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Abstract: Sarcopenia in patients with liver cirrhosis (LC) has been attracting much attention these
days because of the close linkage to adverse outcomes. LC can be related to secondary sarcopenia
due to protein metabolic disorders and energy metabolic disorders. LC is associated with profound
alterations in gut microbiota and injuries at the different levels of defensive mechanisms of the
intestinal barrier. Dysbiosis refers to a state in which the diversity of gut microbiota is decreased
by decreasing the bacterial species and the number of bacteria that compose the gut microbiota.
The severe disturbance of intestinal barrier in LC can result in dysbiosis, several bacterial infections,
LC-related complications, and sarcopenia. Here in this review, we will summarize the current
knowledge of the relationship between sarcopenia and dysbiosis in patients with LC.
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1. Introduction

1.1. Gut–Liver Axis and Dysbiosis

In the gastrointestinal mucosa, various immune cells including macrophages, dendritic cells,
etc., are constantly present [1,2]. Paneth cells, which are a type of intestinal epithelial cell, secrete
antimicrobial peptides and are responsible for intestinal innate immunity by eliminating pathogens and
by symbiosis with resident bacteria [3]. However, the barrier mechanism formed in the mucus layer
may be incomplete, and indigestible proteins, bacteria, viruses, etc., along with nutrient components,
can always enter the tissue across the mucus barrier [1,2]. In that case, a secondary barrier consisting
of macrophages, T cells, and B cells present in the lamina propria will respond to their invasion (the
biological barrier, Table 1 and Figure 1). The foreign substances passing through the lamina propria
can enter the bloodstream and reach the liver via the portal vein. A large number of Kupffer cells
(liver macrophages) are present in the sinusoidal blood vessels of the liver (the final barrier) to create a
unique immune system [4]. In this way, the gastrointestinal tract and liver cooperate to participate in
biological defense (gut–liver axis) [4,5]. On the other hand, it has been revealed that various intestinal
bacteria inhabit the colon, and they play an important role in maintaining homeostasis of the human
body (the environmental barrier, Table 1 and Figure 1) [6]. The majority of bacteria in the colon are
tightly attached to the outer side of the mucus layer, and the inner side of the mucus layer forms a
barrier which limits bacterial contact with the epithelium (the physical barrier, Table 1 and Figure 1) [7].
Dysbiosis refers to a state in which the diversity of gut microbiota (GM) is decreased by decreasing the
bacterial species and the number of bacteria that compose the GM [8–11]. Analysis of GM at the gene
level using a next-generation sequencer has come to the fore, and thus GM in patients with various
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diseases has been analyzed [12]. Not only in Clostridium difficile infection and inflammatory bowel
diseases [13,14], but also in disorders other than in the gastrointestinal tract including obesity [15],
allergy [16], asthma [17], autism [18], and autoimmune diseases [19], it has been pointed out that the
GM is disturbed and the diversity is decreased (i.e., dysbiosis).

Table 1. Three types of intestinal barrier.

1. Environmental Barrier Gut microbiota

2. Biological Barrier Antimicrobial peptide
Immune cells

3. Physical Barrier Mucus layer
Tight junction
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1.2. Sarcopenia and Liver Cirrhosis

In individuals with chronic liver diseases (CLDs), metabolic or nutritional dysfunctions including
protein–energy malnutrition (PEM) or muscle abnormalities are frequently found, which can be related
to disabilities, poor quality of life, or mortality [20–30]. Liver cirrhosis (LC) involves a hypermetabolic
state with increasing demand for calories and protein [23]. In addition, the energy metabolism of
LC patients is in a hypercatabolic state, and when fasting early in the morning, they are in the same
degree of starvation as when a healthy person fasts for 2–3 days [31,32]. When liver function worsens,
the detoxification of harmful substances such as ammonia can be reduced [32]. Branched-chain amino
acids (BCAAs) are often excessively consumed in skeletal muscles to detoxify harmful substances in
patients with decreased liver function [20,32]. In LC patients, it is difficult to adequately supplement
BCAAs with diet intake alone [32]. In LC patients, sarcopenia, which is defined by decline in muscle
mass and strength and/or physical activity, can occur because the excessive consumption of BCAAs
makes it difficult to synthesize the protein required for muscle mass increase [20]. Sarcopenia is one of
the most common consequences seen in patients with LC [20,27,33–39]. In Japan’s aging population,
CLD is also a crucial public health issue because aging is also closely linked to sarcopenia [40–42].
How sarcopenia is related to adverse consequences requires looking at sarcopenia as a systemic
disorder [22,43,44]. LC-related complications themselves such as hepatocellular carcinoma (HCC),
ascites, spontaneous bacterial peritonitis (SBP), varices, hepatic encephalopathy (HE), and acute or
chronic liver failure (ACLF) can cause sarcopenia [22,40]. Clinical and research interest in sarcopenia in
CLDs has thus been growing internationally. In 2016, the Japanese society of hepatology (JSH) created
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their own criteria for the assessment of sarcopenia in CLDs [40]. In the JSH criteria for sarcopenia,
age limitation is excluded because CLDs can cause secondary sarcopenia due to PEM, which can occur
regardless of age. In addition, the measurement of walking speed was abolished due to the difficulty of
measuring it in daily clinical practice, and it was decided to use only grip strength for the evaluation of
muscle strength (cutoff values: <26 kg in males and <18 kg in females). Furthermore, since computed
tomography (CT) is frequently used in CLD patients, a standard value for CT was set for measuring
muscle mass, and it was decided to use the bioimpedance analysis method (cutoff values: <7.0 kg/m2

in males and <5.7 kg/m2 in females) and/or CT method at the L3 level (cutoff values: <42 cm2/m2 in
males and <38 cm2/m2 in females) to evaluate muscle mass [40]. In Japan, a lot of debate regarding
sarcopenia in CLDs has taken place based on the JSH criteria.

