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Pathophysiological changes of the liver-muscle axis in end-stage liver disease:

what is the right target?
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Abstract

Liver diseases and in particular end stage liver diseases are
frequently complicated by muscle modifications that are linked
to worse clinical outcome. In addition, recent studies have
demonstrated the negative impact of these muscle changes on liver
function leading to the hypothesis of a bidirectional relationship
referred in the literature as “muscle-liver axis”. In a context of
evolution towards a more holistic and less organocentric vision
of medicine, studying frailty, myosteatosis and sarcopenia and
their underlying pathophysiological mechanisms has led to many
publications in the last five years. These studies are describing
several pathophysiological mechanisms, highlighting the extremely
complex character of this relationship. This review aims to
summarize these mechanisms as well as potential therapeutic
targets, independently of liver disease etiology. (Acta gastroenterol.
belg., 2022, 85, 611-624).
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Background

Muscle changes in end-stage liver disease (ESLD) is
extremely frequent and a major contributor to cirrhotic
frailty. Frailty could be defined as a global homeostatic
disturbance resulting in decreased functional reserves and
increased vulnerability to physical stress (1). This term
relates to an entire spectrum of physical and functional
abnormalities including loss of muscle mass and reduced
physical function (sarcopenia). These changes have a
major impact on clinical outcomes in ESLD but also in
post-liver transplant (LT) outcomes (2-7). Indeed, muscle
changes such as sarcopenia in ESLD are correlated to
increased all-cause mortality rates independently of liver
disease ctiology (7,8). Data are also sometimes available
for the common causes of chronic liver disease (CLD),
namely alcohol-related liver disease (ALD), metabolic
dysfunction-associated fatty liver disease (MAFLD) also
called non-alcoholic fatty liver disease (NAFLD) and
chronic viral hepatitis (9,10).

Skeletal muscle mass is the result of a balance between
protein synthesis and proteolysis (11). This process called
proteostasis or protein homeostasis is extremely complex
and depends on several biochemical mechanisms
eventually determining global skeletal muscle mass.
Proteostasis can be affected by physiological (aging) or
pathological situations leading to sarcopenia. Involved
signaling pathways and mediators are summarized in
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Figure 1. — Summary of signaling pathways and mediators involved
in protein homeostasis in the skeletal muscle. Protein synthesis is re-
gulated by two main factors: myostatin inhibits mammalian target of
rapamycin-1 (mTORI) resulting in decreased protein synthesis on the
contrary of insulin growth factor 1 (IGF-1) which increases skeletal
muscle mass. Proteolysis is induced by three catabolic pathways: ubi-
quitin proteasome, lysosomal autophagy and calpain systems. PI3K:
phosphatidylinositol 3 phosphate. UPS: ubiquitin proteasome system.

figure 1 (12-35). Loss of skeletal muscle mass in cirrhosis
is the result of both decreased in protein synthesis and
increased proteolysis, mediated by several potential
mechanisms (Figure 1).

Defining sarcopenia varies according to the scientific
literature and the field of interest. Diagnostic criteria
include both quantitative and qualitative criteria with
low muscle strength, low muscle quantity or quality
and low physical performance. However, these criteria
have been established based on geriatric cohorts (36,37).
Currently there are no specific standardized cut-offs to
define sarcopenia in cirrhosis. In ESLD, muscle mass
is commonly measured radiologically via computed
tomography (CT) of skeletal muscle area (psoas and
paravertebral musculature) at the third lumbar vertebrae
(L3) (2). Based on this measure, an index, normalized
to individual height, is calculated to reflect total skeletal
muscle mass: the skeletal muscle index (SMI) (2). Skeletal
muscle index sex-specific cut-off values for ESLD have
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been recently investigated and are respectively < 50 cm?/
m? in males and < 39 cm*m? in females (38). Sarcopenia
has been reported with these cut-off values in 40 to 70%
of all cirrhotic patients and worsens with the severity of
liver disease (39). In practice, however, it is rare to see
function tests combined with muscle mass measurement
to obtain a diagnosis of sarcopenia. In other reports,
independently of these cut-off values, the prevalence
of sarcopenia is estimated at 25 to 70% (40-42). A new
score, called psoas muscle depletion index (PDI) is
proposed, based on psoas area and predicted/estimated
psoas area, to remove confounding factors such as
age, gender or body weight (43). Other non-irradiating
muscle mass assessment techniques exist as standard
anthropometric measurements, ultrasound (US) imaging,
bioelectrical impedance analysis (BIA) or dual-energy
x-ray absorptiometry (DEXA) scanning but appear to be
less accurate than CT (44,45).

Recently, a new definition of sarcopenia has been
defined in obese patients called sarcopenic obesity. This
term refers to a disbalance between mean and fat mass
characterized by low subcutaneous and high visceral
adipose tissue based on absorptiometry or tomography
imaging (CT or MRI). However, there is currently a lack
of consensus on this definition in clinical studies (46).
therefore, we won’t discuss further this specific topic.

Physical performance is the second concept included
in the definition of frailty. It refers to decrease in both
muscle strength and/or function. Many physiotherapy
tests exist to assess muscle strength and function.
Handgrip strength, peak expiratory flow and knee flexion/
extension are performed to evaluate muscle strength.
Muscle performance can be assessed through gait speed,
six minutes’ walk test, handgrip strength, chair stands or
short physical performance battery (SPPB) that includes
five chair stands, time to walk 4 meters and balance
testing (47). Based on these tests, different scoring tools
have been developed to assess global frailty: fried frailty
index (FFI), clinical frailty index (CFI) and liver frailty
index (LFI) (47).

A last concept affecting both muscle mass and
function is myosteatosis. It is characterized by an
excessive accumulation of fat in muscles resulting
in an imbalance between lean and fat muscle mass
which eventually contributes to the decline in muscle
function. The resulting altered muscle function is
multifactorial. One of the involved mechanisms is the
loss of pennation angle defined by the wrong alignment
of muscle fibers and the muscle-force axis secondary to
fat infiltrations (48). Myosteatosis is extremely frequent
in cirrhosis. Its prevalence is highly associated with
hepatic encephalopathy (HE) as well as sarcopenia (49).
Its prevalence ranges from 40% in cirrhotic patients
without HE to 70% in those with HE. Previous reports
have demonstrated that it is an independent risk factor
for the development of HE (49,50). It has also a huge
impact on clinical outcome of patients with ESLD. Three
potential phenotypes of fat deposition are described (51-
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53): intermuscular adipose tissue (IMAT), intramuscular
adipose tissue and intramyocellular lipid droplets. It
affects preferably some muscle groups due to different
oxidative capacities. Indeed, oxidative muscles fight
more efficiently intramyocellular lipid accumulation
by increasing beta-oxidation level producing free fatty
acids. On the opposite, glycolytic muscles are facing
increased intramyocellular triglyceride storage due to
re-esterification of free fatty acids as a consequence of
decreased mitochondrial oxidative phosphorylation (54-
56). The diagnosis is routinely based on imaging, biopsy
being rarely performed. Preferred imaging modality as
gold-standard is computed tomography (CT) which
highlights muscle fat accumulation though a lower mean
muscle radiodensity assessed in Hounsfield Units (HU)
(57,58). HU cut-off values are currently not standardized
in the context of cirrhosis due to an obvious lack of
systematic data. While cut-off values are available from
cancer patients’ population (59), validated cut-offs are
not clearly established for patients with ESLD. A cut-off
of 43.14 HU for psoas muscle radiodensity at the level
of the fourth to fifth vertebra was evidenced as a good
predictor of 12-month mortality in patients with cirrhosis
(60). However, it was not the case for predicting post-
LT mortality in another study (61). In a recent study
on LT patients, a skeletal muscle radiation attenuation
(SM-RA) below 41 Hounsfield units (HU) in normal
weight patients (BMI up to 24.9 kg/m?) and 33 HU in
overweight patients (BMI > 25 kg/m?) as been proposed
as a criteria for myosteatosis, associated with higher
complications rate (62). Adding myosteatosis to the
MELD score improves its accuracy in predicting pre-
LT mortality (63). The relationship and temporality of
the occurrence of sarcopenia and myosteatosis remains
unclear (64). Myosteatosis can be present without
sarcopenia. However, myosteatosis is extremely frequent
in sarcopenic patients with chronic liver diseases (CLD)
with a prevalence of up to 93% (65). Interestingly,
myosteatosis has been identified as the independent
prognostic factor best correlated with the development
of severe forms of metabolic dysfunction-associated
fatty liver disease, either in preclinical models as a
marker of non-alcoholic steatohepatitis (NASH) (66) or
in humans with metabolic dysfunction-associated fatty
liver disease (MAFLD) in the case of high liver elasticity
(67) or NASH on histology (68). This myosteatosis
appeared in the absence of sarcopenia (66-68). In the
general population, both sarcopenia and myosteatosis are
associated with increased mortality (7,69).

Sarcopenia has been previously more studied
than myosteatosis and its epidemiology according to
cirrhosis etiology is therefore better described (70).
In general, independently of liver disease etiology,
muscle changes prevalence increases with liver disease
severity from non-cirrhotic stages to decompensated
cirrhosis (70).There is a strong inverse association
between sarcopenia and MAFLD even in non-cirrhotic
stages (71). Indeed, sarcopenia is an independent factor
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of MAFLD progression though NASH, fibrosis and
metabolic-associated complications (72). However, it
remains unclear if sarcopenia is a cause or a consequence
of MAFLD due to contradictory data on the impact of
skeletal muscle mass on liver steatosis. The estimated
prevalence of sarcopenia in MAFLD increases though
MAFLD progression from 8% in steatosis up to 63% in
NASH (73,74).

Sarcopenia is also extremely prevalent in alcohol-
related liver disease and is estimated at 60% (75). Its
prevalence is also highly correlated to alcohol-related
liver disease severity (75). The negative impact of alcohol
on skeletal muscle mass is interestingly only mediated
by liver disease and thus does not directly contribute to
sarcopenia (76). However, it is important to notice that
this prevalence might be over-estimated considering the
frequent co-existence of alcohol abuse and malnutrition
which is also a major risk factor for sarcopenia (77).

Both chronic hepatitis B and C are also associated to
sarcopenia in all liver disease stages with an estimated
prevalence from 7.1% in non-cirrhotic stages up to 21.9%
in decompensated cirrhosis (78). Despite the efficacy
of antiviral therapy, no previous study showed skeletal
muscle mass improvement after viral eradication in both
chronic hepatitis B and C (79).

Concerning myosteatosis, available data in end-stage
liver disease only previously focused on non-alcoholic
fatty liver disease (MAFLD) and post-liver transplantation
whose retained indication was mainly alcoholic cirrhosis
and hepatocellular carcinoma (61,62,80). There is
therefore an obvious lack of data concerning other
cirrhosis etiologies. However, depending on the imaging
technic used for myosteatosis assessment, its prevalence
ranges from 16% to 82% (65,81). The physiopathology
of sarcopenia and myosteaosis is currently not fully
established but previous fundamental studies tend to
demonstrate muscle changes not only as stage-related
consequences of ESLD but also as provider of liver
function decay. This complex bi-directional axis (liver-
muscle axis) considers liver but also skeletal muscles as
proper endocrine organs which are able to interact via
various messengers (hormones, cytokines,...).

The purpose of this review is to summarize the current
knowledge and to describe the recently highlighted
actors and pathways. The changes detected in cirrhosis
can be classified into three broad categories: first, the
liver and muscle may be affected by a general deleterious
situation; second, the liver may be responsible for muscle
disorders; and third, the diseased muscle may affect the
condition of the liver (Figure 1). These three possibilities
are listed below.

