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Abstract:

Sarcopenia, characterized by a loss of muscle strength, quantity/quality, and physical performance is
associated with increased mortality and poor clinical outcomes in concomitant presentation with liver
cirrhosis (LC). A number of mechanisms are involved in sarcopenia development in LC, many of
which are secondary to liver dysfunction and/or iatrogenic involvement in treating LC. Sarcopenia
severity in this population appears to be affected by patient gender, as well as the primary aetiology
of LC (alcohol, non-alcoholic fatty liver disease etc.) with patient demographics shifting in recent
years. Clinical detection of sarcopenia in this population may involve a combination of assessment
tools, in addition to measuring muscle mass and strength separately. Muscle mass may be assessed
using radiography, bioelectric impedance, ultrasound, or anthropometrics. Hand-grip strength, on
the other hand, may be a useful tool for evaluating muscle strength. The role of malnutrition in
sarcopenia is also a relevant factor, and screening tools such as MELD and SARC-F may be clinically
useful tools for more complete diagnosis of sarcopenia in these patients. Myostatin and titin-N may
represent potential diagnostic biomarkers. Lastly, physical activity and nutrition remain key elements
of treatment. Further research is being conducted regarding the role of resistance vs aerobic exercise
as well as the function of complementary nutrition. Continued study into the role of nutrition, physical
activity and other complementary therapies will be important future endeavours in the treatment of
sarcopenia in LC.
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1. Introduction

Liver cirrhosis (LC) is one of the most common causes of morbidity and premature mortality in adults
worldwide (1, 2). Increasing prevalence is observed, in particular, due to a rise alcohol consumption
and obesity. Conventional predictors of mortality have focused on markers of liver synthetic function
such as the model for end-stage liver disease (MELD) score. More recent data demonstrates that
sarcopenia, defined as a decrease in muscle strength, quantity/quality, and physical performance (3)
has been found to be an independent prognostic determinant in LC, highlighting it’s key role in
pathogenesis. Sarcopenia has also been found to be associated with increased risk of post-liver
transplant infection and prolonged mechanical ventilation. Sarcopenia is a common finding in
cirrhosis affecting 65-100% of patients with advanced liver disease. Of these patients, approximately
20% of compensated, 80% of decompensated, and up to 100% of liver transplant candidates are
sarcopenic (4, 5). Furthermore, sarcopenia occurs irrespective of LC aetiology (6). However, there is
likely an effect of gender due to differences in adipose and muscle tissue between males and females

7).

Prevalence of sarcopenia increases with progressive disease although diagnostic testing is of variable
nature and sensitivity. Multiple mechanisms for sarcopenia in LC include: malnutrition, altered
skeletal muscle proteostasis, gut microbiome dysbiosis, and systemic inflammation (8-10) (Figure 1).
However, the interplay between these factors remains unclear.

This review will assess key pathophysiologic elements underlying sarcopenia in LC, and examine
current diagnostic procedures in order to further establish specific criteria for sarcopenia in LC,
focusing on potential therapeutic options.

2. Methodology

A PubMed search was conducted from inception to April 2021 including the following search terms:
‘sarcopenia’, “malnutrition’, ‘liver’, “cirrhosis’, and ‘body composition’. A manual selection of articles
further detailing aetiology, diagnosis and epidemiology of sarcopenia in cirrhosis was performed.

3. Results
3.1.0 Sarcopenia Pathophysiology in Liver Cirrhosis

Multiple factors contribute to the development of sarcopenia in LC. These include inadequate oral
intake, early post-prandial satiety in the context of abdominal ascites, disordered GI transit and a
heightened catabolic state particularly in reference to nitrogen metabolism. Furthermore, ingestion of
alcohol with a direct toxic effect on muscle is an important contributor.