Here in this review, we will summarize the current knowledge of the relationship between
dysbiosis and sarcopenia in patients with LC.

2. Liver Cirrhosis, Hepatic Encephalopathy, and Sarcopenia: Mechanisms and Clinical Impact

LC patients with hyperammonemia are often encountered in routine clinical practice. Most of the
ammonia produced in vivo is derived from the digestive tract. The organs that metabolize ammonia
include the liver, skeletal muscles, brain, and kidneys. Of these, the only organ with sufficient capacity
to detoxify ammonia produced in the body into urea is the liver, which has a urea cycle [45]. LC patients
manifest the characteristics of low levels of BCAAs due to PEM and elevated blood ammonia level due
to an impaired urea cycle caused by zinc deficiency, etc. [46]. Ammonia suppresses phosphorylation
of eukaryotic initiation factor 2α and mammalian target of rapamycin complex1 (mTORC1) signal
through general control nonderepressible 2 which is an amino acid deficiency sensor, and directly
suppresses protein synthesis in skeletal muscles. BCAA suppresses these reactions and promotes
muscle protein synthesis, but L-leucine (one of BCAAs) is consumed due to ammonia metabolism
in skeletal muscles [47]. When the L-leucine level is decreased, protein synthesis in skeletal muscles
becomes unsuccessful [48].

In LC patients, muscle proteolysis is stimulated via the activation of the ubiquitin-proteasome
pathway [49,50]. Persistent chronic inflammation in LC can cause the marked elevation of the
pro-inflammatory cytokines including tumor necrosis factor-alpha (TNF-α) and IL-1, -6, which in turn
stimulate muscle autophagy [51]. The inflammation-inducible ubiquitin-proteasome system can be
linked to muscle atrophy through activation of muscle atrophy-related genes [52]. Myostatin suppresses
muscle satellite cell proliferation and differentiation. Elevated myostatin levels in skeletal muscles can
cause sarcopenia in LC patients [53]. Hyperammonemia has been demonstrated to elevate muscle
myostatin expression via TLR-independent nuclear factor kappa beta activation in an animal model [54].
As serum and skeletal muscle ammonia levels are often elevated in LC because of portosystemic
shunts or impaired ureagenesis, significant increase of myostatin expression in skeletal muscles can be
observed [55]. The decrease in serum free testosterone levels, BCAA, and insulin-like growth factor-1
levels also result in elevated myostatin levels in LC [56,57]. LC patients are often involved in gonadal
dysfunction, which can also result in hypermyostatinemia in skeletal muscles [57]. In our previous
report, we demonstrated that elevated serum myostatin level can be associated with hyperammonemia
(correlation coefficients; r = 0.5856 in males and r = 0.3922 in females), hypoalbuminemia (correlation
coefficients; r = −0.3844 in males and r = −0.3945 in females), and poor outcomes [58]. In addition, we
found a close inverse correlation between serum myostatin level and psoas muscle mass as assessed by
CT at the L3 level in LC patients (median psoas muscle index (high vs. low serum myostatin group);
4.84 cm2/m2 vs. 6.37 cm2/m2 (p < 0.0001) in males and 3.87 cm2/m2 vs. 4.25 cm2/m2 (p = 0.0175) in
females) [58].

Sarcopenia in LC patients can contribute to increase risk of minimal or overt HE. Hanai et al.
reported that in their 120 LC patients sarcopenia (hazard ratio (HR) = 3.31, 95% confidence interval
(CI) = 1.19-9.42; p = 0.02) and serum BCAA levels <327 nmol/mL (HR = 2.98, 95% CI = 1.08–8.34) were
found to be independent adverse predictive factors for the incidence of minimal HE [59]. A recent
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meta-analysis (6 studies, comprising 1795 patients) reported that sarcopenia was closely linked to the
presence of HE (HR = 2.74, 95% CI = 1.87–4.01) [60]. On the other hand, chronic use of proton pump
inhibitors (PPIs) can alter the GM and can be a risk factor for HE in LC patients [61,62].

3. Dysbiosis and Sarcopenia from the Viewpoint of Nutrition and Metabolism

Skeletal muscle is considered to be a metabolic organ, which consumes a lot of energy and plays
an important role in supporting exercise capacity and regulating body fat mass and blood glucose
levels. Skeletal muscles take up glucose and control blood glucose levels and play an important role in
storing glucose as glycogen [63,64]. Skeletal muscle has also been found to have a role as an endocrine
organ secreting myokine (physiologically active substance) and regulating organ function throughout
the body [65,66]. Skeletal muscle decline can be associated with insulin resistance and disturbance of
GM (muscle–gut axis) [66,67].

Microorganisms in the gut exert their functions mainly through enzyme pathways for the purpose
of digesting complex dietary carbohydrates and proteins [68,69]. GM provides the BCAAs including
valine, leucine, and isoleucine, and particularly glycine, which is necessary for the synthesis of
glutathione. Glutathione has an auxiliary role in protecting cells from reactive oxygen species such as
free radicals and peroxides [68,69]. Intake of a high fat diet can cause dysbiosis, which may be linked
to the development of colorectal cancer (CRC) [70].