1. The liver and muscle are affected by systemic con-
ditions present in cirrhosis

Beside the muscle-liver axis, many conditions may
interfere with these two key-organs and are summarized
in figure 2. Several catabolic conditions contribute to

Tissues and conditions affecting muscle and liver
independently
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Figure 2. — Summary of potential tissues or catabolic conditions
interfering with skeletal muscle and liver in end-stage liver diseases
(ESLD) by direct or inflammation-mediated interactions. The tempo-
rality of these interactions is dynamic though liver diseases stages but
also for most of them bidirectional. SAT: subcutaneous adipose tissue;
VAT: visceral adipose tissue; FFA: free fatty acids; NF-b: nuclear factor
kappa B.

systemic inflammation or endotoxemia, and insulin-
resistance (IR).

1.1. Malnutrition

This imbalance between caloric uptake and con-
sumption in favor of reduced nutrients storage is highly
frequent in ESLD (Figure 2) with an increased prevalence
for advanced cirrhotic stages (from 20% in Child-Pugh A
to 70% in child-Pugh C) (43,82). It is also a well-known
independent prognostic factor in cirrhosis correlated to
poorer outcomes (39,43,83). Nutritional assessment in
cirrhosis is hence extremely important to improve both
liver and muscle function by targeting higher daily
calorie, and more specifically, protein goals (83,84).
Inadequate intake of food and malabsorption are among
frequent causes of malnutrition in cirrhotic patients
(figure 2). This condition predominates in alcohol-related
liver disease (ALD) due to excessive involvement of
alcohol beverages in the daily calorie intake (77).

1.2. Reduced physical activity

A sedentary lifestyle is a major cause of sarcopenia in
the elderly (85). In a general context of altered general
condition in the cirrhotic patient, increased sedentary
lifestyle may also be responsible for sarcopenia. A
reduction in activity is directly linked to hepatic fat
accumulation and NAFLD pathogenesis mainly by
increased fatty acid release from peripheral tissues (86).
Its impact on skeletal muscle is mediated by excessive
activation of nuclear factor kappa-B (NF- B) (Figure
2) involved in stimulating the expression of proteolysis
key genes, resulting in altered skeletal muscle (87,88).
Gains in physical activity enhance liver function by
reducing liver fatty infiltration eventually leading to
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reduced hepatic inflammation and fibrosis (89,90). Loss
of skeletal muscle mass has been correlated to higher risk
for HE in cirrhosis, highlighting the potential preventive
role of physical activity on this condition (91).

1.3. Age-related differentiation of muscle stem cells into
adipocytes

Aging is associated with a decreased differentiation
capacity of muscle stem cells into myocytes leading
to preferred adipocyte differentiation. This decreased
myogenesis is mediated by several subcutaneous adipose
tissue interleukins (secretome) and has been observed
in elderly obese patients (Figure 2). Among these
interleukins, resistin is highly secreted by subcutaneous
adipose tissue (Figure 2) in elderly obese patients (92)
and interfere with myogenesis by two pathways. Firstly,
resistin activates the NF -B resulting in decreasing
myotubes’ thickness and nuclear fusion. In addition,
resistin provides intramyocellular lipid accumulation
impairing muscle function by mechanical interaction
with myotubes, increasing fatty acid oxidation resulting
in increased ATP production (93).

1.4. Dysbiosis and endotoxemia

Changes in the gut microbiota are often presented
as causal in the pathogenesis of liver disease (94).
However, the gut-liver axis is bidirectional and liver
alterations can also cause gut changes (94). This must
therefore be interpreted with caution (94). In cirrhosis,
altered gut barrier and dysbiosis are frequently found.
It has pro-inflammatory consequences by increasing
the immune system exposure to bacterial antigens via
pathological bacterial translocation (Figure 2) (95). The
increased serum level of bacteria and bacterial products
including lipopolysaccharides (LPS) or endotoxin
interact with toll-like receptors (TLR) and nucleotide-
binding oligomerization domain (NOD)-like receptors
expressed by several cell types including Kupfer cells and
hepatocytes (96,97). Alcohol consumption is particularly
associated to increased gut permeability or leaky gut as
well as portal hypertension independently (98). It results
in increased cytokine expressions by hepatocytes (99).
Dysbiosis promotes sarcopenia in advanced age as
well as in cirrhosis by reducing gut-microbiota derived
micronutrients and promoting systemic inflammation
(100). Indeed, those nutrients produced by gut microbiota
such as butyrate are important in skeletal mass regulation
by anti-inflammatory, energy metabolism enhancement
and anti-apoptotic effects (101,102). Acetate, another
short chain fatty acid produced by gut microbiota, also
fights against muscle changes in ESLD by suppressing
ammonia-producing bacterial growth and intestinal
ammonia absorption (103,104). Treating dysbiosis
has therefore been identified as a potential target for
the improvement of skeletal muscle mass (105,106).
However, evidence of dysbiosis-related liver damage
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has recently come to light. A recent study demonstrated
higher prevalence of cytolysin-positive Enterococcus
Faecalis in patients with alcoholic hepatitis, but also
improved liver function, both clinically and biologically,
after targeted antibiotic therapy (107). By restoring a
healthy microbiome and gut microbial function (108),
fecal microbial transplantation (FMT) represents a
promising therapy to treat ESLD related complications
as HE (109) but also improve liver function (110,111).
However, there are currently no data on the impact of
FMT on skeletal muscles in cirrhotic patients.

1.5. Low vitamin-D level

Vitamin D deficiency is extremely frequent in ESLD
and may contribute to both muscle and liver abnormalities
(Figure2)(112). Low serum vitamin D is more prevalent in
patients with MAFLD (113). Vitamin-D plays a key-role
in insulin-sensitivity by promoting expression of insulin
receptors in several tissues including skeletal muscle,
pancreatic beta-cells but also liver. Hence, vitamin-D
deficiency is a promoter of insulin-resistance and loss of
muscle mass and function (114,115). Furthermore, it may
also mediate oxidative stress and systemic inflammation,
contributing to liver function decay (116). Vitamin-D
supplementation could eventually contribute to preserve
liver function by anti-inflammatory mechanisms. This
supplementation has been therefore demonstrated to be
an effective treatment of sarcopenia in older populations
by improving both muscle mass and function (117,118).

1.6. Systemic inflammation

Cirrhosis is associated with systemic inflammation
(119) that can directly affect liver homeostasis and
muscle wasting (Figure 2). The main cause of this
systemic inflammation may be hepatic, namely the cause
of CLD (120). However, other actors may play a role,
such as endotoxemia from the gastrointestinal tract (see
above), visceral adipose tissue expansion, or decreased
capacity of subcutaneous adipose tissue storage. Indeed,
visceral adipose tissue (pro-inflammatory and releasing
free fatty acids directly in the portal vein) plays a
deleterious role in liver inflammation and subcutaneous
adipose tissue (anti-inflammatory) a rather protective
role (121). For these reasons, a high visceral adipose
tissue index (VATI > 65 cm?m?) or a low subcutaneous
adipose tissue index (SATI < 60 cm?m?) are associated
with higher rates of cirrhosis related complication. The
structure of the adipose tissue also plays a role (122).
Low visceral fat density is associated with a higher
systemic inflammation (123). High subcutaneous fat
density is associated with increased mortality and
higher frequency of decompensation in cirrhosis (124).
It is hence considered indicative of adipose tissue
remodelling with morphological features of tissue
fibrosis and inflammatory infiltration leading to adipose
tissue dysfunction (124), subcutaneous adipose tissue
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eventually losing its likely anti-inflammatory property
(121).

1.7. Insulin resistance

Insulin resistance is present in patients with cirrhosis,
regardless of the cause of the cirrhosis (120). This is
mainly present at the peripheral (muscle) level and
not in the liver according to the hyperinsulinemic and
euglycemic clamp experiments (120). Among the causes
of CLD, MAFLD is of course also associated with insulin
resistance, before the development of cirrhosis (125).
More simply than with the clamp, insulin resistance can
also be evaluated by the homeostasis model assessment
of IR (HOMA-IR) (126). The causes of IR are various
and may include liver (intra-hepatic inflammation
or fibrosis, decreased hepatic glycogenesis) but also
digestive, muscle and endocrine changes (increased
growth hormone, decreased testosterone) observed
in cirrhosis (120). Interestingly, an increased liver
expression of alanine aminotransferases (as shown in
chronic liver diseases) has recently been shown to be
associated with liver alanine catabolism that promotes
both hyperglycaemia and muscle wasting (127). IR plays
a central role in ESLD related complications but also in
liver and muscle functions decay (Figure 2). This vicious
circle is defined by insulin inability to regulate glycemia
through the loss of physiological response in insulin
sensitive tissues including liver and skeletal muscle.

2. From liver to muscle: how can end stage liver disease
induce muscle changes?

Cirrhosis can impact the muscle through various
mechanisms related to both impaired liver function
and portal hypertension. It has been shown that portal
hypertension itself was related to sarcopenia, even in the
absence of cirrhosis (128). Artu et al. have also recently
published the positive changes on the muscle and on the
subcutaneous and visceral fat composition in a series
of patients after transjugular intrahepatic portosystemic
shunt (TIPSS) placement (129). The underlying
pathophysiology is related to several factors that we will
describe here and that are summarized in figure 3.

2.1. Hyperammonemia

Systemic ammonemia increases in cirrhosis primarily
due to impaired ureagenesis, which is its primary
hepatocyte elimination pathway and portosystemic
shunting. Hyperammonemia is associated with an
increased ammonia uptake by skeletal muscle hypo-
thetically due to an induced overexpression of
ammonia transporters (Rh B glycoprotein and Rh C
glycoprotein) (130). Its impact on skeletal muscle is
mediated by several molecular alterations (Figure 3).
Transcriptional upregulation of myostatin is observed
by activating a specific NF -B signaling pathway (131)

which downregulates mTORCI signaling and increases
adenosine monophosphate (AMP)-activated protein
kinase (AMPK)-alpha2 phosphorylation resulting in
decreased protein synthesis and increased autophagic
proteolysis (Figure 3) (132,133). Increased intramyo-
cellular ammonia in skeletal muscle stimulates
cataplerosis of alpha-ketoglutarate. Anaplerosis is the
first reaction in the tricarboxylic acid (TCA) cycle and
consists in the metabolization of glutamine and glutamate
in alpha-ketoglutarate and ammonia by the enzyme
glutamate dehydrogenase (GDH) (134). In case of high
concentrations of ammonia in the skeletal muscle, the
production flow of TCA intermediates decreases to avoid
the accumulation of anions within the mitochondrial
matrix. The conclusion of this decrease in mitochondrial
function is a reduction in ATP synthesis and eventually in
protein synthesis (Figure 3) (29). Furthermore, ammonia
can, under specific circumstances, inhibit key-enzymes
involved in the TCA cycle: oxodehydrogenase, pyruvate
dehydrogenase and alpha-KG dehydrogenase (135). This
mitochondrial toxicity is also mediated by an increase of
reactive oxygen species (ROS) responsible for oxidative
damages (29). Hyperammonemia also stimulates
skeletal muscle autophagy by this mitochondrial toxicity
(Figure 3) (136). Conversely, sarcopenia promotes
hyperammonemia and so hepatic encephalopathy. Indeed,
skeletal muscle is involved in ammonia metabolism and
ammonia serum level reduction by incorporating it into
glutamine through glutaminase (137,138).

