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Abstract

Purpose of review—Sarcopenia or loss of skeletal muscle loss is the major component of
malnutrition and occurs in the majority of patients with liver disease. Lower muscle contractile
function also contributes to the adverse consequences of sarcopenia. There are no effective
therapies to prevent or reverse sarcopenia in liver disease. This review will discuss the advances in
diagnosis, pathogenesis and treatment options for sarcopenia in liver disease.

Recent findings—Sarcopenia increases mortality, risk of development of other complications of
cirrhosis, and post liver transplant outcomes while quality of life is decreased. Unlike other
complications of cirrhosis that reverse after liver transplantation, sarcopenia may not improve and
actually worsens. Impaired skeletal muscle protein synthesis and increased proteolysis via
autophagy contribute to sarcopenia. Hyperammonemia is the best-studied mediator of the liver-
muscle axis. Molecular studies show increased expression of myostatin while metabolic studies
show impaired mitochondrial function and tricarboxylic acid cycle intermediates due to
cataplerosis of a-ketoglutarate. Impaired skeletal muscle pyruvate and fatty acid oxidation during
hyperammonemia suggest amino acids are diverted to acetyl CoA and potentially aggravate
hyperammonemia. Nutritional supplementation is of limited or no benefit and suggests that
cirrhosis is a state of anabolic resistance. Exercise maybe beneficial but whether it overcomes
anabolic resistance is not known.

Summary—The high clinical significance of sarcopenia is well established. Current approaches
to nutritional supplementation have not been effective in reversing sarcopenia because of anabolic
resistance. Myostatin antagonists, specific amino acid supplementation, mitochondrial protection
and combination endurance-resistance exercise are potential future therapeutic options.
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Introduction

Malnutrition was a term used nearly universally to describe the phenotype of skeletal muscle
loss with or without fat loss in patients with liver disease[1]. Skeletal muscle loss or
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sarcopenia is the major contributor to adverse clinical outcomes[2—11]. Despite recognition
of the clinical impact of sarcopenia in liver disease, there are no effective therapies primarily
because of the mechanisms of muscle loss in liver disease are not well understood. Since,
most studies to date have been descriptive, the mediators of and molecular targets for the
treatment of sarcopenia in liver disease have not identified[12]. It is also interesting that even
though clinical outcomes are poorer in sarcopenic patients[4,9], it is unclear how exactly
muscle loss contributes to the greater morbidity and mortality. Lower muscle mass can result
in either impaired skeletal muscle metabolic or contractile functions that contribute to the
adverse outcomes in cirrhosis[13-15]. Since the skeletal muscle functions as a metabolic
partner to the liver, it would be intuitively obvious that sarcopenia or muscle loss will result
in adverse clinical outcomes in cirrhosis. Skeletal muscle dysfunction in cirrhosis
contributes to frailty and deconditioning that have been identified to increase morbidity in
cirrhosis[15,16]. Finally, one of the frequent symptoms in patients with cirrhosis is fatigue
but the contribution of central fatigue and skeletal muscle contractile dysfunction or fatigue
responses to repetitive contraction has not been well characterized[13]. It is still unclear if
loss of muscle mass and functional consequences are directly related or independent effects
of common mediator(s). The mediator(s) of the liver muscle axis have not been completely
established but recent studies involving integrated metabolic-molecular approaches suggest
that alterations in multiple signaling pathways converge on protein synthesis and increased
proteolysis that result in reduction in muscle mass[17-19]. The mechanisms of functional
alterations are less studied but data suggest that reduced ATP synthesis due to mitochondrial
dysfunction as well as direct modifications of contractile proteins contribute to decreased
muscle function[13,20,21]. Treatment approaches to date have focused on replacing calories
and proteins by different routes of administration with little benefit[22,23]. Exercise and
physical activity may be beneficial but are limited by fatigue[24—26]. Molecular approaches
using direct activation of protein synthesis by L-leucine have shown benefit at least in the
acute setting[19]. The present commentary will focus on the contributions of muscle loss to
clinical consequences in cirrhosis, novel mechanistic insights based on studies on the
skeletal muscle and therapeutic strategies beyond providing supplemental nutrition.

What is malnutrition in cirrhosis?