Microbial metabolites from the intestines have been demonstrated to act as nutrients or metabolic
modulators in skeletal muscles [71]. Short-chain fatty acids (SCFAs) include organic acids such
as butyrate (4 carbon atoms), propionate (3 carbon atoms), and acetate (2 carbon atoms), which
are produced by the GM. Acetate and propionate pass into the bloodstream and are taken up
by the peripheral organs and the liver, where they can act as substrates for gluconeogenesis and
lipogenesis [69,72]. Butyrate has a role in providing energy for cell metabolism and regulates apoptosis,
cell differentiation, and chemical modification of nuclear proteins and nucleic acid through action
on numerous cells [72,73]. Butyrate is the most important energy source for intestinal epithelial cells
and exerts excellent physiological effects such as an anti-inflammatory action. Butyrate has been
reported to have a significant effect on skeletal muscles [74,75]. Butyrate can help prevent skeletal
muscle mass loss and maintain skeletal muscle mass via anti-inflammatory effects and activation
of regulatory pathways, leading to ATP increase and suppression of muscle protein catabolism and
apoptosis [73,76]. The relationship between GM and lipid metabolism in CLDs depends on the degree
of liver damage [77]. A negative correlation between hepatic venous pressure gradient (HVPG) and
butyrate levels in LC patients can be found [78]. Acetate has also been reported to have the following
effects: (1) decrease in intestinal pH, (2) suppression of ammonia-producing bacterial growth, and (3)
suppression of absorption of intestinal ammonia [79,80]. These observations may account for the high
prevalence of sarcopenia in LC patients. The frequency of sarcopenia in LC patients is reported to be
10–70% [40].

4. Dysbiosis, Intestinal Permeability, Tight Junction, and Sarcopenia

The function of GM and its associated immune regulation mechanism have been elucidated, and
it has been revealed that the intestine, which acts as a barrier at the forefront of the living body, affects
the whole body by controlling substance permeation from the gastrointestinal tract into the systemic
circulation [71].

It has been revealed that the tight junction (TJ) between intestinal epithelial cells regulates the
immune response to invasion of bacteria and foreign antigens from the intestinal tract in cooperation
with intestinal-associated lymphoid tissue and the intestinal neuroendocrine network (the physical
barrier, Table 1 and Figure 1) [81–83]. The major role of epithelial cells in contact with the outside is to
protect the host from foreign antigens by forming epithelial cell sheets (tightly adhering cells) with
TJs [84]. Furthermore, it has also been revealed that the GM is deeply involved in the development
and maintenance of the intestinal epithelial barrier [81–83]. TJ was identified as a 47kDa protein and
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named Zonulin. Zonulin enhances intestinal permeability, is involved in innate immunity, and is
strongly suggested to be associated with the development of autoimmune diseases such as type 1
diabetes [81–83].

Cumulative evidence has highlighted the relevance of increase in intestinal permeability (i.e., leaky
gut syndrome) and consequent bacterial translocation in the development of CLDs. Particularly,
in recent hypotheses regarding patients with non-alcoholic fatty liver disease (NAFLD), intestinal
permeability impairment, dietary habits, and gut dysbiosis are considered to be the main pathogenic
triggers [85–87]. Leaky gut is associated with chronic inflammation [87]. In advanced liver diseases,
intestinal permeability can be enhanced by portal hypertension, which consequently leads to increased
bacterial translocation that further damages liver function. Furthermore, these pathogenic mechanisms
are implicated in most LC-related complications, such as SBP, hepatorenal syndrome, severe ascites,
HE, sarcopenia, and HCC [85–87]. In LC rats, intestinal bacteria such as Gram-negative bacilli in
mesenteric lymph nodes were more likely to be detected compared with control, and the same strain
of bacteria was detected in ascites [88,89]. Therefore, bacterial translocation is considered to be an
etiology of the early stage of SBP. Sarcopenia could worsen as liver disease progresses. Hanai et al.
reported that in patients with Child–Pugh class A, B, and C, the rate of decrease of skeletal muscle per
year was 1.3%, 3.5%, and 6.1% [90]. Cirrhosis to dysbiosis ratio (CDR, described later) decreases with
the worsening of liver function [91,92]. Considering this evidence, the severity of sarcopenia in LC can
be closely associated with the severity of dysbiosis.

Dysbiosis in LC can cause: (1) decreased bacterial diversity [91], (2) decreased SCFA (energy source
in human body) production [93], (3) collapse of TJ and subsequent increased intestinal permeability
(leaky gut syndrome) [94], (4) antioxidant dysfunction [95], and (5) endotoxemia [96,97]. These can be
associated with anabolic resistance, chronic inflammation, mitochondrial dysfunction, oxidative stress,
and insulin resistance, which can lead to LC progression and subsequent development of sarcopenia in
LC patients [25].

5. Surrogate Markers for the Severity of Dysbiosis in Liver Cirrhosis

The ratio of beneficial to potentially harmful bacterial taxa, or the CDR (autochthonous to
non-autochthonous taxa ratio), has been proposed as an index of alterations in the GM [92]. Examples
of benign and autochthonous gut taxa include Lachnospiraceae, Ruminococcaceae, Veillonellaceae,
and Clostridiales Incertae Sedis XIV, while pathogenic gut taxa include Enterobacteriaceae and
Bacteroidaceae [92]. A low CDR may suggest a decrease in beneficial bacteria and/or an excessive
abundance of harmful taxa. Altered bacterial function has also been demonstrated in LC patients
compared with healthy controls [2,12]. In other words, a deficit of autochthonous non-pathogenic
bacteria and an excessive growth of potentially pathogenic bacteria are common characteristics in
LC patients [2,12,92]. Progressive alterations in the GM were found in worsening LC, such that the
CDR was significantly decreased with liver disease progression [45]. In contrast, CDR and the GM
were unchanged in patients without disease progression (i.e., stable liver disease) [92]. Bajaj et al.
demonstrated that in hospitalized patients with LC (n = 180), dysbiosis of the GM as assessed by
CDR, etc., on admission can be associated with elevated risk of extra-hepatic organ failure, ACLF,
and mortality, independent of baseline clinical characteristics [98]. Another study reported a significant
fungal dysbiosis in LC patients [99]. In their results, the GM in LC patients altered differentially with
antibiotics and PPI use, and stool bacterial/fungal profiles predicted 90-day hospitalizations well in LC
patients [99].