3.1.1. Altered Proteostasis

Skeletal muscle is maintained through a balance of anabolic and catabolic signals, though these
signals become disrupted in sarcopenia (11). Predominant hepato-muscular disruptors include:
hyperammonaemia, lipopolysaccharide-induced systemic inflammation, myostatin, reduced anabolic
hormones, reduced amino acid availability and mitochondrial dysfunction (Figure 1)



3.1.2 Gluconeogenesis

Reduced hepatic glycogen storage is a key feature of LC. This lack of available glycolytic reserve
precipitates an early onset of fasting-type metabolism; resulting in earlier gluconeogenesis (12). Amino
acid and lipid oxidation are therefore increased, demonstrated by decreased respiratory quotients in
these patients (13). However, nocturnal nutritional supplementation with carbohydrate offsets this
early metabolic shift, mitigating muscle and adipose losses in cirrhosis patients (14, 15). Previously,
high protein intake in LC was believed to promote HE (16, 17). However, this theory has been replaced
by more recent evidence suggesting the importance of amino acid provision to alleviate muscle
catabolism (15, 18). The European Society for Enteral and Parenteral Nutrition (ESPEN) guidelines
follow this, and suggest a greater energy intake (35-40kcal/kg/d) and amino acid provision (1.2-
1.5 g kgt d'), while carbohydrate should make up 50% - 60% of total caloric intake and the remainder
comprised of fat (15).

3.1.3 Hormone Status

Several factors regulate muscle protein turnover (synthesis and breakdown) including testosterone,
and Growth Hormone (GH), which stimulates hepatic insulin-like growth factor-1 (IGF-1) production.
However, diminished production and action of these hormones are demonstrated in LC due to reduced
hepatic function and altered hypothalamic-pituitary axis function (19-21).

IGF-1is mainly produced in the liver, along with respective binding proteins and is secreted in response
to pituitary GH signals. IGF-1 reductions have been correlated with cirrhosis severity according to
Child-Pugh, and MELD scores (22, 23). Specifically, IGF-1 upregulates the protein-synthetic mTOR
pathway while simultaneously inhibiting myostatin (24). Improved muscle mass has been
demonstrated following exogenous IGF-1 administration in rats (25). Furthermore, one human clinical
trial administering synthetic IGF-1 found improved mitochondrial function and increased serum
albumin in LC patients. However, these effects were more pronounced in patients who had better
baseline nutrition, higher hormone bioavailability, and those with alcohol related LC (26)

Low testosterone levels have been demonstrated to be an independent predictor of mortality in LC (27,
28). Male LC patients have been shown to have particularly low testosterone levels. This is due to a
combination of alterations in the hypothalamic-pituitary gonadal axis, steroid hormone binding
globulin (SHBG) production and increased peripheral androgen aromatization (29-31). Low
testosterone levels lead to reduced activation of the mTOR Protein kinase B (PCK/AKT) pathway, thus
altering muscle proteostasis (35). There is increased SHBG production in LC, thus potentially limiting
testosterone bioactivity by keeping it in its bound, rather than free form (32).It has also been shown that
testosterone supplementation therapy appears to increase muscle mass in male LC patients (34).
Further, low testosterone levels correlate with increased aromatase concentrations, potentially
mediating sarcopenia progression through reduced anabolic activity in LC patients (27, 36).

3.1.4 Hyperammonaemia& Hepatic Encephalopathy (HE)

Ammonia is a cytotoxic by-product of amino acid breakdown and bacterial metabolism; requiring
intrahepatic conversion to urea for excretion (37). Reduced hepatic urea synthesis due to LC may create
excess circulating ammonia (38). Furthermore, it has been shown that hyperammonaemia is caused by
portal-systemic shunting of portal-drained viscera (PDV) (namely, the colon) and renal-
ammoniagenesis (39). PDV ammonia production is largely a function of glutamine metabolism.
Further, the cirrhotic liver cannot maintain adequate ammonia detoxification in this setting. Skeletal
muscle has been shown to remove greater amounts of ammonia from circulation to compensate this.
However, as a result, muscle releases glutamine as a nitrogen carrier following ammonia metabolism,
which can contribute to ammonia-genesis in both renal and PDV- thus mitigating the effort (39). Figure
2). In addition, there is increasing evidence to suggesting a link between sarcopenia and HE (40-43).
This is likely related to a combination of alterations in ammonia handling capacity of muscle associated



with reduced functional mass (37, 44, 45). In particular, muscle removes ammonia via the enzyme
glutaminase; converting ammonia to glutamine. Thus, if there is reduced muscle mass, there is reduced
functional enzyme capacity to handle ammonia efficiently.

