].

Zn deficiency can cause a wide spectrum of clinical presentations, including appetite
loss, body hair loss, impaired taste and smell, testicular atrophy, cerebral and immune
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dysfunctions, and impairment of drug excretion ability, which are frequently observed in
chronic liver diseases (CLDs) because Zn homeostasis is primarily regulated in the liver.
Albumin synthesis disability can cause Zn deficiency in patients with liver cirrhosis. Serum
Zn concentrations inversely correlated with serum ammonia levels in LC patients [83].

Ursolic acid (UA), a natural pentacyclic triterpenoid widely distributed in medicinal
herbs and fruits, possesses a wide range of biological activities [84].

In addition to increased skeletal muscle Akt activity, UA has been shown to induce
skeletal muscle hypertrophy and increase exercise capacity in a mouse model of diet-
induced obesity. These results indicate that UA supports resistance-exercise-induced
mTORC1 activity and improves sarcopenia [85].

In a sarcopenia rat model produced using a portosystemic shunt, oral administration of
ornithine, aspartic acid, and rifaximin for four weeks was shown to increase skeletal muscle
mass. Moreover, the same treatment was reported to increase type 2 myofibers (which
readily consume carbohydrates), suppress the expressions of myostatin and autophagy,
and activate mTOR [86]. Lactulose and rifaximin, which are administered to treat hepatic
encephalopathy, lower blood ammonia levels [87]. As ammonia consumes BCAAs when it
is detoxified in the muscle and accelerates myostatin production and autophagy, ammonia-
lowering drugs may improve sarcopenia [88].

Steroids have been used in studies of male hormone androgens. A double-blind study
of the use of steroids in male patients aged ≥65 years demonstrated decreased fat mass
and improved physical function in response to testosterone adhesive agents (selective
androgen receptor modulators) [89]. Testosterone has been indicated as a risk factor for the
development of liver cancer, however, large-scale clinical studies are needed to evaluate
the influence of steroids on liver carcinogenesis and prognosis [90].

In addition to the potential mortality benefit of attenuating sarcopenia, a previous
study showed that the nonmuscle effects of testosterone therapy could also positively
influence long-term outcomes. A significant increase in hemoglobin was observed in an
anemic cohort without causing any polycythemia, and in other populations, anemia was
associated with increased all-cause mortality. The study also showed that testosterone
therapy reduced the level of hemoglobin A1c (a surrogate marker of insulin resistance),
which is in keeping with trials in other hypogonadal populations, demonstrating reduced
insulin resistance with testosterone therapy [91].

Ghrelin, which comprises a peptide of 28 amino acid residues, is produced primarily
in the stomach. It controls food intake through the activation of the hypothalamic nuclei
one of the most potent and long-lasting appetite stimulators. Although the direct effect
of ghrelin on skeletal muscle remains unknown, increasing the administered amount of
ghrelin has been reported to improve nutritional status, increase muscle strength, suppress
sympathetic nerve activity, and manifest anti-inflammatory effects [92].

7.2. Appropriate Exercise for Patients with Liver Disease

The most qualified advice about exercise for a patient with chronic disease is to “start
low, progress slowly, and be alert for symptoms”. Exercise is differentiated from physical
activity as it is planned and performed on a repeated basis over an extended period of time
for the purpose of improving fitness, performance, and health [93].

The exercise training prescription provided to each patient follows the FITT principles:
Frequency, Intensity, Time, Type of exercise.

After exercise, BCAAs help to increase muscle mass and improve insulin resistance
and glucose uptake in the muscles [94].

Nutritional supplementation alone is inadequate for increasing skeletal muscle mass;
however, combining supplementation with exercise three times a week (20–30 min per
session), consisting of aerobic exercise and resistance training has been reported to be
effective [95].