6. Small Intestine Bacterial Overgrowth in Liver Cirrhosis

Small intestine bacterial overgrowth (SIBO) is common in LC patients as a result of intestinal
motility disorders and delayed transit times, and exacerbation of LC is associated with SIBO [100]. In a
previous study, the multivariate analysis showed that SIBO (HR = 8.10, p = 0.002) and ascites (HR = 4.56,
p = 0.022) were independently associated with the occurrence of malnutrition [100]. The severity
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of SIBO can be linked to the severity of LC status [101]. Increased intestinal permeability may help
bacteria move into the systemic circulation. SIBO has been implicated as an important risk factor in the
etiology of both SBP and HE in LC patients [102,103]. Thus, SIBO is deeply involved in the progression
of CLD, which may be linked to sarcopenia [102,103].

7. Dysbiosis and Bile Acid

Bile acids (BAs) are synthesized from cholesterol in the liver and metabolized by the GM into
secondary BAs (e.g., deoxycholic acid (DCA)). There is a positive correlation between abundance
of Ruminococcaceae (benign bacteria) and DCA [104]. Most of the BAs that reach the ileum are
reabsorbed and repeat gut–liver circulation, but some BAs reach the colon and are converted by the
GM (secondary BAs). Secondary BAs regulate functions related to glucose and fat metabolism in
the liver [105,106]. In mice with dysbiosis, the expression levels of proteins in the liver involved in
glycogen metabolism, cholesterol biosynthesis, and BA biosynthesis were altered, and these changes
were recovered by supplementation with secondary BAs [105]. Atrophic change of skeletal muscle
was confirmed in rats lacking the BA receptor TGR5 expressed in skeletal muscle, indicating that TGR5
enhances skeletal muscle hypertrophy and skeletal muscle cell differentiation [107]. In LC patients,
a decreased conversion of primary to secondary fecal BAs due to dysbiosis can be found [104,108].
Preventive effects of secondary BAs on sarcopenia in LC patients are currently unknown.

8. Gut Microbiome in Patients with CLDs and Other Diseases

Inoue et al. demonstrated informative data with regard to dysbiosis in patients with hepatitis C
virus (HCV) as summarized below [91]: (1) Even in HCV carriers with normal liver function (persistent
normal alanine aminotransferase (PNALT)), alterations in GM already appeared. (2) As the liver
function worsened from PNALT or chronic hepatitis to LC or HCC, the proportion of resident bacteria
in the GM decreased, the types of bacteria that compose the GM decreased, and the pH of feces
increased. These results mean that dysbiosis of the GM was occurring. (3) As the liver function
worsened, Streptococcus salivarius, which is a genus of streptococci, increased abnormally in the GM. It
is possible that these bacteria decomposed urea in the intestinal tract to produce ammonia, and the
pH of feces elevated. Avoiding proliferation of such ammonia-producing bacteria may lead to the
prevention or treatment of hyperammonemia seen in LC patients. (4) Early interventions for GM
(administration of probiotics, administration of appropriate antibiotics, oral care, etc.) may suppress
the progression of hepatitis C and the development of HCC [91]. A recent study reported an increase
in potentially pathologic bacteria and a decrease in potentially beneficial bacteria or genes in patients
with hepatitis B virus, which is similar to data in patients with HCV [109].

In recent years, the association between dysbiosis and alcoholic hepatitis associated with excessive
drinking has been receiving more attention [110]. In alcoholic liver injury, intestinal permeability
is increased (i.e., leaky gut), and pathogen-associated molecular patterns (PAMPs) represented by
endotoxin (lipopolysaccharide (LPS)) derived from bacteria reach the liver through the portal vein and
cause liver damage by activating Kupffer cells [110]. Endotoxin is mainly present in the cell wall of
Gram-negative bacteria. Intestinal sterilization with antibiotics and probiotics such as lactobacillus can
suppress alcoholic liver injury, and in LPS receptor CD14 and toll-like receptor (TLR) 4 knockout mice,
the onset of liver injury by chronic alcohol administration is suppressed [111,112]. In addition, it has
been suggested that the onset and progression of non-alcoholic steatohepatitis (NASH) are associated
with intestinal endotoxin [113]. In patients with NAFLD, low dose endotoxin can overreact to cause
NASH [113].

GM can be affected by aging. Odamaki et al. demonstrated using fecal samples from 367 healthy
Japanese persons between 0 and 104 years that certain transition types of GM were enriched in infants
(e.g., Bifidobacterium), adults (e.g., Lachnospiraceae), elderly individuals (e.g., Bacteroides), and both
infant and elderly subjects (e.g., Enterobacteriaceae) [114]. On the other hand, Flemer et al. reported
in their prospective study that the GM in CRC patients differs significantly from that of healthy
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persons throughout the colon [115]. Coronavirus disease-19 (COVID-19) has been rapidly becoming a
global challenge. A recent study reported that in patients with COVID-19, fecal GM alterations were
associated with COVID-19 severity [116]. Additionally, COVID-19 is likely to be accompanied by
liver damage, and caution is required especially in LC patients for the disease progression caused by
COVID-19 [117]. COVID-19 patients with liver disease had significantly higher mortality rates than
those without (HR = 3.0, p = 0.001) [117]. Interestingly, Ren et al. reported that GM markers validated
strong diagnosis potential for the early stage of HCC (area under the receiver operating characteristic
curve = 0.8064) [118].