Recent interest has been placed on the probable deleterious effects of ammonia on mitochondrial
function and skeletal muscle proteostasis. First, extra-hepatic glutamine production from ammonia
requires a reaction with a-ketoglutarate, using branched chain amino acids (BCAA) as substrate,
particularly leucine. However, this cataplerosis results in reduced ATP synthesis as some a -
ketoglutarate is used in this reaction rather than for its primary function in the citric acid cycle (CAC)
(46, 47). Furthermore, energy depletion through inner mitochondrial electron transport chain leakage
has also been described in hyperammonaemia (47). Mentioned by Dasarathy & Hatzglou, this provides
a mechanistic basis for the anabolic resistant, bioenergetically dysfunctional phenotype seen in cirrhosis
(48). Therefore, utilizing this relationship between hyperammonaemia and cataplerosis, replacing CAC
intermediates may aid in reversing mitochondrial damage and therefore maintaining skeletal muscle
mass (47, 48).

Reduced serum ratio of BCAA to aromatic amino acids is a consequence of peripheral ammonia
detoxification (46). Serum BCAA levels are therefore decreased due to a probable combination of
increased leucine requirements for glutamate formation in addition to increased branched chain alpha-
ketoacid dehydrogenase expression— activated by inflammatory cytokines and cortisol (49, 50). As
BCA As are rate-limiting components of muscle protein synthesis, inadequate concentrations of BCAA’s
may be a further pathogenic contributor in sarcopenia. Results of two studies have shown positive
effects on muscle mass with BCAA supplementation in combination with exercise (51, 52),
Furthermore, leucine supplementation may be particularly useful, showing functional benefit (53).

Ethanol, a common pathogenic factor in cirrhosis, plays a role in sarcopenia. Ethanol exposure has
shown proportional reductions in hepatic ureagenesis, while also increasing intramuscular ammonia
concentrations in mice (54). Further, elevated ethanol and ammonia synergistically reduce muscle mass
by impairing mTORC1 signalling and increasing autophagy in skeletal muscle (54). Furthermore, when
tissues were treated with ammonia in ethanol-naive tissues, perturbations in muscle protein synthesis
were reduced. This suggests variation in cirrhosis-sarcopenia pathology based on aetiology.

3.1.5 Myostatin

Myostatin is a growth and differentiation factor involved in negatively regulating satellite cell
differentiation through mTORC1 activation (55). Cirrhotic patients have elevated serum and
intracellular myostatin concentrations compared to those with normal hepatic function (38, 53, 56). This
elevation likely contributes to sarcopenia progression in cirrhosis, as myostatin inhibition is linked to
improved muscle strength and function (57). A murine model has demonstrated that excess ammonia
was also associated with increased myostatin production through elevated nuclear translocation of the
p65NFKkB transcription factor (9). Testosterone and IGF-1 are involved in myostatin suppression in
healthy individuals, therefore their deficiency in cirrhosis may be a factor in elevating serum myostatin
in these patients (58). Thus, myostatin inhibition may be a promising future treatment in this condition.

3.1.6 Systemic Inflammation and the Liver-Gut Axis

Systemic inflammation, resulting in inflammatory cytokine presence may further promote sarcopenia.
Interest has been placed on the role of the liver-gut axis, emphasizing the gut microbiome and intestinal
barrier dysfunction. Increased gut permeability resulting in bacterial translocation represents one of
the mechanisms by which inflammatory cytokines including tumour necrosis factor alpha (TNF-a),
interleukin 6 (IL-6), and interleukin 1 beta (IL-1B) become increased in cirrhosis (59). These pro-
inflammatory cytokines are associated with increased muscle wasting through mechanisms including



IGF-1 and insulin suppression, thereby increasing FoxO activation and decreasing Akt function. In
addition, pro-inflammatory cytokines increase calpain, E3 ligase and Nf-kB expression- thus altering
protein metabolism (60, 61).