Although endurance training does not promote muscular hypertrophy, resistance train-
ing has been shown to produce significant hypertrophy in slow muscles [96]. The intended
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outcomes of resistance exercise and nutritional supplementations are muscle strengthening,
improvement of muscle quality, increased rate of myofibrillar metabolism, muscle fiber
enlargement, and stimulation of muscle anabolism and anti-catabolism effects. An example
of an effective exercise regimen could be as follows: two to three sets of 8–12 repetitions
involving lifting a weight that is 80% of the maximum weight that can be lifted, performed
three times a week for ≥3 months continuously [97].

A large amount of evidence exists showing that both low-load training (≤60% of one
repetition maximum (1RM)) and high-load training (>60% of 1RM) are effective, whereas
no significant differences have been found for isometric strength between the conditions.
Changes in the measures of muscle hypertrophy were similar between the conditions. This
is particularly important for the perception of fatigue and effort in older adults [98].

7.3. Fluctuations after Liver Transplantation

Although sarcopenia is highly likely to improve after liver transplantation [99],
immunosuppressants (including steroids and calcineurin inhibitors), which are com-
monly used after surgery, can cause fluctuations in sarcopenia indicators such as muscle
mass [100]. Although clinical improvement is not directly proportional to muscle func-
tion and turnover, sarcopenia worsens the prognosis in terms of ADL. The mechanisms
involved are still unclear.

8. Conclusions

Sarcopenia is related to a poor prognosis and the deterioration of ADL. In our study,
we reviewed the mechanism and diagnosis of sarcopenia in liver disease and the existing
and potential novel therapeutic approaches. This review could serve as a useful reference
to help improve the prognosis of the disease and ameliorate the decline in patients’ ADL.

Author Contributions: Investigation, T.S., K.N., T.K., T.Y., K.K., A.T., T.M., M.T., J.Y., H.K. (Hirokazu
Kawai), and S.T.; writing—original draft preparation, H.K. (Hiroteru Kamimura) All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by a Grants-in-Aid for Scientific Research (grant No. 20K08326)
from the Ministry of Education, Culture, Sports, Science, and Technology (MEXT) to Hiroteru
Kamimura.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors thank all NST team members at the Niigata University Hospital for
their excellent assistance in nutrition support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rosenberg, I. Summary comments: Epidemiological and methodological problems in determining the nutritional status of older

persons. Am. J. Clin. Nutr. 1989, 50, 1231–1233. [CrossRef]
2. ICD-11 for Mortality and Morbidity Statistics. Available online: https://icd.who.int/browse11/l-m/en (accessed on 12 March

2019).
3. Eto, M. Locomotive syndrome and frailty. Recent advances in sarcopenia research. Clin. Calcium 2012, 22, 75–79.
4. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al.

Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16–31. [CrossRef]
5. Breen, L.; Phillips, S.M. Skeletal muscle protein metabolism in the elderly: Interventions to counteract the ‘anabolic resistance’ of

aging. Nutr. Metab. 2011, 8, 68. [CrossRef]
6. Yamada, M.; Moriguch, Y.; Mitani, T.; Aoyama, T.; Arai, H. Age-dependent changes in skeletal muscle mass and visceral fat area

in Japanese adults from 40 to 79 years of age. Geriatr. Gerontol. Int. 2014, 14, 8–14. [CrossRef]
7. Bentov, I.; Kaplan, S.J.; Pham, T.N.; Reed, M.J. Frailty assessment: From clinical to radiological tools. Br. J. Anaesth. 2019, 123,

37–50. [CrossRef]

http://doi.org/10.1093/ajcn/50.5.1231
https://icd.who.int/browse11/l-m/en
http://doi.org/10.1093/ageing/afy169
http://doi.org/10.1186/1743-7075-8-68
http://doi.org/10.1111/ggi.12209
http://doi.org/10.1016/j.bja.2019.03.034


Int. J. Mol. Sci. 2021, 22, 1425 13 of 16

8. Nishiguchi, S.; Hino, K.; Moriya, K.; Shiraki, M.; Hiramatsu, A.; Nishikawa, H. Assessment criteria for sarcopenia in liver disease
(first edition): Report from the working group for creation of sarcopenia assessment criteria in the Japan Society of Hepatology.
Kanzo 2016, 57, 353–368. [CrossRef]