9. Antibiotics, Dysbiosis, Ammonia-Lowering Strategies, and Sarcopenia

One possible factor which alters GM is the taking of antibiotics. While antibiotics are effective for
the treatment and prevention of bacterial infections, they can cause dysbiosis [119]. Rifaximin, which
is a poorly-absorbable rifamycin-based antibiotic, acts on GM that are a source of ammonia to reduce
ammonia production, thereby improving hyperammonemia in HE [120,121]. Rifaximin has an effect of
inhibiting bacterial RNA synthesis, and the antibacterial activity of rifaximin covers a broad spectrum
of bacteria [120,121]. Rifaximin has a favorable safety profile for long-term administration compared
with oral systemic antibiotics [121]. Kaji et al. demonstrated in their 20 decompensated LC patients
that 4 weeks rifaximin therapy improved hyperammonemia and reduced endotoxin activity in direct
correlation with the decline in serum ammonia levels, without impact on the composition of GM [97].
Rifaximin also acts favorably on the serum pro-inflammatory cytokine profile and fecal secondary
BA levels [122,123]. Rifaximin seems to alter the secondary to primary BA ratio in compensated LC
patients, which can be associated with reduction in endotoxemia and reduction in harmful metabolite
levels [104]. In addition, rifaximin appears to be effective and safe for the treatment of SIBO [124].
The clinical activity of rifaximin may be attributed to the effects on metabolic function of the GM,
rather than an alteration in relative bacterial abundance [125].

A recent meta-analysis (5 studies, comprising 555 patients) reported that rifaximin therapy may
be effective in preventing SBP in patients with LC and ascites compared with systemic absorbed
antibiotics and compared with placebo [126]. Flamm et al. demonstrated that in patients with Model
for End-stage Liver Disease score 12 or greater and international normalized ratio 1.2 or greater,
rifaximin group (n = 140) reduced the relative risk of any first complication (HE, SBP, variceal bleeding,
acute kidney injury, or hepatorenal syndrome) experienced during the study period by 59% [HR = 0.41,
95% CI = 0.25–0.67; p < 0.001] vs. placebo group (n = 159) [127]. Kumar et al. reported that in
rats with port-systemic shunts, the increase in skeletal muscle myostatin expression, suppressed
mTORC1 function, and hyperammonemia-related stress response (i.e., autophagy markers) were
reversed by ammonia-lowering therapy, concluding that it can lead to the improvement in skeletal
muscle phenotype and function [128]. However, the preventive effects of rifaximin on sarcopenia
incidence or progression in LC patients remain unclear. Table 2 demonstrates randomized controlled
trials (RCTs) published since 2010 regarding the effects of rifaximin on outcomes in patients with
decompensated LC [129–153]. RCTs with the improvement of sarcopenia as a primary endpoint are not
found. In our hypothesis, rifaximin treatment in LC patients with sarcopenia potentially has an impact
on the improvement of sarcopenia through the improvement of hyperammonemia and subsequent
hypermyostatinemia in skeletal muscles. Further exams with regard to the effect of rifaximin on
sarcopenia in LC patients will be required to confirm these results. l-carnitine therapy, which is also an
ammonia-lowering therapy, can improve sarcopenia in LC patients [154,155].
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Table 2. Randomized controlled trials published since 2010 regarding the effect of rifaximin in patients with decompensated liver cirrhosis. MHE: minimal hepatic
encephalopathy; BT: bacterial translocation; OHE: overt hepatic encephalopathy; sMR: soluble mannose receptor; HRS: hepatorenal syndrome.

Author (Year) Treatment Design Target Patients n Primary Endpoint Main Result

Schulz C, et al. (2019) [129]
Rifaximin 550 mg twice daily alone continuously for

3 months vs. rifaximin combined with lactulose
30–60 mL daily for 3 months

RCT Decompensated LC
with MHE 5 MHE improvement Significant improvement of MHE in all patients. No statistically significant

changes in the bacterial community profile at each time point.

Kimer N, et al. (2018) [130] Rifaximin for 4 weeks vs. placebo RCT Decompensated LC 54 BT and inflammation No impact on the inflammatory state and only minor effects on BT and
intestinal bacterial composition

Nutt NI, et al. (2018) [131] Lactulose vs. Lactulose+
rifaximin 550 mg twice daily RCT HE due to

decompensated LC 130 HE No significant difference on HE
(p = 0.276).

Mekky MA, et al. (2018) [132] Rifaximin vs. metronidazole RCT
Decompensated LC

with an acute episode
of OHE

120 OHE improvement
OHE improvement: 46 patients (76.7%) in the metronidazole group vs. 45

(75%) in the rifaximin group
(p = 0.412).

Higuera-de-la-Tijera F, et al.
(2018) [133]

Lactulose vs. L-ornithine L-aspartate (LOLA) vs.
rifaximin vs. placebo RCT Decompensated LC

with variceal bleeding 87 HE development
Lactulose vs. placebo: 54.5% vs. 27.3%, p = 0.06 LOLA vs. placebo: 54.5%

vs. 22.7%, p = 0.03
Rifaximin vs. placebo: 54.5% vs. 23.8%, p = 0.04.

Kimer N, et al. (2018) [134] Rifaximin for 4 weeks vs. placebo RCT Decompensated LC 54
Macrophage markers

s
CD163, sMR

sCD163 and sMR were associated with liver disease severity. No effect of
rifaximin on sCD163 and sMR.

Goyal O, et al. (2017) [135] Rifaximin (1200 mg/day) vs. lactulose (30–120 mL/day)
for 3 months RCT Decompensated LC

with MHE 112 MHE reversal
MHE reversal at 3 months: 73.7% (42/57) in the rifaximin group and 69.1%

(38/55) in the lactulose group
(p = 0.677).