Further, bile acid metabolism is altered in cirrhosis arising from such inflammation. This may incur
disproportionate growth of inflammatory intestinal bacteria, as well as reduce nutrient absorption,
particularly fat-soluble vitamins such as vitamin D (62, 63). Furthermore, in advanced liver cirrhosis, a
number of important hepatic immune mechanisms may be altered, such as the phagocytic
reticuloendothelial system of Kupffer cells- thus potentially contributing further to endotoxemia (64,
65). These mechanisms appear to encourage a cascade of decompensation in LC, further exacerbating
sarcopenia progression through autophagy pathway activation (66, 67). However, small intestinal
bacterial overgrowth (SIBO) may mediate endotoxemia and/or bacterial peritonitis in LC (59). SIBO
may result from reduced bile acid synthesis, altered mucosal immunity, and impaired gastrointestinal
motility caused by vagal dysfunction (68).

3.1.7 Transjugular Intrahepatic Portosystemic Shunt (TIPS)

Portal hypertension presents in approximately 60% of LC patients (42). Body composition
improvements in LC have been observed after TIPS procedures aimed at alleviating portal
hypertension. This procedure is recommended by the European Association for Study of the Liver
(EASL) for patients who have refractory ascites (69). In one study, 21 patients showed increased total
body cell mass evaluated by total body potassium and weight gain after TIPS procedures (70). Similar
lean body mass increases were shown in two other studies evaluating TIPS - demonstrating potential
efficacy in mitigating sarcopenia progression (71, 72). Possible sarcopenia reversal mechanisms may be
related to reduced intestinal permeability by reducing portal hypertension, therefore limiting
inflammatory cytokine release (64, 70). These inflammatory cytokines, namely IL-1a, IL-6, and TNF-a
may promote anti-insulin effects and induce catabolism on skeletal muscle (73). Conversely, greater
likelihood of HE was shown in individuals who received TIPS with(74) pre-existing sarcopenia as
diagnosed using L3 CT (42). This may reveal the negative contribution of sarcopenia to the patient’s
overall metabolic muscle reserve, representing the importance of pre-procedure body composition
assessment.

3.1.8 Serum 25-OH-Vitamin D

The liver plays a critical role in endogenous vitamin D metabolism, acting as the site of hydroxylation
to form 25-OH-Vitamin D, which is used as a biomarker for an individual’s vitamin D status (75, 76).
Vitamin D deficiency is more common in individuals with chronic liver disease compared to healthy
individuals(74), and is associated with increased mortality(77, 78). Recent studies have shown potential
links between low serum vitamin D and sarcopenia in LC. It has been demonstrated that as vitamin D
status declines, rates of frailty and sarcopenia increase proportionally; with severe vitamin D deficiency
independently associated with functional frailty and sarcopenia in chronic liver disease (79). The
mechanism behind vitamin D and sarcopenia is not yet clear. However, it is well known that vitamin
D receptors are present throughout skeletal muscle. In murine models, vitamin D receptor knockout
mice have shown reduced muscle mass and strength, progressing with further vitamin D
deficiency(80). In addition, sarcopenia is associated with reduced size and number of type 2 muscle
fibres-associated with higher force of contraction and bulk compared to type 1 muscle fibres (81).
Muscle biopsy assessments in vitamin D deficient patients have shown predominantly type 2 muscle
fibre atrophy(82). These results altogether give emerging evidence of the potential effect of low vitamin
D status on sarcopenia development.

3.2 Aetiologic Differences



Alcohol remains the most common cause of LC in Europe (83). However, NASH, viral hepatitis, and
biliary duct disease are all epidemiologically important contributors to cirrhosis and concomitant
sarcopenia. It has been demonstrated that rates of NASH-related cirrhosis have doubled in the past two
decades, with non-alcoholic fatty liver disease (NAFLD) being one of the most common causes of
chronic liver disease in the United States (84). Higher mortality rates occur in cirrhosis patients with
sarcopenic obesity and myosteatosis than in non-obese phenotypes (85).