9. Chen, L.K.; Liu, L.K.; Woo, J.; Assantachai, P.; Auyeung, T.W.; Bahyah, K.S.; Chou, M.Y.; Chen, L.Y.; Hsu, P.S.; Krairit, O.; et al.
Sarcopenia in Asia: Consensus report of the Asian Working Group for Sarcopenia. J. Am. Med. Dir. Assoc. 2014, 15, 95–101.
[CrossRef]

10. Nishikawa, H.; Shiraki, M.; Hiramatsu, A.; Moriya, K.; Hino, K.; Nishiguchi, S. Japan Society of Hepatology guidelines for
sarcopenia in liver disease (1st edition): Recommendation from the working group for creation of sarcopenia assessment criteria.
Hepatol. Res. 2016, 46, 951–963. [CrossRef]

11. Kobayashi, T.; Kawai, H.; Nakano, O.; Abe, S.; Kamimura, H.; Sakamaki, A.; Kamimura, K.; Tsuchiya, A.; Takamura, M.;
Yamagiwa, S.; et al. Rapidly declining skeletal muscle mass predicts poor prognosis of hepatocellular carcinoma treated with
transcatheter intra-arterial therapies. BMC Cancer 2018, 18, 756. [CrossRef]

12. Volpi, E.; Mittendorfer, B.; Rasmussen, B.B.; Wolfe, R.R. The response of muscle protein anabolism to combined hyper-
aminoacidemia and glucose-induced hyperinsulinemia is impaired in the elderly. J. Clin. Endocrinol. Metab. 2000, 85, 4481–4490.
[CrossRef]

13. Dasarathy, S.; Merli, M. Sarcopenia from mechanism to diagnosis and treatment of liver disease. J. Hepatol. 2016, 65, 1232–1244.
[CrossRef]

14. Kitzmann, M.; Carnac, G.; Vandromme, M.; Primig, M.; Lamb, N.J.; Fernandez, A. The muscle regulatory factors MyoD and
myf-5 undergo distinct cell cycle-specific expression in muscle cells. J. Cell Biol. 1998, 142, 1447–1459. [CrossRef]

15. Egerman, M.A.; Glass, D.J. Signaling pathways controlling skeletal muscle mass. Crit. Rev. Biochem. Mol. Biol. 2014, 49, 59–68.
[CrossRef]

16. Jindal, A.; Jagdish, R.K. Sarcopenia: Ammonia metabolism and hepatic encephalopathy. Clin. Mol. Hepatol. 2019, 25, 270–279.
[CrossRef]

17. Chatauret, N.; Butterworth, R.F. Effects of liver failure on inter-organ trafficking of ammonia: Implications for the treatment of
HE. J. Gastroenterol. Hepatol. 2004, 19, S219–S223. [CrossRef]

18. Pistilli, E.E.; Bogdanovich, S.; Goncalves, M.D.; Ahima, R.S.; Lachey, J.; Seehra, J.; Khurana, T. Targeting the activin type IIB
receptor to improve muscle mass and function in the mdx mouse model of Duchenne muscular dystrophy. Am. J. Pathol. 2011,
178, 1287–1297. [CrossRef]

19. Amthor, W.M.; Hoogaars, M.H.W. Interference with myostatin/ActRIIB signaling as a therapeutic strategy for Duchenne muscular
dystrophy. Curr. Gene Ther. 2012, 12, 245–259. [CrossRef]

20. Burks, T.N.; Cohn, R.D. Role of TGF-β signaling in inherited and acquired myopathies. Skeletal Muscle 2011, 1, 19. [CrossRef]
21. Han, H.Q.; Zhou, X.; Mitch, W.E.; Goldberg, A.L. Myostatin/activin pathway antagonism: Molecular basis and therapeutic

potential. Int. J. Biochem. Cell Biol. 2013, 45, 2333–2347. [CrossRef]
22. McPherron, A.C.; Lawler, A.M.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new TGF-beta superfamily member.