Lauridsen MM, et al. (2017) [136] Lactulose plus BCAAs plus rifaximin vs. triple
placebos for 3 months RCT

Decompensated LC
without clinically

manifest HE
44 Continuous reaction

test time (CRT)
∆CRT: 0.50 ± 0.20 vs. 0.13 ± 0.12

(p = 0.06).

Lim YL, et al. (2017) [137] Propranolol monotherapy vs. rifaximin and
propranolol combination therapy RCT Decompensated LC 64 HVPG HVPG response rates: 56.2% in the propranolol vs. 87.5% in the

combination, (p = 0.034).

Ibrahim ES, et al. (2017) [138] Rifaximin 550 mg twice daily for 12 weeks vs. placebo RCT Decompensated LC 80 HRS occurrence
HRS occurrence: 9 (22.5%) in the control group vs. 2 (5%) in the rifaximin

group;
p = 0.048.

Kimer N, et al. (2017) [139] Rifaximin for 4 weeks vs. placebo RCT Decompensated LC 54 HVPG No significant difference on HVPG
(p = 0.94).

Elfert A, et al. (2016) [140] Rifaximin 1200 mg daily vs. norfloxacin 400 mg daily
for 6 months RCT

Decompensated LC
with a previous
episode of SBP

262 Prevention of SBP
Recurrence rate of SBP: 3.88% in the rifaximin vs. 14.13% in the norfloxacin
(p = 0.04) Mortality: 13.74% in the rifaximin vs. 24.43% in the norfloxacin

(p = 0.044).

Sidhu, et al. (2016) [141] Rifaximin 400 mg thrice a day vs. lactulose 30–120
mL/day RCT MHE due to

decompensated LC 112 MHE improvement
MHE reversal at 3 months: 73.7% (42/57) in the rifaximin arm and 69.1%

(38/55) in the lactulose arm
(p > 0.05).

Assem M, et al. (2016) [142] Alternating use of norfloxacin and rifaximin vs.
norfloxacin or rifaximin alone RCT Decompensated LC 334 Primary prophylaxis

of SBP

Primary prophylaxis
of SBP: 74.7% vs. 56.4% vs. 68.3%,

(p < 0.048).

Zeng X, et al. (2015) [143] Low dose rifaximin (800 mg/day, 2 weeks) vs. high
dose rifaximin (1200 mg/day, 2 weeks) vs. placebo RCT Decompensated LC 43 Endotoxemia

1.1 ± 0.8 EU/mL in the low dose rifaximin (p < 0.05) 1.0 ± 0.8 EU/mL in the
high dose rifaximin (p < 0.05)

2.5 ± 1.8 EU/mL in the control group.
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Table 2. Cont.

Author (Year) Treatment Design Target Patients n Primary Endpoint Main Result

Mostafa T, et al. (2015) [144] Rifaximin vs. norfloxacin for 6 months RCT Decompensated LC 70 Inflammatory
markers No significant difference on TNF-α, IL-6, and IL-10.

Khokhar N, et al. (2015) [145] Rifaximin 550 mg once a day vs. rifaximin 550 mg
twice daily RCT

Decompensated LC
with at least one

episode of HE
306 HE recurrence

Twenty-seven patients in rifaximin 550 mg once a day and 54 patients in
rifaximin 550 mg twice daily with

breakthrough episode of HE
(p = 0.088).

Sharma K, et al. (2014) [146] L-ornithine l-aspartate (LOLA) vs. rifaximin vs.
probiotics vs. placebo for 2 months RCT Decompensated LC

with MHE 124 MHE improvement
Critical flicker frequency scores and improvement in psychometric tests
after treatment were significantly higher (p < 0.05) for LOLA, rifaximin,

and probiotics as compared with placebo group.

Ali B, et al. (2014) [147] Rifaximin 550 mg twice daily for 6 months vs. placebo RCT
Decompensated LC

with at least one
episode of HE

126 HE recurrence
Free of hepatic encephalopathy during study period: 40 out of 63 patients

in the placebo group and 35 patients out of 63 patients in the rifaximin
group (p = 0.56).

Sharma BC, et al. (2013) [148] Lactulose plus rifaximin 1200 mg/day vs. lactulose plus
placebo RCT Decompensated LC

with OHE 120 Complete reversal of
HE

Forty-eight (76%) in lactulose plus rifaximin compared with 29 (50.8%) in
lactulose plus placebo had complete reversal of HE (p < 0.004).

Kalambokis GN, et al. (2012)
[149] Rifaximin 1200 mg/day vs. no treatment RCT Alcoholic LC with

thrombocytopenia 23 Thrombocytopenia
In the rifaximin group, platelet counts increased significantly (83,100 ±

9700 vs. 99,600 ± 11,200/µL; p = 0.006) with significant reductions in
endotoxin (1.28 ± 0.41 vs. 2.54 ± 0.86 EU/mL; p = 0.005).

Sidhu SS, et al. (2011) [150] Placebo vs. rifaximin (1200 mg/day) for 8 weeks RCT Decompensated LC
with MHE 94 MHE improvement Significantly more patients in the rifaximin group presented reversal of

MHE (75.5% (37/49) vs. 20% (9/45) in the placebo group; p < 0.0001).

Bajaj JS, et al. (2011) [151] Rifaximin 550 mg twice daily vs. placebo for 8 weeks RCT
Decompensated LC

with MHE and
current drivers

42 Improvement in
driving performance

Rifaximin group made significantly greater improvements than placebo
group in avoiding total driving errors (76% vs. 31%; p = 0.013), speeding

(81% vs. 33%; p = 0.005), and illegal turns (62% vs. 19%;
p = 0.01).