For decades, malnutrition was the term most often used to describe the clinical phenotype of
cirrhotic patients and overt muscle loss with or without fat loss. Since recognition that the
term “malnutrition” has been used to refer to decreased nutrient intake, loss of muscle and/or
fat mass and reduced muscle strength and function. To overcome this limitation and have a
more uniform terminology that allows data from different studies to be compared, the term
sarcopenia or loss of muscle mass and disordered energy metabolism were recommended
and are now widely used[1,4,9,27]. Despite disordered energy metabolism with increased
gluconeogenesis and fatty acid oxidation show that cirrhosis is a state of accelerated
starvation that contribute to muscle loss[28]. To ensure uniformity and precision in
terminology, skeletal muscle loss, energy dysmetabolism and a combination of muscle and
fat loss should be used in future studies addressing nutritional status in cirrhosis and liver
disease[12,16]. There is some concern that the term sarcopenia is specific for aging related
muscle loss but the term is actually derived from sarcos- flesh, penia- loss of, suggesting that
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the qualifier of the underlying disease can be used to specify the cause of muscle loss. A
review of the majority of publications that describe malnutrition in cirrhosis show that
anthropometric measures were used in the majority of studies while some investigators used
other methods including bioelectrical impedance analysis, dual energy X ray absorptiometry
and impedance plethysmography[14,29-31]. These measurements allow quantification of
lean body mass that consists primarily of skeletal muscle mass but are not direct measures of
muscle mass. More recently, computed tomography and magnetic resonance imaging are
used to precisely quantify the muscle area and derive whole body muscle mass. Most studies
use percentile values to define sarcopenia and values between the 20t and 51 percentile of
normal values are considered moderate sarcopenia and less than the 5t percentile are
believed to be severe sarcopenia[32].

Clinical consequences of sarcopenia in cirrhosis

Sarcopenia in cirrhosis has been reported in 40-60% of patients depending on the population
studied and patients with alcoholic cholestatic cirrhosis have the most severe forms of
sarcopenia[1,12,14,33]. Mild degree of muscle loss probably occurs in all cirrhotics but the
severity of sarcopenia measured by anthropometric assessment worsens with increasing
severity of liver disease quantified by Child’s score. The prevalence of functional
consequences, reduced grip strength is more frequent but the occurrence of muscle fatigue
has not been studied well[13,25]. However, there is recent data that muscle fatigue in
response to repetitive contraction is significantly higher in cirrhosis than controls. Both
reduced grip strength and sarcopenia contribute to higher mortality in cirrhosis[14,27].
Quality of life, hospitalization, infections and encephalopathy are also higher in cirrhotic
patients with sarcopenia[1,4,6,11,12]. However, the contribution of reduced muscle mass
and impaired contractile function to these clinical outcomes is not as well described,
primarily because of the very limited studies that have determined if the impaired contractile
function is due to or independent of sarcopenia. Lower muscle strength normalized to
muscle mass has been reported in an animal model of portosystemic shunting but there are
no human data in cirrhotics normalizing grip strength to muscle mass[13]. In patients
undergoing liver transplantation, pretransplant sarcopenia adversely affects outcomes during
liver transplantation including longer duration of hospital stay, duration on the ventilator,
intensive care unit stay and number of blood transfusions required. In patients after liver
transplantation, sarcopenia before transplantation has been consistently reported to adversely
affect survival[9]. Finally, unlike other complications of cirrhosis, lean body mass and
sarcopenia do not reverse or may even become worse though a recent paper suggests that in
some patients, sarcopenia may reverse after OLT[34—36]. These observations show that
sarcopenia adversely affects clinical outcomes in cirrhotics before, during and after liver
transplantation.

Mechanisms of sarcopenia in cirrhosis

Even though a large number of descriptive studies show the high clinical significance of
sarcopenia in cirrhosis, mechanistic studies to identify how sarcopenia develops and the
mediators of the liver muscle axis are much less well understood. Early studies have
suggested that patients with cirrhosis have a number of reasons for malnutrition, primarily
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muscle loss, but the most important reasons are poor oral intake and lack of activity.
However, 2 metaanalyses have suggested that supplemental nutrition does not improve
nutritional our clinical outcomes[22,23]. This is because patients with liver disease are
believed to be in a state of anabolic resistance that prevents appropriate skeletal muscle
responses to nutrient administration[37]. Skeletal muscle mass is maintained by a balance
between protein synthesis, breakdown and possibly the regenerative potential mediated by
the myogenically committed stem cells, satellite cells[1]. Early studies using metabolic
tracer kinetics were conflicting and suggested that whole body protein breakdown in
cirrhosis was increased, unaltered or decreased depending on the patient population studied.
Indirect studies suggested that limb protein synthesis and postprandial protein synthesis
response were lower in cirrhotics than controls. Our studies in the portacaval anastomaosis rat
provided an explanation for these contradictory human findings[17]. Early after the
anastomosis, there was increased skeletal muscle proteolysis with unaltered protein
synthesis and later in the course, both protein synthesis and proteasome mediated proteolysis
were lower but one group did report that expression of genes in the proteasome pathway was
increased in the muscle from patients with cirrhosis[18,19,38,39]. Interestingly, autophagy
was increased in the muscle of cirrhotics even when ubiquitin mediated proteolysis was
unaltered or decreased[18,19,40]. A recent study reported lower protein synthesis markers in
the skeletal muscle of patients with cirrhosis with decreased ubiquitin mediated but
increased autophagy mediated proteolysis[19]. These data show that reduced protein
synthesis and increased autophagy mediated protein breakdown contribute to ongoing
skeletal muscle loss in cirrhosis.