Myosteatosis is the pathological accumulation of adipose in skeletal muscle (86). The prevalence of this
condition ranges from 30% to upwards of 50% of LC patients, with older age and worse liver function
being predictive features (44, 85, 87). This condition has become an increasingly important prognostic
indicator in patients with LC. While not synonymous with sarcopenia, myosteatosis may act
synergistically in muscle functional deficits (88) Myosteatosis and sarcopenia have been shown to be
independent risk factors for developing complications such as HE (44), as well as being prognostic
factors for overall survival(85) (89).

Further, NASH is considered a hepatic manifestation of metabolic syndrome (90, 91), and concomitant
excess visceral fat is associated with proinflammatory cytokine secretion, and reduced IGF-1 release
(92). These factors may therefore be a combined force in promoting skeletal muscle catabolism. Thus,
perhaps stratifying LC patients based on primary aetiology may be useful in assessing sarcopenia. In
addition, there appears to be a gender effect in sarcopenia. One study indicated that poorer outcomes
were found for men with sarcopenia, while worse female outcomes were related to greater losses of
low subcutaneous adipose tissue rather than skeletal muscle mass (7). It should be noted that in this
particular study, there were proportionally more men than women enrolled (67% male). This result
may highlight key physiologic differences between men and women in this disease context. Therefore,
when possible, future studies should stratify sample groups based on this parameter.

3.3 Sarcopenia Diagnosis
3.3.1 Muscle Mass

Body composition assessment is crucial in accurately diagnosing the sarcopenic patient. Multiple
methodologies exist for this assessment, though the validity of each depends on the technology itself,
as well as the complex set of comorbidities in the cirrhotic patient.

Computed tomography (CT) and Magnetic resonance imaging (MRI) are currently the gold-standard
for evaluating body composition in LC patients (3, 93). Sarcopenic status can be derived from adipose
and lean tissue quantities measured from axial L3 spinal level images, translating into a skeletal muscle
index (93, 94). In addition, myosteatosis may also be characterized using CT and MRI (95). Alternately,
psoas-major muscle cross-sectional area has been used to effectively determine sarcopenia in LC. This
is probably due to its role as a postural muscle not subject to disuse atrophy in the ambulatory patient.
Furthermore, retroperitoneal muscle is not subject to distortion in the presence of ascites (96, 97). While
CT and MRI have high internal and external validity, their cost as well as CT ionizing radiation risk
limits their use in body composition assessment to secondary, opportunistic tests in the shadow of a
primary investigation (6).

Another gold standard body composition technique is dual - energy x - ray absorptiometry (DXA).
However, DXA is affected by changes in patient fluid status and so may not be the best test for
sarcopenia in decompensated LC with ascites or other fluid disturbances (6).

Bioelectric impedance analysis (BIA) is convenient and therefore commonly used for assessing body
composition both clinically and in research settings. It utilizes differing electrical resistance between
adipose (high impedance) and lean tissue and fluid (lower impedance) compartments. Therefore,
excess-fluid related conditions such as oedema and ascites, common in decompensated LC, reduce the
test’s sensitivity. Nevertheless, the inclusion of the phase angle (PA) principle when calculating BIA



may mitigate this issue (98). The PA is a ratio of BIA reactance (Xc) to resistance (R), from which relative
nutritional status, muscle mass and cellular health can be determined (99-102). Furthermore, the BIA
PA has been shown to be predictive of mortality in cirrhosis patients (103). Thus, as BIA can be
performed at the bedside, it may be a useful diagnostic tool for sarcopenia when incorporating the PA
parameter. However, validation in this population is necessary.

Ultrasound has been recently implemented as clinical diagnostic tool for sarcopenia (3). It has been
validated against gold-standard techniques such as CT and has proven valid for body composition
assessment in patients with cardiac and respiratory illnesses (104, 105). The technique has also proven
useful in one study evaluating thigh muscle cross-sectional area in LC (6), though its validation requires
further study.