2.2. Lipotoxicity

Hypercholesterolemia is frequent in ESLD and
particularly secondary to cholestatic diseases by
decreased enterohepatic cycle, apolipoprotein synthesis
or even subcutaneous adipose tissue storage capacity
(139). Skeletal muscle is an extremely important organ
in fatty acids consumption by mitochondrial dependent
beta-oxidation. Increased beta-oxidation of fatty acids
leads to increased reactive oxygen species (ROS) which
leads to endoplasmic reticulum (ER) stress (Figure 3)
(140). Furthermore, intramyocellular lipid accumulation
inhibits GLUT-4 translocation which is a major glucose
transporter to muscle and adipose tissue contributing to
insulin-resistance (Figure 3) (141). It results in decreased
ATP production and impaired protein synthesis leading
to reduced muscle mass (Figure 3).

2.3. Endocrine disorders

Low serum testosterone in cirrhosis is a consequence
of secondary disturbances in the hypothalamic-pituitary-
gonadal axis and increased aromatase activity (142).
Cirrhosis is associated with central hypogonadism (low
level of luteinizing hormone produced by the anterior
pituitary gland). Severe systemic disease of any etiology,
including liver failure, can downregulate gonadotropin-
releasing hormone secretion by the hypothalamus and
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lead to secondary testicular failure with low testosterone
level. This is partly due to direct effects of inflammatory
cytokines produced by the liver (143). Furthermore,
androgen receptor binding sites are located on the
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myostatin promoter. Low serum androgen contributes
then to increased myostatin levels in cirrhosis by losing
its inhibition (Figure 3) (144). Importantly, testosterone
has an important impact on the muscles, inducing an
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increase in muscle strength and volume (143). This led
to studies on the impact of testosterone administration
in cirrhotic patients. Interventional studies showed
positive anabolic effects with increased albumin levels
and increased global lean mass but without conclusive
evidence of its impact on sarcopenia (145-147).

Futhermore, the growth hormone (GH)/insulin-like
growth factor-1 (IGF-1) axis is also disturbed in cirrhosis.
Indeed, the liver is the principal source of IGF-1. In case
of decreased serum level of IGF-1 due to cirrhosis, serum
level of GH increases secondary to the loss of IGF-1-
related negative feedback and leads to GH resistancy
(Figure 3). Decreased IGF-1 also increases myostatin
levels and hence promotes sarcopenia synergisticly
with low testosterone levels (Figure 3) (148,149).GH
treatment could therefore improve skeletal muscle mass
by overcoming GH resistance and hence promoting
notably IGF-1 expression (150).

2.4. Altered circulating bile acids

Bile acids are important endocrine mediators
(151) independently of their digestive function by
interacting with specific receptors expressed in several
tissues (152-154) called farnesoid receptor (FXR) and
plasma membrane G-protein-coupled TGRS (Takeda-
G-protein-receptor-5) receptor (Gpbarl) (155,156).
The main receptor for bile acids expressed by skeletal
muscle is TGRS (157,158). TGRS activation is a pro-
vider of both myocytes’ differentiation and skeletal
muscle hypertrophy (159). In cirrhosis, bile acids pool
globally decreases. Indeed, bile acids synthesis and key
hepatic re-uptake in the enterohepatic circulation are
decreased and correlated to the degree of hepatocellular
insufficiency (160). On the contrary, serum bile acids
levels (mainly chenodeoxycholic acid) are increased
in peripheral venous blood by portal hypertension and
porto-systemic shunting (161,162). The resulting loss of
TGRS stimulation by decreased serum bile acids level
leads to skeletal muscle atrophy (Figure 3).

2.5. Accelerated cirrhotic starvation

Cirrhosis is associated with a state of accelerated
starvation due to impaired liver glycogen production
and storage capacity resulting in a major dependency on
gluconeogenesis (Figure 3) (163). Unfortunately, free
fatty acids cannot be used for gluconeogenesis in contrast
to amino acids whose primary source is skeletal muscle
(164). Proteolysis produces both aromatic and branched
chain amino acids (BCAA). However, BCAA are the
only amino acids catabolized for gluconeogenesis due to
the localization of the branched chain ketodehydrogenase
(165). Due to this increased consumption, ESLD is
associated with an amino acid imbalance characterized
by decreased serum BCAA and increased aromatic
amino acids (166-168) (Figure 3). Increased protein
needs participate to disbalance between caloric intake

and consumption, participating to malnutrition and
sarcopenia (figure 3).

2.6. Liver inflammation and hepatokines

Chronic liver inflammation plays a central role in the
process leading to cirrhosis. Indeed, the inflammatory
process, characterized by parenchymal hepatocyte
necrosis and progressive fibrosis, can lead to cirrhosis.
An increase in local as well as circulating blood
concentrations of pro-inflammatory cytokines (such
as tumor necrosis factor-alpha and interleukin-6) is
observed in cirrhotic subjects compared to controls (169).
Furthermore, there is a positive correlation between
TNF- , IL-6, other inflammatory cytokine levels and the
severity of cirrhosis, independently from etiologic factors
(170). Alanine aminotranserase level and hepatic alanine
metabolism are also correlated with muscle depletion
(127). Interestingly, in addition to the “classical” pro-
inflammatory cytokines previously mentioned, other
chemokines produced by the liver called “hepatokines”
(as opposed to adipokines produced by the adipose tissue
or myokines produced by the muscle) can act on distant
organs (Figure 3). Two hepatokines, selenoprotein-P and
fetuin-A, are capable of inducing insulin resistance in
peripheral tissues such as the adipose tissue for fetuin-A
(171,172) or the muscle for selenoprotein-P (173). Muscle
insulin resistance is associated with myosteatosis (174).
Higher serum concentrations of fibroblast growth factor
21 (Fgf21), which is also expressed by adipose tissues,
are also found in cirrhotic patients with sarcopenia
independently of liver function and portal hypertension
(175,176). The elevated level of Fgf21 might therefore be
promoted by adipose tissue rather than the liver itself. This
hypothesis is reinforced by the high correlation between
steatosis, necro-inflammation, fibrosis and Fgf21 serum
level in MAFLD and chronic hepatitis C (177-179).
Fgf21 is able to induce muscle atrophy via inhibition of
protein synthesis and stimulation of autophagy (180,181).
Follistatin is a glycoprotein inhibiting 21 members of
TGF-beta superfamily including myostatin and activin-1
by antagonizing the related-receptors, leading to increased
protein synthesis and skeletal muscle hypertrophy (182-
185). Its secretion is upregulated by a high glucagon-
to-insulin ratio (186). Follistatin is expressed by almost
all tissues including liver which is the main actor in the
production of circulating follistatin as well as skeletal
muscle. This hepatic production contributes to prevent
atrophic effects of myostatin and activin-1 on skeletal
muscle. However, follistatin is also implicated in the
insulin-resistance process (figure 3) especially by its
interaction with white adipose tissue as demonstrated in
mouse models and patients with type 2 diabetes (187).
Furthermore, serum follistatin-levels are well correlated
to HbA 1c level and the risk of developing type 2 diabetes
(133). The resulting effect is a decreased insulin-inhibited
white adipose tissue lipolysis and increased serum levels
of FFA (figure 3) (185).
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2.7. Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is unfortunately
frequent in ESLD and associated to worsened outcomes
(188). Cancer-related sarcopenia named cachexia is
multi-factorial and related to malnutrition, secretion
of specific pro-cachexia cytokines, adipose tissue
depletion by increased lipolysis or even cardiac muscle
atrophy (189). The association between sarcopenia and
poorer hepatocellular carcinoma related prognosis has
been previously well demonstrated with increased all-
cause mortality and even higher tumor recurrence rates
(190,191). Hypothetical muscular mechanisms are
reduced secretion of insulin-like growth factor (IGF-1)
and increased activity of TNF-alpha system (Figure 3)
(192). However, the impact of primary liver cancer on
liver function is less clear (Figure 3). Indeed, cases of
liver function improvements in patients with unresected
hepatocellular carcinoma and ESLD have been reported,
as well as liver function worsening in Child-Pugh A
cirrhosis after HCC resection (193). This “compensation”
would be mediated by increased energy metabolism
associated with the cancer cells, which would restore
partially basal metabolic rates (193).

3. From the muscle to the liver: how damaged muscle
can contribute to the deterioration of the liver?

As described above several factors can interact with
proteostasis and lead to sarcopenia. Few studies tend to
demonstrate that muscle alterations could precede and
eventually participate to liver function decay leading
to the hypothesis of a bidirectional muscle - liver axis.
Proteostasis is the balance between protein synthesis and
proteolysis in the skeletal muscle. It involves the secretion
of various factors that can interact with other tissues or
organs. As described in figure 1 protein synthesis in the
skeletal muscle is influenced by mediators activating the
key signaling pathway phosphatidylinositol-3 kinase/
Akt/mammalian target of rapamycin (PI3K/Akt/mTOR).
Firstly, myostatin, a member of tumour growth factor beta
(TGFpB) superfamily or its homologue activin A inhibit
mTOR1 (mammalian target of rapamycin complex 1)
signaling pathway resulting in increased proteolysis
(12,13). Secondly, IGF1 (insulin like growth factor 1)
or mechanogrowth factor increases protein synthesis
by recruiting the IGF 1/PI3K/Akt signaling cascade
but also by inhibiting the proteolytic action of FOXO
transcription factors (FOXO 1, 3 and 4) (29,30).

On the other hand, three major pathways regulate
proteolysis in skeletal muscle (Figure 1). Firstly, ATP-
dependent ubiquitin proteasome system (UPS) is the main
proteolytic system (14,15,35). -Degrading proteins are
targeted by 26S proteasome though covalent attachment
of a multi-ubiquitin chain. This ubiquitination process is
highly dependent of the E3 ubiquitin ligases involving
two muscle ligases called atrogen-1 or muscle atrophy
F-box (MAFbx) and muscle ring finger-1 (MURF-1) (16).
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Those two enzymes are highly expressed in cirrhosis (17).
Secondly, lysosomal autophagy pathway is the result of
a dynamic enzymatic process leading to autophagosome
formation responsible for degrading proteins (18). This
catabolic pathway is highly depending on AMPK and
mTORCI1 as described above. AMPK has a catabolic
function by regulating the TCA cycle flux to increase
ATP production and decrease ATP consumption (19-21).
Lastly, calpains are calcium-dependent non-lysosomal
cysteine proteases expressed in skeletal muscles and
activated by intracellular calcium (22,23,25).

Beside its role in energy and carbohydrate metabolism,
skeletal muscle interacts with several tissues by secreting
mediators called myokines. These myokine secretion
profiles depend on physical activity. If a muscle to liver
axis is demonstrated in cirrhosis, then improving skeletal
muscle mass and function could therefore enhance
liver function or prevent functional deterioration.
These specific pathways involved in this bidirectional
relationship between liver and skeletal muscle mass are
summarized in figure 3.

3.1. Elevated myostatin level

Myostatin, as seen above, is extremely important in
proteostasis by inhibiting protein synthesis and reducing
eventually muscle mass (Figures 1 and 3). Its serum level
has been reported to be up to four times higher in cirrhotic
patients (133). In MAFLD, myostatin has demonstrated
impairing skeletal muscle protein synthesis but also
activating protein degrading via UPS (194). Repressing
myostatin expression in mouse models is therefore
associated with improvements in global skeletal muscle
mass, insulin sensitivity and liver insulin sensitivity as
well as reduced liver fat (195). A regression of muscle
inflammation, detected in particular by a decreased
macrophage marker F4/80, is demonstrated in these
animals without functional myostatin (195). Macrophagic
recruitment to the muscles occurs indeed in the presence
of myosteatosis and muscle insulin resistance (174).
However, in these animals without functional myostatin,
hepatic F4/80 levels are unchanged (195). Myostatin
would also be involved in liver fibrosis by its interaction
with hepatic stellate cells and increased systemic
inflammation by promoting expression of interleukins as
transforming growth factor-1 (TGF-betal) (196) These
cell culture experiments indicate that a myokine could be
involved in liver fibrosis development.