Sanyal A, et al. (2011) [152] Rifaximin 550 mg twice daily vs. placebo for 6 months RCT

Decompensated LC
with a documented
history of recurrent

HE

219
Chronic Liver Disease

Questionnaire
(CLDQ) score

The time-weighted averages of the overall CLDQ score and each domain
score were significantly higher in the rifaximin group vs. placebo (p-values

ranged from 0.0087 to 0.0436).

Bass NM, et al. (2010) [153] Rifaximin 550 mg twice daily vs. placebo for 6 months RCT
Decompensated LC
with remission from

HE
299 First breakthrough

episode of HE

Rifaximin significantly reduced the risk of an episode of HE compared
with placebo over 6 months (HR with rifaximin, 0.42; 95% CI, 0.28 to 0.64;

p < 0.001).
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10. Probiotics, Dysbiosis, Ammonia-Lowering Strategies, and Sarcopenia

Probiotics are defined as microorganisms that have positive effects on the human body, or drugs
and foods containing them. Probiotics may act on the GM, intestinal epithelial cells, immunocompetent
cells present in the intestinal mucosa, etc. [85,156]. Many neurotoxic substances are derived from the
GM, and the usefulness of probiotics for improving the composition of GM has been investigated as a
treatment for HE [85,156]. Probiotics enhance the expression of TJ-related proteins with improvement
of dysbiosis and improve the intestinal barrier function [157,158].

A previous meta-analysis demonstrated that probiotics reduce the risk of hospitalization and the
progression to overt HE to the same extent as lactulose in patients with minimal HE, but do not affect
mortality [125]. On the other hand, another systematic review comparing probiotics with placebo or
no treatment summarized as follows: (1) There was no significant difference in mortality from any
cause. (2) The non-recovery rate and the incidence of adverse events including HE were lower in
the probiotics group, but the effect on hospitalization was unclear. (3) Quality of life was slightly
improved in the probiotics group. (4) In comparison of probiotics and lactulose, the effects on mortality
rate from any cause, non-recovery rate, incidence of adverse events including HE, hospitalization,
and quality of life were unable to be assessed due to the low quality of evidence [159]. Table 3
demonstrates RCTs published since 2010 regarding the effects of probiotics on outcomes in patients
with decompensated LC [160–172]. RCTs with the improvement of sarcopenia as a primary endpoint
are not found. The effects of probiotics on sarcopenia in LC patients are unclear as well as those of
rifaximin. In mice given probiotics (Lactobacillus paracasei PS23), aging-related muscle mass decline
and muscle strength decline significantly improved [173].
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Table 3. Randomized controlled trials published since 2010 regarding the effect of probiotics in patients with decompensated liver cirrhosis. MHE: minimal hepatic
encephalopathy; OHE: overt hepatic encephalopathy.

Author (Year) Treatment Design Target Patients n Primary Endpoint Main Result

Xia X, et al. (2018) [160]
Probiotics (Clostridium butyricum
combined with B. infantis) vs. no

probiotics for 3 months
RCT Decompensated HBV-LC

without OHE 67
Cognitive function and

quantitative assessment of
predominant fecal bacteria

The cognition was significantly improved after probiotic treatment.
The predominant bacteria (Clostridium cluster I and
Bifidobacterium) were significantly enriched in the

probiotics-treated group.

Horvath A, et al. (2016) [161] Probiotics (eight different bacterial
strains) vs. placebo for 6 months RCT Decompensated LC 80 The change in phagocytic capacity

of neutrophils

A significant increase in neutrophil resting burst (2.6–3.2%,
p = 0.0134) and neopterin levels

(7.7–8.4 nmol/L, p = 0.001) in the probiotics group but not in the
placebo group.

Dhiman RK, et al. (2014) [162] A probiotic preparation (VSL#3, 9 ×
10(11) bacteria) vs. placebo for 6 months RCT

Decompensated LC who had
recovered from an episode of

HE
130 Development of breakthrough HE Development of breakthrough HE: 34.8% in the probiotic group vs.

51.6% in the placebo group; HR, 0.65; 95% CI, 0.38-1.11; p = 0.12.

Lunia MK, et al. (2014) [163] Probiotics (1 × 10(8) colony-forming
units, 3 times daily) vs. control RCT Decompensated LC without

OHE 160 The development of OHE
Seven subjects in the probiotics group and 14 controls developed

OHE (p < 0.05; HR for controls vs. probiotic group, 2.1;
95% CI, 1.31–6.53).

Bajaj JS, et al. (2014) [164] Probiotic Lactobacillus GG (LGG) vs.
placebo for 8 weeks RCT Decompensated LC 37 Endotoxin, systemic inflammation

and microbiome

Only in the LGG group, endotoxemia and TNF-α decreased,
microbiome changed (reduced Enterobacteriaceae and increased

Clostridiales Incertae Sedis XIV and Lachnospiraceae relative
abundance).

Gupta N, et al. (2013) [165]

Propranolol plus placebo vs.
propranolol plus antibiotics (norfloxacin
400 mg twice daily) vs. propranolol plus

probiotic (VSL#3, 900 billion/day)

RCT
Decompensated LC with large

esophageal varices without
history of variceal bleeding

94 HVPG

The mean fall in HVPG was greater with either adjunctive probiotics
(3.7 mmHg vs. 2.1 mmHg,

p = 0.061) or adjunctive antibiotics (3.4 mmHg) than with
propranolol alone.