Anthropometric assessments including skinfold measurements and BMI may allow accurate
sarcopenia diagnosis in those with compensated cirrhosis, but may be less useful in those with more
advanced disease stages (106). In out-patient settings for those awaiting liver transplant, mid-upper
arm circumference (MUAC) was associated with sarcopenia, presenting in 5.36% of patients (106).
Within this cohort (n=261), HE and ascites were present in 11.88% and 8.81% of patients, respectively,
while mean MELD score was 9.82. However, this study demonstrated much lower proportions of
sarcopenia compared to other studies with similar demographics (106). On the other hand, a combined
approach using anthropometry (BML kg/m?) and ultrasound-measured thigh muscle thickness was
highly correlated with CT results (6). Therefore, accurate assessment of sarcopenia may best be
achieved through a combination of anthropometric and imaging techniques.

3.3.2 Muscle Strength

Hand-grip strength is a convenient measure of muscle strength in sarcopenia (3). This measure is also
a useful overall strength indicator in LC (107). Similarly, hand-grip strength may detect loss of strength
in the context of concomitant myosteatosis where fat infiltration into muscle may confound MUAC
measures by increasing apparent muscle volume (108). However, the technique requires active patient
participation which may be difficult in HE (109)

3.3.4 Malnutrition and Functional Assessment Tools

Assessment tools are widely used to evaluate nutritional status and may require validation for
sarcopenia in LC patients specifically. For example, the subjective global assessment (SGA) is regularly
used to assess cirrhotic patient’s nutritional status. However, it has been demonstrated that SGA is
unable to strongly predict sarcopenia presence (110). Conversely, the Royal Free Hospital Global
Assessment (RFH-GA) is recognized in the UK as the gold-standard nutrition assessment tool for liver
disease patients (111). This tool has been validated for accurate detection of malnutrition in this patient
subset, and includes triceps skinfold thickness, MUAC, BMI, and dietary intake information (111).
Furthermore, it may predict post liver transplant infection and length of ICU stay more effectively than
CT-measured psoas muscle area alone (96).

Conversely, the SARC-F questionnaire may be a practical tool for sarcopenia case -finding (3). SARC-F
is based on patients’ self-perceptions of functional performance ability for various tasks such as
climbing stairs and walking (3). On the other hand, the Ishii screening test is also designated as a
validated sarcopenia screening tool, incorporating patient age, grip strength and calf-circumference
(112). However, in decompensated LC, lower limb oedema may impede accurate calf circumference
measurement.

3.3.5 Biomarker Testing

Currently, there is no decisive biomarker for sarcopenia diagnosis. However, as sarcopenia is a
multifactorial disease, particularly in the setting of LC, it may, in fact, be that a combination of
biomarkers may be used in conjunction with current imaging and anthropometric practices to both



diagnose sarcopenia and measure treatment efficacy. For example, serum myostatin may be a useful
indicator of muscle deterioration in LC. Results by Nishikawa et al. indicate serial myostatin
measurements may be useful to measure patient responses to therapeutic interventions(9).

Titin is an abundant protein found in striated muscle. This protein is degraded by various proteolytic
enzymes such as calpain following muscle damage. N-terminal fragments of titin (titin-N)_are
detectable in urine, and have been shown to be a biomarker reflecting muscle catabolism in Non-
Alcoholic Fatty Liver Disease (113). Thus, titin-N may be a potentially useful, non-invasive biomarker
in sarcopenia in LC where muscle proteolytic mechanisms are similarly at play.

3.4 Treatment Approaches

A number of potential therapeutic strategies have been evaluated for sarcopenia in LC, based on
mechanisms mentioned above.

3.4.1 Exercise & Physical Activity

Generally speaking, aerobic exercise improves functional muscle capacity, while resistance exercise is
beneficial for improving skeletal muscle mass(114). A number of studies have been performed
assessing muscle mass and strength in response to exercise in LC patients (115-120), however, only half
of these studies have found significant muscle improvements (115-117). Further, only one study has
shown functional improvements following a 12 week body-weight resistance exercise programme
(121). Currently, there is inconclusive evidence regarding optimal post-exercise nutritional
supplementation to maintain potential skeletal muscle improvements. Thus, while long-term data in
LC patients is still required, it has been shown that a moderate-intensity exercise regimen of both
aerobic and resistance activities may be the most beneficial for sarcopenic LC patients.