3.2. Low irisin level?

Irisin is mainly expressed and secreted by skeletal
muscle (197). Irisin and its precursor fibronectin type III
domain-containing protein 5 (FNDC 5) are key-myokines
involved in glucose metabolism mainly by inducing
mitochondrial biogenesis. Irisin upregulates browning
genes in subcutaneous adipose tissue via p38MAPK
and ERK signaling pathways and by upregulation of
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uncoupling protein 1 (UCP-1) (198-200). It results
in increased energy expenditure by thermogenesis
(199). Furthermore, irisin plays also an autocrine-role
on skeletal muscle improving glucose homeostasis.
Irisin expression is particularly reduced in obesity and
participate to insulin-resistance process in MAFLD
(figure 3)(200,201). Other effects of irisin on the liver
are possible but not described. Irisin concentration were
also correlated with muscle surface measured at the
third lumbar level (202). However, in a recent study, a
decrease in irisin levels was found in relation to age but
not in relation to cirrhosis or ESLD or the presence of
sarcopenia (197).

3.3. Others

There are many mediators described as both
hepatokines and myokines, the levels of which may
vary in sarcopenia or myosteatosis. These include, for
example, follistatin, FgF21, myonectin, angiopoietin-
like protein 4, IL-6 or interleukin-15 (IL-15) (203,204).
The effects of the muscle form of those proteins on the
liver condition need to be characterised (Figure 3). As
explained above, exercise can modulate the secretion of
these myokines and lead to remote effects, for example
on adipose tissue or the liver (204). For this reason, the
term “exerkines” is now used to describe molecules
released into the circulation that have a systemic effect
(205). These exerkines can be transported in extracellular
vesicles, such as apoptotic bodies, microvesicles or
exosomes (205). Interesting data suggest that exosomes
secreted by skeletal muscle may play a role not only
in skeletal muscle function but also in inter-organ
communication in different pathologies (206).

Opportunities for the future: better understanding as
a diagnostic and therapeutic tool?

Muscle-liver axis is extremely complex due to
the multitude of potentially involved biochemical
mechanisms but also other tissues interfering in this
relationship as adipose tissue or gut. Furthermore, some
actors are ubiquitously expressed but their role may differ,
as illustrated in this review, depending on the producing
tissue. Recently highlighted actors involved in these
mechanisms regardless of the ESLD etiologies where
described in this review. Nevertheless, they probably
differ depending on etiology as well as stages of liver
diseases. Indeed, cirrhosis is associated with changes in
body composition as a result of the progression of liver
function impairment. The burning questions that persist
are the temporal and causal link between these two key
actors and, at present, although the liver appears to
play a dominant role in muscle abnormalities, it is not
impossible that specific factors produced by the muscle
play a toxic role on the liver. Similarly, the muscle or
certain myokines or exerkines could be identified
as therapeutic targets. Hence, the hypothesis of a

simple bidirectional axis may be irrelevant and further
experimental and clinical experimentations are required
to highlight potential future involved mediators and
pharmacological targets. Pending these results, muscle
assessment of patients with cirrhosis is recommended
and the benefit of general interventions such as physical
activity should be further investigated.

Abbreviations: AMPK: adenosine monophosphate-activated
protein kinase; ESLD: end-stage liver disease; CT: computed
tomography; LT: Liver transplantation; HU: Hounsfield
unit; HE: hepatic encephalopathy; NASH: non-alcoholic
steatohepatitis; NF- B: nuclear factor kappa-B; MAFLD:
metabolic dysfunction-associated fatty liver disease; CLD:
chronic liver disease; mMTOR 1: mammalian target of rapamycin
receptor 1; GH: growth hormone; IGF1: insulin like growth
factor 1; UPS: ubiquitin proteasome system; FOXO: forkhead
box protein O; FFA: free fatty acids; TCA: tricarboxylic acid;
ROS: reactive oxygen species; BCAA: branched chain amino
acids; TNF-: tumor necrosis factor-alpha

Conflict of interest

None of the authors have conflict of interest regarding
this work.
Acknowledgement

NL is a Clinician Researcher from the FNRS (Fonds
de la Recherche Scientifique), Belgium.

References

. FRIED LP, TANGEN CM, WALSTON J, NEWMAN AB, HIRSCH C,
GOTTDIENER J, et al. Frailty in Older Adults: Evidence for a Phenotype.
Journals Gerontol Ser A Biol Sci Med Sci.2001;56:M146-57.

2. DASARATHY S, MERLI M. Sarcopenia from mechanism to diagnosis and
treatment in liver disease. J Hepatol. 2016;65:1232-44.

3. TANDON P, NEY M, IRWIN I, MA MM, GRAMLICH L, BAIN VG,
et al. Severe muscle depletion in patients on the liver transplant wait
list: Its prevalence and independent prognostic value. Liver Transplant.
2012;18:1209-16.

4. MERLI M, GIUSTO M, GENTILI F, NOVELLI G, FERRETTI G, RIGGIO
O, et al. Nutritional status: its influence on the outcome of patients undergoing
liver transplantation. Liver Int. 2010;30:208-14.

5. MONTANO-LOZA AJ, MEZA-JUNCO J, PRADO CMM, LIEFFERS
JR, BARACOS VE, BAIN VG, et al. Muscle Wasting Is Associated
With Mortality in Patients With Cirrhosis. Clin Gastroenterol Hepatol.
2012;10:166-173.el.

6. SHIRAKI M, NISHIGUCHI S, SAITO M, FUKUZAWA Y, MIZUTA T,
KAIBORI M, et al. Nutritional status and quality of life in current patients
with liver cirrhosis as assessed in 2007-2011. Hepatol Res. 2013;43:106-12.

7. GOFFAUX A, DELORME A, DAHLQVIST G, LANTHIER N. Improving
the prognosis before and after liver transplantation: Is muscle a game
changer? World J Gastroenterol 2022; Oct. 28; 28(40):5807-5817.

8. TANTAIX, LIUY, YEO YH, PRAKTIKNJO M, MAURO E, HAMAGUCHI
Y, et al. Effect of sarcopenia on survival in patients with cirrhosis: A meta-
analysis. J Hepatol. 2022;76:588-99.

9. MENDEZ-SANCHEZ N, BUGIANESI E, GISH RG, LAMMERT F, TILG
H, NGUYEN MH, ef al. Global multi-stakeholder endorsement of the
MAFLD definition. lancet Gastroenterol Hepatol. 2022;7:388-90.

10. LANTHIER N, VANUYTSEL T. Metabolic dysfunction-associated fatty
liver disease: a new clearer nomenclature with positive diagnostic criteria.
Acta Gastroenterol Belg. 2020;83:513-5.

11. BREEN L, PHILLIPS SM. Skeletal muscle protein metabolism in the elderly:
Interventions to counteract the “anabolic resistance” of ageing. Nutr Metab
(Lond).2011;8:68.

12. TRENDELENBURG AU, MEYER A, ROHNER D, BOYLE J,

HATAKEYAMA S, GLASS DJ. Myostatin reduces Akt/TORC1/p70S6K

Acta Gastro-Enterologica Belgica, Vol. 85, October-December 2022



620

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

signaling, inhibiting myoblast differentiation and myotube size. Am J Physiol
Physiol. 2009;296:C1258-70.

. HAN HQ, ZHOU X, MITCH WE, GOLDBERG AL. Myostatin/activin

pathway antagonism: Molecular basis and therapeutic potential. Int J
Biochem Cell Biol. 2013;45:2333-47.

. LECKER SH, JAGOE RT, GILBERT A, GOMES M, BARACOS V, BAILEY

J, et al. Multiple types of skeletal muscle atrophy involve a common program
of changes in gene expression. FASEB J. 2004;18:39-51.

. ROCK KL, GRAMM C, ROTHSTEIN L, CLARK K, STEIN R, DICK L, et

al. Inhibitors of the proteasome block the degradation of most cell proteins
and the generation of peptides presented on MHC class I molecules. Cell.
1994,78:761-71.

. VOGES D, ZWICKL P, BAUMEISTER W. The 26S Proteasome: A

Molecular Machine Designed for Controlled Proteolysis. Annu Rev Biochem.
1999;68:1015-68.

. MERLI M, GIUSTO M, MOLFINO A, BONETTO A, ROSSI M, GINANNI

CORRADINI S, et al. MuRF-1 and p-GSK3p expression in muscle atrophy
of cirrhosis. Liver Int. 2013;33:714-21.

. PARZYCH KR, KLIONSKY DIJ. An Overview of Autophagy: Morphology,

Mechanism, and Regulation. Antioxid Redox Signal. 2014;20:460-73.

. WINDER WW, HOLMES BF, RUBINK DS, JENSEN EB, CHEN M,

HOLLOSZY JO. Activation of AMP-activated protein kinase increases
mitochondrial enzymes in skeletal muscle. J Appl Physiol. 2000;88:2219-26.
WANG Y, LIANG Y, VANHOUTTE PM. SIRT1 and AMPK in regulating
mammalian senescence: A critical review and a working model. FEBS Lett.
2011;585:986-94.

VIOLLET B, ANDREELLI F, JORGENSEN SB, PERRIN C, FLAMEZ D,
MU J, et al. Physiological role of AMP-activated protein kinase (AMPK):
insights from knockout mouse models. Biochem Soc Trans. 2003;31:216-9.
KOOHMARAIE M, GEESINK GH. Contribution of postmortem muscle
biochemistry to the delivery of consistent meat quality with particular focus
on the calpain system. Meat Sci. 2006;74:34-43.

KOOHMARAIE M, SHACKELFORD SD. Effect of calcium chloride
infusion on the tenderness of lambs fed a beta-adrenergic agonist. J Anim
Sci. 1991;69:2463.

DASARATHY S, MUC S, HISAMUDDIN K, EDMISON JM, DODIG M,
MCCULLOUGH A, et al. Altered expression of genes regulating skeletal
muscle mass in the portacaval anastamosis rat. Am J Physiol Liver Physiol.
2007;292:G1105-13.

GOLL DE, THOMPSON VF, LI H, WEI W, CONG J. The Calpain System.
Physiol Rev. 2003;83:731-801.

CLOWES GHA, GEORGE BC, VILLEE CA, SARAVIS CA. Muscle
Proteolysis Induced by a Circulating Peptide in Patients with Sepsis or
Trauma. N Engl J Med. 1983;308:545-52.

COSTELLI P, REFFO P, PENNA F, AUTELLI R, BONELLI G, BACCINO
FM. Ca2-+-dependent proteolysis in muscle wasting. Int J Biochem Cell Biol.
2005;37:2134-46.

DASARATHY S, HATZOGLOU M. Hyperammonemia and proteostasis in
cirrhosis. Curr Opin Clin Nutr Metab Care. 2018;21:30-6.

DAVULURI G, ALLAWY A, THAPALIYA S, RENNISON JH, SINGH D,
KUMAR A, et al. Hyperammonaemia-induced skeletal muscle mitochondrial
dysfunction results in cataplerosis and oxidative stress. J Physiol. 2016;
594:7341-60.