Nature 1997, 387, 83–90. [CrossRef] [PubMed]
23. Benny Klimek, M.E.; Aydogdu, T.; Link, M.J.; Pons, M.; Koniaris, L.G.; Zimmers, T.A. Acute inhibition of myostatin-family

proteins preserves skeletal muscle in mouse models of cancer cachexia. Biochem. Biophys. Res. Commun. 2010, 391, 1548–1554.
[CrossRef] [PubMed]

24. Tsuchida, K.; Nakatani, M.; Uezumi, A.; Murakami, T.; Cui, X. Signal transduction pathways through activin receptors as
therapeutic targets for musculoskeletal diseases and cancer. Endocr. J. 2008, 55, 11–21. [CrossRef] [PubMed]

25. Haidet, A.M.; Rizo, L.; Handy, C.; Umapathi, P.; Eagle, A.; Shilling, C.; Boue, D.; Martin, P.T.; Sahenk, Z.; Mendell, J.R.; et al.
Long-term enhancement of skeletal muscle mass and strength by single gene administration of myostatin inhibitors. Proc. Natl.
Acad. Sci. USA 2008, 105, 4318–4322. [CrossRef] [PubMed]

26. Zimmers, T.A.; Davies, M.V.; Koniaris, L.G.; Haynes, P.; Esquela, A.F.; Tomkinson, K.N.; McPherron, A.C.; Wolfman, N.M.; Lee,
S.J. Induction of cachexia in mice by systemically administered myostatin. Science 2002, 296, 1486–1488. [CrossRef] [PubMed]

27. Amthor, H.; Nicholas, G.; McKinnell, I.; Kemp, C.F.; Sharma, M.; Kambadur, R.; Patel, K. Follistatin complexes myostatin and
antagonize myostatin-mediated inhibition of myogenesis. Dev. Biol. 2004, 270, 19–30. [CrossRef] [PubMed]

28. Swart, G.R.; van den Berg, J.W.; Wattimena, J.L.; Rietveld, T.; van Vuure, J.K.; Frenkel, M. Elevated protein requirements in
cirrhosis of the liver were investigated by whole-body protein turnover studies. Clin. Sci. 1988, 75, 101–107. [CrossRef] [PubMed]

29. Benjamin, D.; Colombi, M.; Moroni, C.; Hall, M.N. Rapamycin passes the torch, a new generation of mTOR inhibitors. Nat. Rev.
Drug Discov. 2011, 10, 868–880. [CrossRef]

30. Chen, J.; Alberts, I.; Li, X. Dysregulation of the IGF-I/PI3K/AKT/mTOR signaling pathway in autism spectrum disorders. Int. J.
Dev. Neurosci. 2014, 35, 35–41. [CrossRef]

31. Sandri, M. Signaling in muscle atrophy and hypertrophy. Physiology 2008, 23, 160–170. [CrossRef]
32. Burgos, S.A.; Chandurkar, V.; Tsoukas, M.A.; Chevalier, S.; Morais, J.A.; Lamarche, M.; Marliss, E.B. Insulin resistance of protein

anabolism accompanies glucose metabolism in lean, glucose-tolerant offspring of persons with type 2 diabetes. BMJ Open Diabetes
Res. Care 2016, 4, e000312. [CrossRef] [PubMed]

33. Cheng, Z.; White, M.F. Targeting Forkhead box O1 from the concept of metabolic diseases: Lessons from mouse models Antioxid.
Redox. Signal. 2011, 14, 649–661. [CrossRef] [PubMed]