3.4.2 Nutritional Intake

In terms of optimal nutritional intake for sarcopenic LC patients, maintaining adequate energy and
protein intakes are key. According to EASL guidelines, patients should consume at least 35-40kcal/kg
body weight/d, while protein intake should fall between 1.2-1.5g/kg bodyweight/d(15, 122). These
recommendations are to ensure adequate maintenance and prevent loss of muscle mass. However, it
may not be feasible for some patients to achieve this level of nutrition due to LC side effects such as
nausea, reduced GI motility etc.

Due to the evidence suggesting potential benefit of BCAA supplementation along with adequate
protein and energy intake, The European Association for the Study of the Liver (EASL) clinical practice
guidelines have more recently included recommendations for long-term oral BCAA supplementation
(0.25g/kg/d) for advanced cirrhosis patients for improvement of event-free survival or quality of life
(122).

3.4.3 Other Therapies

Selective androgen receptor modulators (SARMSs) use has increased, with drugs such as Enobosarm,
producing testosterone-like anabolic effects in patients with cachexia (123). Further, both transdermal
and intramuscular testosterone infusions have been shown to safely improve muscle mass and strength
in two clinical trials in men with compensated cirrhosis (34, 124), potentially indicating direct
testosterone use in sarcopenia reversal. However, further research is required to establish its role as a
sarcopenia treatment in LC, particularly as exogenous administration of testosterone is associated with
side effects such increased risk of hepatocellular carcinoma (125)



Growth hormone (GH) may also be a promising sarcopenia therapy, showing reduced GH resistance
and increased lean body mass. Improved GH resistance may be beneficial particularly with
downstream effects of improving IGF-1 status (126). However, there is minimal long-term evidence
available describing the long-term impacts of GH administration in LC.

By reducing portal hypertension and increasing intestinal motility (64), beta-blockers have been
demonstrated to reduce infection risk in LC likely by reducing SIBO and risk of bacterial peritonitis by
reducing portal hypertension (127, 128). Thus, this may be a clinically relevant therapy for limiting the
effects of decompensation, and therefore sarcopenia. Beta-blockers have also been tested in heart failure
patients for cachexia, showing partial symptom reversal (129). This may demonstrate the role of
sympathetic activity on muscle loss, and may therefore be similarly useful for sarcopenia treatment.

4. Conclusions

Sarcopenia in LC arises due to multiple factors related both directly and indirectly to hepatic
dysfunction. Malnutrition, altered proteostasis, systemic inflammation and iatrogenic factors are
likely the most important elements in this disease. With such complex interrelationships, discrete
biomarker identification may become increasingly important. Validation of body composition
assessment techniques, and better-defined diagnostic thresholds in this patient population are
warranted. Lastly, further study into the role of physical activity and complementary nutrition may
be useful for limiting sarcopenia progression in this patient population. These refinements will
improve sarcopenia diagnosis in LC and improve patient outcomes.



Figure 1. Mechanistic Overview of Sarcopenia in Liver Cirrhosis. Adapted from Dasarathy et. al 2012. Poor
nutritional intake limits available substrate required for muscle protein synthesis. Bacterial endotoxin, portal
hypertension (HTN), and impaired metabolite clearance all contribute to systemic inflammation. Circulating
inflammatory cytokines (IL1, IL-6, TNF-a) potentially play a role in muscle catabolism by ubiquitin
proteasome (UPP) and autophagy pathway upregulation. Hyperammonaemia, and reduced testosterone
may upregulate myostatin production, preventing proper skeletal muscle growth. Metabolic changes
including reduced hepatic glycogen storage leads to upregulated gluconeogenesis, and therefore increased
skeletal muscle amino acid catabolism. Reduced growth hormone (GH) secretion leads to reduced insulin-
like growth factor-1 (IGF-1), leading to reduced muscle protein synthesis. Lastly, hyperammonaemia is
converted in skeletal muscle to glutamine using branched-chain amino acids (BCAA), therefore reducing
anabolic substrate for muscle. Illustration of gastrointestinal tracts by Unknown Author is licensed under CC
BY-SA.
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Figure 2. Relationship of increased ammonia production from renal and portal-drained-viscera with increased
glutamine production from skeletal muscle.
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