CHEN JL, COLGAN TD, WALTON KL, GREGOREVIC P, HARRISON
CA. The TGF- Signalling Network in Muscle Development, Adaptation and
Disease. In 2016. p. 97-131.

MURGIA M, SERRANO AL, CALABRIA E, PALLAFACCHINA G,
LOMO T, SCHIAFFINO S. Ras is involved in nerve-activity-dependent
regulation of muscle genes. Nat Cell Biol. 2000;2:142-7.

RAMASWAMY S, NAKAMURAN, SANSAL [, BERGERON L, SELLERS
WR. A novel mechanism of gene regulation and tumor suppression by the
transcription factor FKHR. Cancer Cell. 2002;2:81-91.

LAI KM V., GONZALEZ M, POUEYMIROU WT, KLINE WO, NA E,
ZLOTCHENKO E, et al. Conditional Activation of Akt in Adult Skeletal
Muscle Induces Rapid Hypertrophy. Mol Cell Biol. 2004;24:9295-304.
SACHECK JM, OHTSUKA A, MCLARY SC, GOLDBERG AL. IGF-I
stimulates muscle growth by suppressing protein breakdown and expression
of atrophy-related ubiquitin ligases, atrogin-1 and MuRF1. Am J Physiol
Metab. 2004;287:E591-601.

ZHAO J, BRAULT JJ, SCHILD A, CAO P, SANDRI M, SCHIAFFINO S,
et al. FoxO3 Coordinately Activates Protein Degradation by the Autophagic/
Lysosomal and Proteasomal Pathways in Atrophying Muscle Cells. Cell
Metab. 2007;6:472-83.

CRUZ-JENTOFT AJ, BAHAT G, BAUER J, BOIRIE Y, BRUYERE O,
CEDERHOLM T, et al. Sarcopenia: revised European consensus on definition
and diagnosis. Age Ageing. 2019;48:16-31.

Acta Gastro-Enterologica Belgica, Vol. 85, October-December 2022

37.

38.

39.

40.

4

jury

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

52.

53.

54.

55.

56.

57.

G. Henin et al.

LANTHIER N, STARKEL P, DAHLQVIST G. Muscle mass depletion in
chronic liver diseases: An accelerated model of aging or a distinct entity? Clin
Res Hepatol Gastroenterol. 2021;45:101721.

CAREY EJ,LATIJC, WANG CW, DASARATHY S, LOBACH I, MONTANO-
LOZAAJ, et al. A multicenter study to define sarcopenia in patients with end-
stage liver disease. Liver Transplant. 2017;23:625-33.

ALBERINO F, GATTA A, AMODIO P, MERKEL C, DI PASCOLI L,
BOFFO G, et al. Nutrition and survival in patients with liver cirrhosis.
Nutrition. 2001;17:445-50.

FIGUEIREDO FAF, PEREZ RM, FREITAS MM, KONDO M. Comparison
of three methods of nutritional assessment in liver cirrhosis: subjective
global assessment, traditional nutritional parameters, and body composition
analysis. J Gastroenterol. 2006;41:476- 82.

. KIM HY. Sarcopenia in the prognosis of cirrhosis: Going beyond the MELD

score. World J Gastroenterol. 2015;21:7637.

PIKUL J, SHARPE MD, LOWNDES R, GHENT CN. Degree of preoperative
malnutrition is predictive of postoperative morbidity and mortality in liver
transplant recipients. Transplantation. 1994;57:469-72.

DUMONT C, WUESTENBERGHS F, LANTHIER N, PIESSEVAUX H,
DAHLQVIST G. Malnutrition is highly prevalent in hospitalized cirrhotic
patients and associates with a poor outcome. Acta Gastroenterol Belg.
2022;85:311-9.

BUCHARD B, BOIRIE Y, CASSAGNES L, LAMBLIN G, COILLY A,
ABERGEL A. Assessment of Malnutrition, Sarcopenia and Frailty in Patients
with Cirrhosis: Which Tools Should We Use in Clinical Practice? Nutrients.
2020;12:186.

REICHELT S, PRATSCHKE J, ENGELMANN C, NEUMANN UP, LURJE
G, CZIGANY Z. Body composition and the skeletal muscle compartment in
liver transplantation: Turning challenges into opportunities. Am J Transplant.
2022;

NISHIKAWA H, ENOMOTO H, NISHIGUCHI S, IIJIMA H. Sarcopenic
Obesity in Liver Cirrhosis: Possible Mechanism and Clinical Impact. Int J
Mol Sci. 2021;22:1917.

WILLIAMS FR, MILLIKEN D, LAI JC, ARMSTRONG MJ. Assessment
of the Frail Patient With End-Stage Liver Disease: A Practical Overview of
Sarcopenia, Physical Function, and Disability. Hepatol Commun. 2021;5:
923-37.

HAUSMAN GJ, BASU U, DU M, FERNYHOUGH-CULVER M, DODSON
M V. Intermuscular and intramuscular adipose tissues: Bad vs. good adipose
tissues. Adipocyte. 2014;3:242- 55.

BHANJI RA, MOCTEZUMA-VELAZQUEZ C, DUARTE-ROJO A,
EBADI M, GHOSH S, ROSE C, et al. Myosteatosis and sarcopenia are
associated with hepatic encephalopathy in patients with cirrhosis. Hepatol
Int. 2018;12:377-86.

NARDELLI S, LATTANZI B, MERLI M, FARCOMENI A, GIOIA S,
RIDOLA L, et al. Muscle Alterations Are Associated With Minimal and
Overt Hepatic Encephalopathy in Patients With Liver Cirrhosis. Hepatology.
2019;70:1704-13.

. GUMUCIO JP, QASAWA AH, FERRARA PJ, MALIK AN, FUNAI K,

MCDONAGH B, et al. Reduced mitochondrial lipid oxidation leads to fat
accumulation in myosteatosis. FASEB J. 2019;33:7863-81.
CORREA-DE-ARAUJO R, HARRIS-LOVE MO, MILJKOVIC I,
FRAGALA MS, ANTHONY BW, MANINI TM. The Need for Standardized
Assessment of Muscle Quality in Skeletal Muscle Function Deficit and Other
Aging-Related Muscle Dysfunctions: A Symposium Report. Front Physiol.
2017;8.

OGAWA M, LESTER R, AKIMA H, GORGEY A. Quantification of inter-
muscular and intramuscular adipose tissue using magnetic resonance imaging
after neurodegenerative disorders. Neural Regen Res. 2017;12:2100.
KOMIYA Y, SAWANO S, MASHIMA D, ICHITSUBO R, NAKAMURA
M, TATSUMI R, et al. Mouse soleus (slow) muscle shows greater intra-
myocellular lipid droplet accumulation than EDL (fast) muscle: fiber type-
specific analysis. J] Muscle Res Cell Motil. 2017;38:163-73.

GUEUGNEAU M, COUDY-GANDILHON C, THERON L, MEUNIER B,
BARBOIRON C, COMBARET L, et al. Skeletal Muscle Lipid Content and
Oxidative Activity in Relation to Muscle Fiber Type in Aging and Metabolic
Syndrome. Journals Gerontol Ser A Biol Sci Med Sci. 2015;70:566-76.
PERDOMO G, COMMERFORD SR, RICHARD AMT, ADAMS SH,
CORKEY BE, O’DOHERTY RM, et al. Increased p-Oxidation in Muscle
Cells Enhances Insulin-stimulated Glucose Metabolism and Protects against
Fatty Acid-induced Insulin Resistance Despite Intramyocellular Lipid
Accumulation. J Biol Chem. 2004;279:27177-86.

AUBREY J, ESFANDIARI N, BARACOS VE, BUTEAU FA, FRENETTE
J, PUTMAN CT, et al. Measurement of skeletal muscle radiation attenuation
and basis of its biological variation. Acta Physiol. 2014;210:489-97.



Pathophysiological changes of the liver-muscle axis in end-stage liver disease

58.

59.

60.

6

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

72.

73.

74.

75.

76.

71.

78.

79.

NACHIT M, LANTHIER N, RODRIGUEZ J, NEYRINCK AM, CANI PD,
BINDELS LB, et al. A dynamic association between myosteatosis and liver
stiffness: Results from a prospective interventional study in obese patients.
JHEP Reports. 2021;3:100323.

MARTIN L, BIRDSELL L, MACDONALD N, REIMAN T, CLANDININ
MT, MCCARGAR LJ, et al. Cancer Cachexia in the Age of Obesity: Skeletal
Muscle Depletion Is a Powerful Prognostic Factor, Independent of Body
Mass Index. J Clin Oncol. 2013;31:1539-47.

KALAFATELI M. Muscle fat infiltration assessed by total psoas density on
computed tomography predicts mortality in cirrhosis. Ann Gastroenterol.
2018;

. MEISTER FA, BEDNARSCH J, AMYGDALOS I, BOECKER J, STRNAD

P, BRUNERS P, et al. Various myosteatosis selection criteria and their
value in the assessment of short- and long-term outcomes following liver
transplantation. Sci Rep. 2021;11:13368.

CZIGANY Z, KRAMP W, BEDNARSCH J, KROFT G, BOECKER 1J,
STRNAD P, et al. Myosteatosis to predict inferior perioperative outcome
in patients undergoing orthotopic liver transplantation. Am J Transplant.
2020;20:493-503.

LATTANZI B, NARDELLI S, PIGLIACELLI A, DI COLA S, FARCOMENI
A, D’AMBROSIO D, et al. The additive value of sarcopenia, myosteatosis
and hepatic encephalopathy in the predictivity of model for end-stage liver
disease. Dig Liver Dis. 2019;51:1508-12.

ABELLAN VAN KAN G, CAMERON CHUMLEA W, GILLETTE-
GUYONET S, HOULES M, DUPUY C, ROLLANDY, et al. Clinical Trials
on Sarcopenia: Methodological Issues Regarding Phase 3 Trials. Clin Geriatr
Med. 2011;27:471-82.

TACHI Y, KOZUKA A, HIRAI T, ISHIZU Y, HONDA T, KUZUYA T, et
al. Impact of myosteatosis on skeletal muscle volume loss in patients with
chronic liver disease. J Gastroenterol Hepatol. 2018;33:1659-66.

NACHIT M, DE RUDDER M, THISSEN J, SCHAKMAN O, BOUZIN C,
HORSMANS Y, et al. Myosteatosis rather than sarcopenia associates with
non-alcoholic steatohepatitis in non-alcoholic fatty liver disease preclinical
models. J Cachexia Sarcopenia Muscle. 2021;12:144-58.

LANTHIER N, RODRIGUEZ J, NACHIT M, HIEL S, TREFOIS P,
NEYRINCK AM, et al. Microbiota analysis and transient elastography reveal
new extra-hepatic components of liver steatosis and fibrosis in obese patients.
Sci Rep. 2021;11:659.

NACHIT M, KWANTEN WJ, THISSEN JP, OP DE BEECK B, VAN GAAL
L, VONGHIA L, et al. Muscle fat content is strongly associated with NASH:
A longitudinal study in patients with morbid obesity. J Hepatol. 2021;75:292-
301.

LINGE J, PETERSSON M, FORSGREN MF, SANYAL AJ, DAHLQVIST
LEINHARD O. Adverse muscle composition predicts all-cause mortality
in the UK Biobank imaging study. J Cachexia Sarcopenia Muscle.
2021;12:1513-26.