http://doi.org/10.2957/kanzo.57.353
http://doi.org/10.1016/j.jamda.2013.11.025
http://doi.org/10.1111/hepr.12774
http://doi.org/10.1186/s12885-018-4673-2
http://doi.org/10.1210/jc.85.12.4481
http://doi.org/10.1016/j.jhep.2016.07.040
http://doi.org/10.1083/jcb.142.6.1447
http://doi.org/10.3109/10409238.2013.857291
http://doi.org/10.3350/cmh.2019.0015
http://doi.org/10.1111/j.1440-1746.2004.03648.x
http://doi.org/10.1016/j.ajpath.2010.11.071
http://doi.org/10.2174/156652312800840577
http://doi.org/10.1186/2044-5040-1-19
http://doi.org/10.1016/j.biocel.2013.05.019
http://doi.org/10.1038/387083a0
http://www.ncbi.nlm.nih.gov/pubmed/9139826
http://doi.org/10.1016/j.bbrc.2009.12.123
http://www.ncbi.nlm.nih.gov/pubmed/20036643
http://doi.org/10.1507/endocrj.KR-110
http://www.ncbi.nlm.nih.gov/pubmed/17878607
http://doi.org/10.1073/pnas.0709144105
http://www.ncbi.nlm.nih.gov/pubmed/18334646
http://doi.org/10.1126/science.1069525
http://www.ncbi.nlm.nih.gov/pubmed/12029139
http://doi.org/10.1016/j.ydbio.2004.01.046
http://www.ncbi.nlm.nih.gov/pubmed/15136138
http://doi.org/10.1042/cs0750101
http://www.ncbi.nlm.nih.gov/pubmed/3409620
http://doi.org/10.1038/nrd3531
http://doi.org/10.1016/j.ijdevneu.2014.03.006
http://doi.org/10.1152/physiol.00041.2007
http://doi.org/10.1136/bmjdrc-2016-000312
http://www.ncbi.nlm.nih.gov/pubmed/27933189
http://doi.org/10.1089/ars.2010.3370
http://www.ncbi.nlm.nih.gov/pubmed/20615072


Int. J. Mol. Sci. 2021, 22, 1425 14 of 16

34. Milan, G.; Romanello, V.; Pescatore, F.; Armani, A.; Paik, J.H.; Frasson, L.; Seydel, A.; Zhao, J.; Abraham, R.; Goldberg, A.L.; et al.
Regulation of autophagy and the ubiquitin-proteasome system by the FoxO transcriptional network during muscle atrophy. Nat.
Commun. 2015, 6, 6670. [CrossRef] [PubMed]

35. Srivastava, N.; Singh, N.; Joshi, Y.K. Nutrition in the management of hepatic encephalopathy. Trop. Gastroenterol. 2003, 24, 59–62.
36. Shiraki, M.; Nishiguchi, S.; Saito, M.; Fukuzawa, Y.; Mizuta, T.; Kaibori, M.; Hanai, T.; Nishimura, K.; Shimizu, M.; Tsurumi,

H.; et al. Nutritional status and quality of life in patients with liver cirrhosis as assessed in 2007. Hepatology 2013, 43, 106–112.
[CrossRef]

37. Zhang, S.; Zeng, X.; Ren, M.; Mao, X.; Qiao, S. Novel metabolic and physiological functions of branched chain amino acids:
A review. J. Anim. Sci. Biotechnol. 2017, 8, 10. [CrossRef]

38. Kalyani, R.R.; Corriere, M.; Ferrucci, L. Age-related and disease-related muscle loss: The effect of diabetes, obesity, and other
diseases. Lancet Diabetes Endocrinol. 2014, 2, 819–829. [CrossRef]

39. Tajiri, K.; Shimizu, Y. Branched-chain amino acids in liver diseases. World J. Gastroenterol. 2013, 19, 7620–7629. [CrossRef]
40. Sinclair, M.; Gow, P.J.; Grossmann, M.; Angus, P.W. Review article: Sarcopenia in cirrhosis etiology, implications, and potential

therapeutic interventions. Aliment. Pharmacol. Ther. 2016, 43, 765–777. [CrossRef]
41. Shen, M.; Shi, H. Sex hormones and their receptors regulate liver energy homeostasis. Int. J. Endocrinol. 2015, 2015, 294278.