Jayakumar S, et al. (2013) [166] Probiotics (VSL#3) vs. placebo for
2 months RCT Decompensated LC with an

HVPG 10 mmHg or more 17 HVPG Median HVPG change from baseline -11.6% in the probiotics vs.
+2.8% in the placebo (p > 0.05)

Agrawal A, et al. (2012) [167] Lactulose vs. three capsules of
probiotics vs. no therapy RCT Decompensated LC who had

recoverd from HE 235 The development of OHE
The development of OHE: lactulose vs. probiotics, p = 0.349;

probiotics vs. no therapy,
p = 0.02; lactulose vs. no therapy, p = 0.001).

Pande C, et al. (2012) [168]
Norfloxacin 400 mg/day with probiotics
capsules vs. norfloxacin with a placebo

for 6 months
RCT

Decompensated LC who had
either recovered from SBP or

who were at a high risk for SBP
110 The occurrence of SBP The frequencies of SBP were similar in the two groups. The

cumulative probability of mortality was also similar.

Pereg D, et al. (2011) [169] Probiotics vs. placebo for 6 months RCT
Decompensated LC with at

least one major complication of
LC in the past

36 The effect on clinical and
laboratory parameters

Probiotics was not associated with significant differences in either
clinical or laboratory parameters between the two groups.

Mittal VV, et al. (2011) [170]
Lactulose vs. probiotics vs. L-ornithine
L-aspartate (LOLA) vs. no therapy for

3 months
RCT Decompensated LC with MHE 322 The improvement of MHE

The improvement of MHE: lactulose, 47.5%; probiotics, 35%; LOLA,
35%; no therapy, 10%. MHE improved significantly in all three

treatment groups compared with no treatment
(p = 0.006).

Saji S, et al. (2011) [171] Probiotics vs. placebo RCT Decompensated LC with MHE 43 The improvement of MHE
There was no statistically significant change in the parameters

(arterial ammonia, evoked responses and number connection test)
between probiotics and placebo.

Malaguarnera M, et al. (2010) [172]

Bifidobacterium plus
fructo-oligosaccharides
(FOS) vs. lactulose for

2 months

RCT Decompensated LC with HE 125 The improvement of HE

Bifidobacterium plus FOS-treated group compared with lactulose
group showed a significant decrease of serum ammonia

(p < 0.001), Trail Making Test A (p < 0.05) and B
(p < 0.001), and a significant increase of Symbol Digit Modalities Test

(p < 0.001) and Block Design Test (p < 0.001).
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11. Exercise and Gut Microbiota in Liver Cirrhosis

Across a range of chronic diseases, several guidelines recommend exercise training. It has been
found that exercise can change the composition of the GM, which leads to an intestinal flora with a
beneficial metabolic system [174]. Clarke et al. showed that the GM of rugby players was highly diverse,
clearly different from normal healthy subjects, and that there was a high positive correlation between
the diversity of GM and protein intake [175]. Athletes presented a higher level of SCFA-producing
bacteria and bacterial genes related to nutritional metabolism compared with sedentary controls [176].
Aerobic and resistance training revealed improved GM composition and functionality in rats with
NAFLD [174]. However, only a few reports have shown exercise-related alterations on the GM in
humans, and most evidence comes from non-randomized studies. Huber et al. reported that in 41
NAFLD patients receiving an 8-week exercise program, increased metagenomic richness of the GM
(i.e., increased diversity) was observed [177]. To date, there are no clinical studies or RCTs looking
specifically at exercise and the GM in patients with LC with sarcopenia, although exercise can decrease
HVPG in LC patients [178]. If the improvement of the GM in LC patients with sarcopenia by exercise is
confirmed, future treatment strategies for LC patients with sarcopenia and dysbiosis will be changed.

12. Closing Remarks

Interactions between dietary nutrients and GM promote host nutrition and health via various
signaling pathways, and to maintain and promote human health, beneficial bacteria should be
dominant in the GM [7]. In LC patients, these interactions can be disturbed due to PEM, amino acid
imbalance, dysbiosis, etc., which can cause sarcopenia. Sarcopenia is a public health problem that
cannot be overlooked. As mentioned earlier, skeletal muscle is considered to be a metabolic organ.
When understanding the pathophysiology of LC, we must always keep in mind the relationship
between organs including skeletal muscles and the digestive tract, that is, the organ network. In this
article, we overviewed the current knowledge of the relationship between dysbiosis and sarcopenia in
patients with LC. A summarized scheme is shown in Figure 2. In the past decade, marked advances
have been made in this research field. Our current research questions are whether or not rifaximin,
probiotics, or exercise training can improve sarcopenia in LC through the improvement of the GM.
To the best of our knowledge, appropriate RCTs to address these research questions cannot be found.
Future research is eagerly awaited.
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Abbreviations

GM gut microbiota
CLD chronic liver disease
LC liver cirrhosis
PEM protein-energy-malnutrition
BCAA branched-chain amino acid
HCC hepatocellular carcinoma
SBP spontaneous bacterial peritonitis
HE hepatic encephalopathy
ACLF acute on chronic liver failure
JSH Japanese Society of Hepatology
CT computed tomography
HCV hepatitis C virus
PNALT persistent normal alanine aminotransferase
COVID-19 Coronavirus disease-19
PAMPs pathogen-associated molecular patterns
LPS lipopolysaccharide
TLR toll like receptor
NASH non-alcoholic steatohepatitis
NAFLD non-alcoholic fatty liver disease
HR hazard ratio
CI confidence interval
PPI proton pump inhibitor
mTORC1 mammalian target of rapamycin complex1
TNF-α tumor necrosis factor-alpha
CRC colorectal cancer
SCFAs short-chain fatty acids
HVPG hepatic venous pressure gradient
TJ tight junction
SIBO small intestine bacterial overgrowth
BAs bile acids
DCA deoxycholic acid
RCT randomized controlled trial
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