CESPIATI A, MERONI M, LOMBARDI R, OBERTI G, DONGIOVANNI P,
FRACANZANI AL. Impact of Sarcopenia and Myosteatosis in Non-Cirrhotic
Stages of Liver Diseases: Similarities and Differences across Aetiologies and
Possible Therapeutic Strategies. Biomedicines. 2022;10:182.

. TOVO CV, FERNANDES SA, BUSS C, DE MATTOS AA. Sarcopenia and

non-alcoholic fatty liver disease: Is there a relationship? A systematic review.
World J Hepatol. 2017;9:326.

PAN X, HAN Y, ZOU T, ZHU G, XU K, ZHENG J, et al. Sarcopenia
Contributes to the Progression of Nonalcoholic Fatty Liver Disease- Related
Fibrosis: A Meta-Analysis. Dig Dis. 2018;36:427-36.

LI AA, KIM D, AHMED A. Association of Sarcopenia and NAFLD: An
Overview. Clin Liver Dis. 2020;16:73-6.

KOO BK, KIM D, JOO SK, KIM JH, CHANG MS, KIM BG, et al.
Sarcopenia is an independent risk factor for non-alcoholic steatohepatitis and
significant fibrosis. J Hepatol. 2017;66:123-31.

DASARATHY J, MCCULLOUGH AJ, DASARATHY S. Sarcopenia in
Alcoholic Liver Disease: Clinical and Molecular Advances. Alcohol Clin Exp
Res. 2017;41:1419-31.

STEFFL M, BOHANNON RW, PETR M, KOHLIKOVA E, HOLMEROVA
1. Alcohol consumption as a risk factor for sarcopenia - a meta-analysis. BMC
Geriatr. 2016;16:99.

MCCLAIN CJ, RIOS CD, CONDON S, MARSANO LS. Malnutrition and
Alcohol-Associated Hepatitis. Clin Liver Dis. 2021;25:557-70.

HIRAOKA A, MICHITAKA K, UEKI H, KANETO M, AIBIKI T,
OKUDAIRAT, et al. Sarcopenia and two types of presarcopenia in Japanese
patients with chronic liver disease. Eur J Gastroenterol Hepatol. 2016;28:940-
7.

ENDO K, SATO T, SUZUKI A, YOSHIDA Y, KAKISAKA K, MIYASAKA
A, et al. Sustained virologic response by direct-acting antivirals suppresses
skeletal muscle loss in hepatitis C virus infection. J Gastroenterol Hepatol.
2020;35:1602-9.

80.

8

—

82.

83.

84.

85.

86.

87.

88.

89.

90.

9

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

102.

103.

621

EBADI M, TSIEN C, BHANJI RA, DUNICHAND-HOEDL AR, RIDER
E, MOTAMEDRAD M, et al. Myosteatosis in Cirrhosis: A Review of
Diagnosis, Pathophysiological Mechanisms and Potential Interventions.
Cells. 2022;11:1216.

. SHENVISD, TABER DJ,HARDIE AD, BOTSTEIN JO, MCGILLICUDDY

JW. Assessment of magnetic resonance imaging derived fat fraction as a
sensitive and reliable predictor of myosteatosis in liver transplant recipients.
HPB. 2020;22:102-8.

PERIYALWAR P, DASARATHY S. Malnutrition in Cirrhosis: Contribution
and Consequences of Sarcopenia on Metabolic and Clinical Responses. Clin
Liver Dis. 2012;16:95-131.

MERLI M, BERZIGOTTI A, ZELBER-SAGI S, DASARATHY S,
MONTAGNESE S, GENTON L, et al. EASL Clinical Practice Guidelines
on nutrition in chronic liver disease. ] Hepatol. 2019;70:172-93.

PLAUTH M, BERNAL W, DASARATHY S, MERLI M, PLANK LD,
SCHUTZ T, et al. ESPEN guideline on clinical nutrition in liver disease.
Clin Nutr. 2019;38:485-521.

DHILLON RJS, HASNI S. Pathogenesis and Management of Sarcopenia.
Clin Geriatr Med. 2017;33:17-26.

KATSANOS CS. Lipid-Induced Insulin Resistance in the Liver. Sport Med.
2004;34:955-65.

CAI D, FRANTZ JD, TAWA NE, MELENDEZ PA, OH BC, LIDOV HGW,
et al. IKKB/NF-kB Activation Causes Severe Muscle Wasting in Mice. Cell.
2004;119:285-98.

PAHL HL. Activators and target genes of Rel/NF-kB transcription factors.
Oncogene. 1999;18:6853-66.

BABA CS, ALEXANDER G, KALYANI B, PANDEY R, RASTOGI S,
PANDEY A, et al. Effect of exercise and dietary modification on serum
aminotransferase levels in patients with nonalcoholic steatohepatitis. J
Gastroenterol Hepatol. 2006;21:191-8.

ST. GEORGE A, BAUMAN A, JOHNSTON A, FARRELL G, CHEY
T, GEORGE 1J. Independent effects of physical activity in patients with
nonalcoholic fatty liver disease. Hepatology. 2009;50:68-76.

. TATEYAMA M, NAOE H, TANAKA M, TANAKA K, NARAHARA S,

TOKUNAGAT, et al. Loss of skeletal muscle mass affects the incidence of
minimal hepatic encephalopathy: a case control study. BMC Gastroenterol.
2020;20:371.

JONAS MI, KURYLOWICZ A, BARTOSZEWICZ Z, LISIK W, JONAS
M, DOMIENIK-KARLOWICZ J, et al. Adiponectin/resistin interplay
in serum and in adipose tissue of obese and normal-weight individuals.
Diabetol Metab Syndr. 2017;9:95.

O’LEARY MF, WALLACE GR, DAVIS ET, MURPHY DP, NICHOLSON
T, BENNETT Al, et al. Obese subcutaneous adipose tissue impairs human
myogenesis, particularly in old skeletal muscle, via resistin-mediated
activation of NFkB. Sci Rep. 2018;8:15360.

LANTHIER N, DELZENNE N. Targeting the Gut Microbiome to Treat
Metabolic Dysfunction-Associated Fatty Liver Disease: Ready for Prime
Time? Cells. 2022;11:2718.

PINZONE MR, CELESIA BM, DI ROSA M, CACOPARDO B, NUNNARI
G. Microbial Translocation in Chronic Liver Diseases. Int J Microbiol.
2012;2012:1-12.

FUKUI H. Role of Gut Dysbiosis in Liver Diseases: What Have We Learned
So Far? Diseases. 2019;7:58.

BELLOT P, FRANCES R, SUCH J. Pathological bacterial translocation in
cirrhosis: pathophysiology, diagnosis and clinical implications. Liver Int.
2013;33:31-9.

SIMBRUNNER B, MANDORFER M, TRAUNER M, REIBERGER
T. Gut-liver axis signaling in portal hypertension. World J Gastroenterol.
2019;25:5897-917.

SEO YS, SHAH VH. The role of gut-liver axis in the pathogenesis of liver
cirrhosis and portal hypertension. Clin Mol Hepatol. 2012;18:337.
O’TOOLE PW, JEFFERY IB. Gut microbiota and aging. Science (80- ).
2015;350:1214-5.

. DEN BESTEN G, GERDING A, VAN DIJK TH, CIAPAITE J, BLEEKER

A, VAN EUNEN K, et al. Protection against the Metabolic Syndrome by
Guar Gum-Derived Short-Chain Fatty Acids Depends on Peroxisome
Proliferator-Activated Receptor y and Glucagon-Like Peptide-1. PLoS One.
2015;10:¢0136364.

WALSH ME, BHATTACHARYA A, SATARANATARAJAN K, QAISAR
R, SLOANE L, RAHMAN MM, et al. The histone deacetylase inhibitor
butyrate improves metabolism and reduces muscle atrophy during aging.
Aging Cell. 2015;14:957-70.

HERNANDEZ, CANFORA, JOCKEN, BLAAK. The Short-Chain Fatty
Acid Acetate in Body Weight Control and Insulin Sensitivity. Nutrients.
2019;11:1943.

Acta Gastro-Enterologica Belgica, Vol. 85, October-December 2022



622

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

VINCE A, KILLINGLEY M, WRONG OM. Effect of lactulose on ammonia
production in a fecal incubation system. Gastroenterology. 1978;74:544-9.
NI'Y, YANG X, ZHENG L, WANG Z, WU L, JIANG J, et al. Lactobacillus
and Bifidobacterium Improves Physiological Function and Cognitive Ability
in Aged Mice by the Regulation of Gut Microbiota. Mol Nutr Food Res.
2019;63:1900603.

PICCA A, FANELLI F, CALVANI R, MULE G, PESCE V, SISTO A, et
al. Gut Dysbiosis and Muscle Aging: Searching for Novel Targets against
Sarcopenia. Mediators Inflamm. 2018;2018:1-15.

DUANY, LLORENTE C, LANG S, BRANDL K, CHU H, JIANG L, et al.
Bacteriophage targeting of gut bacterium attenuates alcoholic liver disease.
Nature. 2019;575:505-11.

BAJAJJS, KAKIYAMA G, SAVIDGE T, TAKEI H, KASSAM ZA, FAGAN
A, et al. Antibiotic-Associated Disruption of Microbiota Composition
and Function in Cirrhosis Is Restored by Fecal Transplant. Hepatology.
2018;68:1549-58.

WANG WW, ZHANG Y, HUANG XB, YOU N, ZHENG L, LI J. Fecal
microbiota transplantation prevents hepatic encephalopathy in rats with
carbon tetrachloride-induced acute hepatic dysfunction. World J Gastro-
enterol. 2017;23:6983-94.

PHILIPS CA, PANDE A, SHASTHRY SM, JAMWAL KD, KHILLAN
V, CHANDEL SS, et al. Healthy Donor Fecal Microbiota Transplantation
in Steroid-Ineligible Severe Alcoholic Hepatitis: A Pilot Study. Clin
Gastroenterol Hepatol. 2017;15:600-2.

PHILIPS CA, PHADKE N, GANESAN K, RANADE S, AUGUSTINE P.
Corticosteroids, nutrition, pentoxifylline, or fecal microbiota transplantation
for severe alcoholic hepatitis. Indian J Gastroenterol. 2018;37:215-25.
BENETTI E, MASTROCOLA R, CHIAZZA F, NIGRO D, D’ANTONA
G, BORDANO V, et al. Effects of vitamin D on insulin resistance and
myosteatosis in diet-induced obese mice. PLoS One. 2018;13:e0189707.

ELIADES M, SPYROU E, AGRAWAL N, LAZO M, BRANCATI FL,
POTTER JJ, ET AL. Meta-analysis: vitamin D and non-alcoholic fatty liver
disease. Aliment Pharmacol Ther. 2013;38:246- 54.

ENDO I, INOUE D, MITSUI T, UMAKI Y, AKAIKE M, YOSHIZAWA
T, et al. Deletion of Vitamin D Receptor Gene in Mice Results in
Abnormal Skeletal Muscle Development with Deregulated Expression of
Myoregulatory Transcription Factors. Endocrinology. 2003;144:5138-44.
BURNE THJ, JOHNSTON ANB, MCGRATH JJ, MACKAY-SIM A.
Swimming behaviour and post-swimming activity in Vitamin D receptor
knockout mice. Brain Res Bull. 2006;69:74-8.

SHARIFI N, AMANI R, HAJIANI E, CHERAGHIAN B. Does vitamin D
improve liver enzymes, oxidative stress, and inflammatory biomarkers in
adults with non-alcoholic fatty liver disease? A randomized clinical trial.
Endocrine. 2014;47:70-80.