[CrossRef]
42. Sinclair, M.; Grossmann, M.; Gow, P.J.; Angus, P.W. Testosterone in men with advanced liver disease: Abnormalities and

implications. J. Gastroenterol. Hepatol. 2015, 30, 244–251. [CrossRef] [PubMed]
43. Mowat, N.A.; Edwards, C.R.; Fisher, R.; McNeilly, A.S.; Green, J.R.; Dawson, A.M. Hypothalamic-pituitary-gonadal function in

males with cirrhosis of the liver. Gut 1976, 17, 345–350. [CrossRef]
44. Wang, Y.J.; Wu, J.C.; Lee, S.D.; Tsai, Y.T.; Lo, K.J. Gonadal dysfunction and changes in sex hormones in postnecrotic cirrhotic men:

A matched study with alcoholic cirrhotic men. Hepato Gastroenterol. 1991, 38, 531–534.
45. Sinclair, M. Controversies in Diagnosing Sarcopenia in Cirrhosis-Moving from Research to Clinical Practice. Nutrients 2019, 11,

2454. [CrossRef] [PubMed]
46. Guglielmi, G.; Ponti, F.; Agostini, M.; Amadori, M.; Battista, G.; Bazzocchi, A. The role of DXA in sarcopenia. Aging Clin. Exp. Res.

2016, 28, 1047–1060.
47. Bera, T.K. Bioelectrical impedance methods for noninvasive health monitoring: A review. J. Med. Eng. 2014, 2014, 381251.

[CrossRef]
48. Anand, A.C. Nutrition and muscle in cirrhosis. J. Clin. Exp. Hepatol. 2017, 7, 340–357. [CrossRef]
49. Di Renzo, L.; Gratteri, S.; Sarlo, F.; Cabibbo, A.; Colica, C.; De Lorenzo, A. Individually tailored screening of susceptibility to

sarcopenia using p53 codon 72 polymorphism, phenotypes, and conventional risk factors. Dis. Markers 2014, 2014. [CrossRef]
50. Meng, Y.; Wu, H.; Yang, Y.; Du, H.; Xia, Y.; Guo, X.; Liu, X.; Li, C.; Niu, K. Relationship of anabolic and catabolic biomarkers with

muscle strength and physical performance in older adults: A population-based cross-sectional study. BMC Musculoskelet. Disord.
2015, 16, 202. [CrossRef]

51. Benjamin, D.R. Laboratory tests and nutritional assessment. Protein-energy status. Pediatr. Clin. N. Am. 1989, 36, 139–161.
[CrossRef]

52. Ginès, P.; Guevara, M.; Arroyo, V.; Rodés, J. Hepatorenal syndrome. Lancet 2003, 362, 1819–1827. [CrossRef]
53. Fukuzawa, Y.; Yoshitomi, A.; Morita, S.; Shiraki, M.; Kato, A.; Haruta, J.; Murakami, M.; Taku, K. Report from the 22nd Tokai

Chapter Educational Seminar: Nutrition Care in Internal Medicine. Nihon Naika Gakkai Zasshi 2017, 106, 133–142. [CrossRef]
[PubMed]

54. Mandai, S.; Furukawa, S.; Kodaka, M.; Hata, Y.; Mori, T.; Nomura, N.; Ando, F.; Mori, Y.; Takahashi, D.; Yoshizaki, Y.; et al. Loop
diuretics affect skeletal myoblast differentiation and exercise-induced muscle hypertrophy. Sci. Rep. 2017, 7, 46369. [CrossRef]

55. Hanai, T.; Shiraki, M.; Miwa, T.; Watanabe, S.; Imai, K.; Suetsugu, A.; Takai, K.; Moriwaki, H.; Shimizu, M. Effect of loop diuretics
on skeletal muscle depletion in patients with liver cirrhosis. Hepatol. Res. 2019, 49, 82–95. [CrossRef] [PubMed]

56. Waters, D.L.; Baumgartner, R.N. Sarcopenia and obesity. Clin. Geriatr. Med. 2011, 27, 401–421.50. [CrossRef]
57. Park, S.W.; Goodpaster, B.H.; Strotmeyer, E.S.; Kuller, L.H.; Broudeau, R.; Kammerer, C.; De Rekeneire, N.; Harris, T.B.; Schwartz,

A.V.; Tylavsky, F.A. Health, aging, and body composition studies. Accelerated loss of skeletal muscle strength in older adults
with type 2 diabetes: The health, aging, and body composition study. Diabetes Care 2007, 30, 1507–1512. [CrossRef]

58. Petroni, M.L.; Caletti, M.T.; Dalle Grave, R.; Bazzocchi, A.; Aparisi Gómez, M.P.; Marchesini, G. Prevention and treatment of
sarcopenic obesity in women. Nutrients 2019, 11, 1302. [CrossRef]

59. Tomlinson, D.J.; Erskine, R.M.; Morse, C.I.; Winwood, K.; Onambélé-Pearson, G. The impact of obesity on skeletal muscle strength
and structure from adolescence to old age. Biogerontology 2016, 17, 467–483. [CrossRef]

60. Picca, A.; Fanelli, F.; Calvani, R.; Mulè, G.; Pesce, V.; Sisto, A.; Pantanelli, C.; Bernabei, R.; Landi, F.; Marzetti, E. Gut dysbiosis and
muscle aging: Searching for novel targets against sarcopenia. Mediators Inflamm. 2018, 2018, 7026198. [CrossRef]

61. Picca, A.; Lezza, A.M.S.; Leeuwenburgh, C.; Pesce, V.; Calvani, R.; Bossola, M.; Manes-Gravina, E.; Landi, F.; Bernabei, R.;
Marzetti, E. Circulating mitochondrial DNA at the crossroads of mitochondrial dysfunction and inflammation during aging and
muscle wasting disorders. Rejuv. Res. 2017, 21, 350–359. [CrossRef]

62. Haider, M.; Haider, S.Q. Assessment of protein-calorie malnutrition. Clin. Chem. 1984, 30, 1286–1299. [CrossRef] [PubMed]

http://doi.org/10.1038/ncomms7670
http://www.ncbi.nlm.nih.gov/pubmed/25858807
http://doi.org/10.1111/hepr.12004
http://doi.org/10.1186/s40104-016-0139-z
http://doi.org/10.1016/S2213-8587(14)70034-8
http://doi.org/10.3748/wjg.v19.i43.7620
http://doi.org/10.1111/apt.13549
http://doi.org/10.1155/2015/294278
http://doi.org/10.1111/jgh.12695
http://www.ncbi.nlm.nih.gov/pubmed/25087838
http://doi.org/10.1136/gut.17.5.345
http://doi.org/10.3390/nu11102454
http://www.ncbi.nlm.nih.gov/pubmed/31615103
http://doi.org/10.1155/2014/381251
http://doi.org/10.1016/j.jceh.2017.11.001
http://doi.org/10.1155/2014/743634
http://doi.org/10.1186/s12891-015-0654-7
http://doi.org/10.1016/S0031-3955(16)36620-2
http://doi.org/10.1016/S0140-6736(03)14903-3
http://doi.org/10.2169/naika.106.133
http://www.ncbi.nlm.nih.gov/pubmed/30179423
http://doi.org/10.1038/srep46369
http://doi.org/10.1111/hepr.13244
http://www.ncbi.nlm.nih.gov/pubmed/30156741
http://doi.org/10.1016/j.cger.2011.03.007
http://doi.org/10.2337/dc06-2537
http://doi.org/10.3390/nu11061302
http://doi.org/10.1007/s10522-015-9626-4
http://doi.org/10.1155/2018/7026198
http://doi.org/10.1089/rej.2017.1989
http://doi.org/10.1093/clinchem/30.8.1286
http://www.ncbi.nlm.nih.gov/pubmed/6430595


Int. J. Mol. Sci. 2021, 22, 1425 15 of 16

63. Mtaweh, H.; Tuira, L.; Floh, A.A.; Parshuram, C.S. Indirect calorimetry: History, technology, and application. Front. Pediatr. 2018,
6, 257. [CrossRef] [PubMed]