MUIR SW, MONTERO-ODASSO M. Effect of Vitamin D Supplementation
on Muscle Strength, Gait and Balance in Older Adults: A Systematic Review
and Meta-Analysis. J Am Geriatr Soc. 2011;59:2291-300.

STOCKTON KA, MENGERSEN K, PARATZ JD, KANDIAH D,
BENNELL KL. Effect of vitamin D supplementation on muscle strength: a
systematic review and meta-analysis. Osteoporos Int. 2010;

ALBILLOS A, LARIO M, ALVAREZ-MON M. Cirrhosis-associated
immune dysfunction: Distinctive features and clinical relevance. J Hepatol.
2014;61:1385-96.

CLAREMBEAU F, BALE G, LANTHIER N. Cirrhosis and insulin
resistance: current knowledge, pathophysiological mechanisms, complica-
tions and potential treatments. Clin Sci. 2020;134:2117-35.

LANTHIER N, LECLERCQ TA. Adipose tissues as endocrine target organs.
Best Pract Res Clin Gastroenterol. 2014;28:545-58.

EBADI M, BHANJI RA, TANDON P, MAZURAK V, BARACOS VE,
MONTANO-LOZA AJ. Review article: prognostic significance of body
composition abnormalities in patients with cirrhosis. Aliment Pharmacol
Ther. 2020;52:600-18.

SHAH R V., ALLISON MA, LIMA JAC, ABBASI SA, EISMAN A, LAI
C, et al. Abdominal fat radiodensity, quantity and cardiometabolic risk:
The Multi-Ethnic Study of Atherosclerosis. Nutr Metab Cardiovasc Dis.
2016;26:114-22.

EBADI M, DUNICHAND-HOEDL AR, RIDER E, KNETEMAN
NM, SHAPIRO J, BIGAM D, et al. Higher subcutaneous adipose tissue
radiodensity is associated with increased mortality in patients with cirrhosis.
JHEP Reports. 2022;4:100495.

BINET Q, LOUMAYE A, PREUMONT V, THISSEN JP, HERMANS
MP, LANTHIER N. Non-invasive screening, staging and management
of metabolic dysfunction-associated fatty liver disease (MAFLD) in type
2 diabetes mellitus patients: what do we know so far ? ActaGastroenterol
Belg. 85:346-57.

Acta Gastro-Enterologica Belgica, Vol. 85, October-December 2022

126.

127.

128.

129.

130.

13

—_

132.

133.

134.

135.

136.

137.

138.

139.

140.

14

142.

143.

144,

145.

146.

147.

148.

G. Henin et al.

MATTHEWS DR, HOSKER JP, RUDENSKI AS, NAYLOR BA,
TREACHER DF, TURNER RC. Homeostasis model assessment: insulin
resistance and ?-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia. 1985;28:412-9.

OKUN JG, RUSU PM, CHAN AY, WU Y, YAPYW, SHARKIE T, et al. Liver
alanine catabolism promotes skeletal muscle atrophy and hyperglycaemia in
type 2 diabetes. Nat Metab. 2021;3:394-409.

LATTANZI B, GIOIA S, DI COLA S, D’AMBROSIO D, NARDELLI S,
TAVANO D, et al. Prevalence and impact of sarcopenia in non-cirrhotic
portal hypertension. Liver Int. 2019;39:1937-42.

ARTRU F, MIQUET X, AZAHAF M, LABREUCHE J, NTANDJA
WANDIJI LC, SERGENT G, et al. Consequences of TIPSS placement on the
body composition of patients with cirrhosis and severe portal hypertension:
a large retrospective CT-based surveillance. Aliment Pharmacol Ther.
2020;52:1516-26.

TAKEDA K, TAKEMASAT. Expression of ammonia transporters Rhbg and
Rheg in mouse skeletal muscle and the effect of 6-week training on these
proteins. Physiol Rep. 2015;3:e12596.

. QIU J, THAPALIYA S, RUNKANA A, YANG Y, TSIEN C, MOHAN

ML, et al. Hyperammonemia in cirrhosis induces transcriptional regulation
of myostatin by an NF-kB-mediated mechanism. Proc Natl Acad Sci.
2013;110:18162-7.

DASARATHY S, MCCULLOUGH AJ, MUC S, SCHNEYER A,
BENNETT CD, DODIG M, et al. Sarcopenia associated with portosystemic
shunting is reversed by follistatin. J Hepatol. 2011;54:915-21.

GARCIA PS, CABBABE A, KAMBADUR R, NICHOLAS G, CSETE M.
Elevated Myostatin Levels in Patients with Liver Disease. Anesth Analg.
2010;111:707-9.

OWEN OE, KALHAN SC, HANSON RW. The Key Role of Anaplerosis and
Cataplerosis for Citric Acid Cycle Function. J Biol Chem. 2002;277:30409-
12.

LAI JCK, COOPER AIJL. Neurotoxicity of ammonia and fatty acids:
Differential inhibition of mitochondrial dehydrogenases by ammonia and
fatty acyl coenzyme a derivatives. Neurochem Res. 1991;16:795-803.

QIU J, TSIEN C, THAPALAYA S, NARAYANAN A, WEIHL CC, CHING
JK, et al. Hyperammonemia-mediated autophagy in skeletal muscle con-
tributes to sarcopenia of cirrhosis. Am J Physiol Metab. 2012;303:E983-93.
DAMINK SWMO, JALAN R, REDHEAD DN, HAYES PC, DEUTZ
NEP, SOETERS PB. Interorgan ammonia and amino acid metabolism in
metabolically stable patients with cirrhosis and a TIPSS. Hepatology.
2002;36:1163-71.

WRIGHT G, NOIRET L, OLDE DAMINK SWM, JALAN R. Interorgan
ammonia metabolism in liver failure: the basis of current and future
therapies. Liver Int. 2011;31:163-75.

NEUSCHWANDER-TETRI BA. Hepatic lipotoxicity and the pathogenesis
of nonalcoholic steatohepatitis: The central role of nontriglyceride fatty acid
metabolites. Hepatology. 2010;52:774-88.

IRRCHER [, LJUBICIC V, HOOD DA. Interactions between ROS and AMP
kinase activity in the regulation of PGC-1a transcription in skeletal muscle
cells. Am J Physiol Physiol. 2009;296:C116-23.

. GALGANI JE, MORO C, RAVUSSIN E. Metabolic flexibility and insulin

resistance. Am J Physiol Metab. 2008;295:E1009-17.

THIEL DH, KUMAR S, GAVALER JS, TARTER RE. Effect of Liver
Transplantation on the Hypothalamic-Pituitary-Gonadal Axis of Chronic
Alcoholic Men with Advanced Liver Disease. Alcohol Clin Exp Res.
1990;14:478-81.

SINCLAIR M, GROSSMANN M, GOW PJ, ANGUS PW. Testosterone
in men with advanced liver disease: Abnormalities and implications. J
Gastroenterol Hepatol. 2015;30:244- 51.

MA K, MALLIDIS C, ARTAZA J, TAYLOR W, GONZALEZ-CADAVID
N, BHASIN S. Characterization of 5’-regulatory region of human myostatin
gene: regulation by dexamethasone in vitro. Am J Physiol Metab.
2001;281:E1128-36.

SINCLAIR M, GROSSMANN M, HOERMANN R, ANGUS PW, GOW
PJ. Testosterone therapy increases muscle mass in men with cirrhosis and
low testosterone: A randomised controlled trial. J Hepatol. 2016;65:906-13.
YURCI A, YUCESOY M, UNLUHIZARCI K, TORUN E, GURSOY 8,
BASKOL M, ET AL. Effects of testosterone gel treatment in hypogonadal
men with liver cirrhosis. Clin Res Hepatol Gastroenterol. 2011;35:845-54.
DENG N, MALLEPALLY N, PENG FB, KANJI A, MARCELLI M,
HERNAEZ R. Serum testosterone levels and testosterone supplementation
in cirrhosis: A systematic review. Liver Int. 2021;41:2358-70.

CUNEO RC, HICKMAN PE, WALLACE JD, TEH BT, WARD G,
VELDHUIS JD, et al. Altered endogenous growth hormone secretory
kinetics and diurnal GH-binding protein profiles in adults with chronic liver
disease. Clin Endocrinol (Oxf). 1995;43:265-75.



Pathophysiological changes of the liver-muscle axis in end-stage liver disease

149.
150.
151.

152.
153.

154.

155.

156.
157.
158.
159.
160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

MOLLER S, BECKER U. Insulin-Like Growth Factor 1 and Growth
Hormone in Chronic Liver Disease. Dig Dis. 1992;10:239-48.

WALLACE JD, ABBOTT-JOHNSON WIJ, CRAWFORD DHG,
BARNARD R, POTTER JM, CUNEO RC. GH Treatment in Adults with
Chronic Liver Disease: A Randomized, Double-Blind, Placebo-Controlled,
Cross-Over Study. J Clin Endocrinol Metab. 2002;87:2751-9.

HOFMANN AF, HAGEY LR. Key discoveries in bile acid chemistry and
biology and their clinical applications: history of the last eight decades. J
Lipid Res. 2014;55:1553-95.

LI T, APTE U. Bile Acid Metabolism and Signaling in Cholestasis,
Inflammation, and Cancer. In 2015. p. 263-302.

LI T, CHIANG JYL. Bile acids as metabolic regulators. Curr Opin
Gastroenterol. 2015;31:159-65.

KARS M, YANG L, GREGOR MF, MOHAMMED BS, PIETKA TA,
FINCK BN, et al. Tauroursodeoxycholic Acid May Improve Liver and
Muscle but Not Adipose Tissue Insulin Sensitivity in Obese Men and
‘Women. Diabetes. 2010;59:1899-905.

DEUTSCHMANN K, REICH M, KLINDT C, DROGE C, SPOMER L,
HAUSSINGER D, et al. Bile acid receptors in the biliary tree: TGRS in
physiology and disease. Biochim Biophys Acta - Mol Basis Dis. 2018;
1864:1319-25.

KEITEL V, STINDT J, HAUSSINGER D. Bile Acid-Activated Receptors:
GPBARI (TGR5) and Other G Protein-Coupled Receptors. In 2019. p. 19-
49.

MARUYAMA T, MIYAMOTO Y, NAKAMURA T, TAMAI Y, OKADA H,
SUGIYAMAE, et al. Identification of membrane-type receptor for bile acids
(M-BAR). Biochem Biophys Res Commun. 2002;298:714-9.
KAWAMATA Y, FUJII R, HOSOYA M, HARADA M, YOSHIDA H,
MIWA M, et al. A G Protein-coupled Receptor Responsive to Bile Acids. J
Biol Chem. 2003;278:9435-40.

SASAKI T, KUBOYAMA A, MITA M, MURATA S, SHIMIZU M, INOUE
J, et al. The exercise-inducible bile acid receptor Tgr5 improves skeletal
muscle function in mice. J Biol Chem. 2018;293:10322-32.

DE LEON MP, LORIA P, IORI R, CARULLI N. Cholesterol absorption
in cirrhosis: The role of total and individual bile acid pool size. Gastro-
enterology. 1981;80:1428-37.

OHKUBO H, OKUDA K, IIDA S, OHNISHI K, IKAWA S, MAKINO I.
Role of Portal and Splenic Vein Shunts and Impaired Hepatic Extraction
in the Elevated Serum Bile Acids in Liver Cirrhosis. Gastroenterology.
1984;86:514-20.

HORVATITS T, DROLZ A, ROEDL K, RUTTER K, FERLITSCH A,
FAULER G, et al. Serum bile acids as marker for acute decompensation
and acute-on-chronic liver failure in patients with non-cholestatic cirrhosis.
Liver Int. 2017;37:224-31.

PENG S, PLANK LD, MCCALL JL, GILLANDERS LK, MCILROY K,
GANE EJ. Body composition, muscle function, and energy expenditure
in patients with liver cirrhosis: a comprehensive study. Am J Clin Nutr.
2007;85:1257-66.

CHEN X, IQBAL N, BODEN G. The effects of free fatty acids on
gluconeogenesis and glycogenolysis in normal subjects. J Clin Invest.
1999;103:365-72.

BLONDE-CYNOBER F, AUSSEL C, CYNOBER L. Abnormalities in
branched-chain amino acid metabolismin cirrhosis: influence of hormonal
and nutritional factors and directions for future research. Clin Nutr.
1999;18:5-13.

TESSARI P, KIWANUKA E, VETTORE M, BARAZZONI R, ZANETTI
M, CECCHET D, et al. Phenylalanine and tyrosine kinetics in compensated
liver cirrhosis: effects of meal ingestion. Am J Physiol Liver Physiol.
2008;295:G598-604.

I0B V, COON WW, SLOAN M. Free amino acids in liver, plasma, and
muscle of patients with cirrhosis of the liver. ] Surg Res. 1967;7:41-3.
MONTANARI A, SIMONI I, VALLISA D, TRIFIRO A, COLLA R,
ABBIATI R, ef al. Free amino acids in plasma and skeletal muscle of
patients with liver cirrhosis. Hepatology. 1988;8:1034- 9.

WUNSCH E, KOZIARSKA D, MILKIEWICZ M, NAPRAWA G,
NOWACKI P, HARTLEB M, et al. In patients with liver cirrhosis,
proinflammatory interleukins correlate with health-related quality of
life irrespective of minimal hepatic encephalopathy. Eur J Gastroenterol
Hepatol. 2013;25:1402-7.

GORAL V, ATAYAN Y, KAPLAN A. The relation between pathogenesis
of liver cirrhosis, hepatic encephalopathy and serum cytokine levels: what
is the role of tumor necrosis factor a? Hepatogastroenterology. 58:943-8.
ETIENNE Q, LEBRUN V, KOMUTA M, NAVEZ B, THISSEN JP,
LECLERCQ IA, ef al. Fetuin-A in Activated Liver Macrophages Is a Key
Feature of Non-Alcoholic Steatohepatitis. Metabolites. 2022;12:625.

172

173.

174.

175.

176.

177.

178.

179.

180.

18

182.

183.

184.

185.

186.

187.

188.

189.

190.

19

—_

192.

193.

194.

195.

196.

623

. PALD,DASGUPTAS,KUNDUR,MAITRAS,DAS G, MUKHOPADHYAY
S, et al. Fetuin-A acts as an endogenous ligand of TLR4 to promote lipid-
induced insulin resistance. Nat Med. 2012;18:1279-85.

MISU H, TAKAMURA T, TAKAYAMA H, HAYASHI H, MATSUZAWA-
NAGATA N, KURITA S, et al. A Liver-Derived Secretory Protein,
Selenoprotein P, Causes Insulin Resistance. Cell Metab. 2010;12:483-95.
LANTHIER N, MOLENDI-COSTE O, CANI PD, ROOIJEN N,
HORSMANS Y, LECLERCQ IA. Kupffer cell depletion prevents but has
no therapeutic effect on metabolic and inflammatory changes induced by a
high-fat diet. FASEB J. 2011;25:4301-11.

PONZIANI FR, PICCA A, MARZETTI E, CALVANI R, CONTA G, DEL
CHIERICOF, et al. Characterization of the gut-liver-muscle axis in cirrhotic
patients with sarcopenia. Liver Int. 2021;41:1320-34.

KRAUTBAUER S, REIN-FISCHBOECK L, HABERL EM, POHL R,
WIEST R, BUECHLER C. Circulating fibroblast growth factor 21 in
patients with liver cirrhosis. Clin Exp Med. 2018;18:63- 9.

RUSLI F, DEELEN J, ANDRIYANI E, BOEKSCHOTEN M V., LUTE
C, VAN DEN AKKER EB, et al. Fibroblast growth factor 21 reflects liver
fat accumulation and dysregulation of signalling pathways in the liver of
C57BL/6]J mice. Sci Rep. 2016;6:30484.

BARB D, BRILF, KALAVALAPALLIS, CUSIK. Plasma Fibroblast Growth
Factor 21 Is Associated With Severity of Nonalcoholic Steatohepatitis
in Patients With Obesity and Type 2 Diabetes. J Clin Endocrinol Metab.
2019;104:3327-36.

LEANDRO G, MANGIA A, HUI J, FABRIS P, RUBBIA-BRANDT L,
COLLOREDO G, et al. Relationship Between Steatosis, Inflammation, and
Fibrosis in Chronic Hepatitis C: A Meta-Analysis of Individual Patient Data.
Gastroenterology. 2006;130:1636-42.

LUO Y, MCKEEHAN WL. Stressed Liver and Muscle Call on Adipocytes
with FGF21. Front Endocrinol (Lausanne). 2013;4.

. OOST LJ, KUSTERMANN M, ARMANI A, BLAAUW B, ROMANELLO
V. Fibroblast growth factor 21 controls mitophagy and muscle mass. J
Cachexia Sarcopenia Muscle. 2019;10:630-42.

AMTHOR H. Follistatin complexes Myostatin and antagonises Myostatin-
mediated inhibition of myogenesis. Dev Biol. 2004;270:19-30.
WINBANKS CE, WEEKS KL, THOMSON RE, SEPULVEDA P V.,
BEYER C, QIAN H, et al. Follistatin-mediated skeletal muscle hypertrophy
is regulated by Smad3 and mTOR independently of myostatin. J Cell Biol.
2012;197:997-1008.

MEDEIROS EF, PHELPS MP, FUENTES FD, BRADLEY TM.
Overexpression of follistatin in trout stimulates increased muscling. Am J
Physiol Integr Comp Physiol. 2009;297:R235-42.

LEE SJ. Quadrupling Muscle Mass in Mice by Targeting TGF- Signaling
Pathways. PLoS One. 2007;2:¢789.

HANSEN JS, RUTTI S, AROUS C, CLEMMESEN JO, SECHER NH,
DRESCHER A, et al. Circulating Follistatin Is Liver-Derived and Regulated
by the Glucagon-to-Insulin Ratio. J Clin Endocrinol Metab. 2016;101:550-
60.

WU C, BORNE Y, GAO R, LOPEZ RODRIGUEZ M, ROELL WC,
WILSON JM, et al. Elevated circulating follistatin associates with an
increased risk of type 2 diabetes. Nat Commun. 2021;12:6486.

REIG M, FORNER A, RIMOLA J, FERRER-FABREGA J, BURREL M,
GARCIA-CRIADO A, er al. BCLC strategy for prognosis prediction and
treatment recommendation: The 2022 update. J Hepatol. 2022;76:681-93.
BARACOS VE, MARTIN L, KORC M, GUTTRIDGE DC, FEARON
KCH. Cancer-associated cachexia. Nat Rev Dis Prim. 2018;4:17105.
SHACHAR SS, WILLIAMS GR, MUSS HB, NISHIJIMA TF. Prognostic
value of sarcopenia in adults with solid tumours: A meta-analysis and
systematic review. Eur J Cancer. 2016;57:58-67.

. CHANG SF, LIN PL. Systematic Literature Review and Meta-Analysis of
the Association of Sarcopenia With Mortality. Worldviews Evidence-Based
Nurs. 2016;13:153-62.

ELMASHAD N, IBRAHIM WS, MAYAH WW, FAROUK M, ABOALI L,
TAHA A, et al. Predictive Value of Serum Insulin-like Growth Factor-1 in
Hepatocellular Carcinoma. Asian Pacific J Cancer Prev. 2015;16:613-9.
REN M, LI J, XUE R, WANG Z, COLL SL, MENG Q. Liver function and
energy metabolism in hepatocellular carcinoma developed in patients with
hepatitis B-related cirrhosis. Medicine (Baltimore). 2019;98:¢15528.
ELKINA'Y, VON HAEHLING S, ANKER SD, SPRINGER J. The role of
myostatin in muscle wasting: an overview. J Cachexia Sarcopenia Muscle.
2011;2:143-51.

WILKES JJ, LLOYD DJ, GEKAKIS N. Loss-of-Function Mutation in
Myostatin Reduces Tumor Necrosis Factor a Production and Protects Liver
Against Obesity-Induced Insulin Resistance. Diabetes. 2009;58:1133-43.
DELOGU W, CALIGIURI A, PROVENZANO A, ROSSO C, BUGIANESI
E, CORATTI A, et al. Myostatin regulates the fibrogenic phenotype of

Acta Gastro-Enterologica Belgica, Vol. 85, October-December 2022



624

197.

198.

199.

200.

201.

202.

hepatic stellate cells via c-jun N-terminal kinase activation. Dig Liver Dis.
2019;51:1400-8.

KUKLA M, SKLADANY L, MENZYK T, DERRA A, STYGAR D,
SKONIECZNA M, et al. Irisin in Liver Cirrhosis. J Clin Med. 2020;9:3158.
CUNHA A. Irisin-behind the benefits of exercise. Nat Rev Endocrinol.
2012;8:195-195.

HUH JY, DINCER F, MESFUM E, MANTZOROS CS. Irisin stimulates
muscle growth-related genes and regulates adipocyte differentiation and
metabolism in humans. Int J Obes. 2014;38:1538-44.

VAUGHAN RA, GANNON NP, BARBERENA MA, GARCIA-SMITH R,
BISOFFI M, MERMIER CM, et al. Characterization of the metabolic effects
of irisin on skeletal muscle in vitro. Diabetes, Obes Metab. 2014;16:711-8.
MORENO-NAVARRETE JM, ORTEGA F, SERRANO M, GUERRA E,
PARDO G, TINAHONES F, et al. Irisin Is Expressed and Produced by
Human Muscle and Adipose Tissue in Association With Obesity and Insulin
Resistance. J Clin Endocrinol Metab. 2013;98:E769-78.

ZHAO M, ZHOU X, YUAN C, LI R, MAY, TANG X. Association between
serum irisin concentrations and sarcopenia in patients with liver cirrhosis: a
cross-sectional study. Sci Rep. 2020;10:16093.

Acta Gastro-Enterologica Belgica, Vol. 85, October-December 2022

203.

204.

205.

206.

G. Henin et al.

NACHIT M, LECLERCQ IA. Emerging awareness on the importance of
skeletal muscle in liver diseases: time to dig deeper into mechanisms! Clin
Sci. 2019;133:465-81.

LEAL LG, LOPES MA, BATISTA ML. Physical Exercise-Induced
Myokines and Muscle-Adipose Tissue Crosstalk: A Review of Current
Knowledge and the Implications for Health and Metabolic Diseases. Front
Physiol. 2018;9.

WARNIER G, DE GROOTE E, BRITTO FA, DELCORTE O,
NEDERVEEN JP, NILSSON MI, et al. Effects of an acute exercise bout in
hypoxia on extracellular vesicle release in healthy and prediabetic subjects.
Am J Physiol Integr Comp Physiol. 2022;322:R112-22.

RONG S, WANG L, PENG Z, LIAO Y, LI D, YANG X, ef al. The
mechanisms and treatments for sarcopenia: could exosomes be a perspective
research strategy in the future? J Cachexia Sarcopenia Muscle. 2020;11:348-
65.