64. Eslamparast, T.; Vandermeer, B.; Raman, M.; Gramlich, L.; Den Heyer, V.; Belland, D.; Ma, M.; Tandon, P. Are predictive energy
expenditure equations accurate for cirrhosis? Nutrients 2019, 11, 334. [CrossRef] [PubMed]

65. The Text Book of Nutrition Support Team Japan Society of Metabolism and Clinical Nutrition; Nankodo: Tokyo, Japan, 2017.
66. Hanai, T.; Shiraki, M.; Nishimura, K.; Imai, K.; Suetsugu, A.; Takai, K.; Shimizu, M.; Naiki, T.; Moriwaki, H. Free fatty acids are

markers of energy malnutrition in liver cirrhosis. Hepatol. Res. 2014, 44, 218–228. [CrossRef] [PubMed]
67. Krähenbühl, L.; Lang, C.; Lüdes, S.; Seiler, C.; Schäfer, M.; Zimmermann, A.; Krähenbühl, S. Reduced hepatic glycogen stores in

patients with liver cirrhosis. Liver Int. 2003, 23, 101–109. [CrossRef]
68. Japanese Society for Parenteral and Enteral Nutrition: Intravenous Enteral Nutrition Guidelines Version 3, Liver Disease; Japanese Society

for Parenteral and Enteral Nutrition: Tokyo, Japan, 2013; p. 248.
69. Park, J.G.; Tak, W.Y.; Park, S.Y.; Kweon, Y.O.; Jang, S.Y.; Lee, Y.R.; Bae, S.H.; Jang, J.Y.; Kim, D.Y.; Lee, J.S.; et al. Effects of

branched-chain amino acids on the progression of advanced liver disease: A Korean nationwide, multicenter, retrospective,
observational, cohort study. Medicine 2017, 96, e6580. [CrossRef]

70. Tsien, C.D.; McCullough, A.J.; Dasarathy, S. Late evening snack: Exploiting a period of anabolic opportunity in cirrhosis.
J. Gastroenterol. Hepatol. 2012, 27, 430–441. [CrossRef]

71. Houston, D.K.; Nicklas, B.J.; Ding, J.; Harris, T.B.; Tylavsky, F.A.; Newman, A.B.; Lee, J.S.; Sahyoun, N.R.; Visser, M.; Kritchevsky,
S.B.; et al. Health ABC Study. Dietary protein intake is associated with lean mass change in older, community-dwelling adults:
The Health, Aging, and Body Composition (Health ABC) Study. Am. J. Clin. Nutr. 2008, 87, 150–155. [CrossRef]

72. Kawaguchi, T.; Izumi, N.; Charlton, M.R.; Sata, M. Branched-chain amino acids as pharmacological nutrients in chronic liver
disease. Hepatology 2011, 54, 1063–1070. [CrossRef]

73. Kobayashi, H.; Kato, H.; Hirabayashi, Y.; Murakami, H.; Suzuki, H. Modulation of muscle protein metabolism by branched-chain
amino acids in normal and muscle-atrophying rats. J. Nutr. 2006, 136, 234S–236S. [CrossRef]

74. Jackman, S.R.; Witard, O.C.; Philp, A.; Wallis, G.A.; Baar, K.; Tipton, K.D. Branched-chain amino acid ingestion stimulates muscle
myofibrillar protein synthesis following resistance exercise in humans. Front. Physiol. 2017, 8, 390. [CrossRef] [PubMed]

75. Bear, D.E.; Langan, A.; Dimidi, E.; Wandrag, L.; Harridge, S.D.R.; Hart, N.; Connolly, B.; Whelan, K. β-Hydroxy-β-methylbutyrate
and its impact on skeletal muscle mass and physical function in clinical practice: A systematic review and meta-analysis. Am. J.
Clin. Nutr. 2019, 109, 1119–1132. [CrossRef] [PubMed]
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