Having identified the protein turnover responses, the molecular mechanisms that mediate
these have been identified. Our understanding of muscle loss in cirrhosis has advanced
mainly due to the rapid advances in the field of skeletal muscle biology[12]. Increased
circulating and skeletal muscle expression of myostatin, a TGFp superfamily member, have
been reported in patients with cirrhosis even though one group did not find increased
myostatin in cirrhotics undergoing transplantation[19,38,39]. Myostatin inhibits protein
synthesis and increases autophagy. There are also reports of myostatin activating proteasome
components through the FOXO mediated pathway but direct studies on proteasome activity
in the skeletal muscle of patients with cirrhosis showed unaltered proteasome
activity[18,19,40]. Extensive studies have been performed on myostatin binding to its
receptor on the skeletal muscle membrane and the regulation of protein synthesis by
inhibition of MTORCL. In contrast, upstream regulation of myostatin is not as well studied,
but hyperammonemia has been recognized as an activator of myostatin via an NFkB
mediated mechanism[38]. Hyperammonemia is an activator of reactive oxygen species and
this may be another mechanism of activating autophagy. Interestingly, ammonia disposal by
the skeletal muscle is mediated via glutamate synthesis in the mitochondria followed by its
conversion to glutamine in the cytosol that is transported to the circulation in exchange for
leucine that is transported into the muscle[16,19,41,42]. This mechanism can explain the low
circulating leucine but relatively unaltered muscle leucine concentrations in cirrhosis.
However, within the cell, leucine can either be used for peptide chain elongation or protein
synthesis and for activation of mMTORCL1 by lysosomal transport. An alternate method of
leucine metabolism in cirrhosis and potentially hyperammonemia is via mitochondrial
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oxidation to generate acetyl CoA as a source of energy[19,41,42]. Such compartmentation
can explain previous reports of normal or near normal muscle leucine concentrations in
cirrhosis with a robust synthetic response to high dose leucine supplementation because the
large dose of supplemental leucine can potentially saturate the mitochondrial transport with
sufficient leucine available for molecular signaling via direct stimulation of protein
synthesis.

Since the primary mechanism of skeletal muscle ammonia disposal is via cataplerosis (loss
of TCA cycle intermediates by enzymatic reactions) of a ketoglutarate (aKG)[41,42], one
option is to increase anaplerosis (addition of 4 and 5 carbon TCA cycle intermediates). This
can be achieved by either isoleucine or valine, both of which provide direct anaplerotic input
or recent reports that suggest that leucine carbon is used to form aKG. The deamination/
transamination of amino acids as anaplerotic agents results in release of ammoniaina 1:1
stoichiometric ratio with only one net ammonia removed during the formation of
glutamine[42]. A novel approach is to provide cell permeable TCA cycle intermediate, a KG
that provides the substrate to remove 2 molecules of ammonia in the muscle. A schematic
overview of the current concepts in the pathogenesis of sarcopenia and contractile
dysfunction in cirrhosis is shown in Figures 1 and 2.

Post liver transplantation sarcopenia and sarcopenic obesity have been identified to be of
high clinical significance but the mechanisms are even less understood than that in non-
transplanted subjects[32]. The contribution of epigenetic alterations due to
hyperammonemia before transplantation, use of calcineurin and mTORCL inhibitors as
immunosuppressants and metabolic-molecular perturbations due medications and lack of
standard guidelines are not known[12,32].

Therapeutic options

The standard clinical approach to prevent and reverse malnutrition, primary skeletal muscle
loss, includes nutritional supplementation to ensure adequate calorie and protein intake
because cirrhosis is a state of accelerated starvation [16,28]. With an increasing
understanding of skeletal muscle loss and contractile dysfunction that may not necessarily
be linked together, it is important to determine the specific outcome desired. Despite the
recognized reduction in survival [43] with sarcopenia, data on impact of improved muscle
has mass on survival has been reported but is much more limited. If muscle mass is
increased, hepatic metabolic support functions including ammonia removal, providing amino
acids for gluconeogenesis, glucose disposal and insulin response are improved but
contractile function may or may not be normalized. Reversal of contractile dysfunction does
not necessarily translate into improved metabolic function especially during accelerated
starvation response in cirrhosis but is likely to improve quality of life, hospitalizations, and
infection due to greater mobility. Since the current focus is on skeletal muscle wasting and
sarcopenia, the major emphasis will be on increasing muscle mass.

Cirrhosis is believed to be a state of anabolic resistance and standard replacement of
nutrients are generally ineffective[22,23]. Potential reasons for this include the molecular
and metabolic perturbations that result in lower protein synthesis and increased autophagic
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proteolysis as discussed above. To overcome anabolic resistance, a strategy that has been
beneficial is to shorten the postabsorptive or fasting state. Overnight fasting provides the
greatest window of anabolic opportunity but frequent overnight feeding is difficult, causes
sleep disturbances and has the potential for aggravating both reflux and insulin
resistance[37]. To overcome these limitations by avoiding fasting induced proteolysis and
lipolysis, frequent feeding and late evening snacks have been used with some benefit.
Adequate protein intake (1-1.2g.kg~1.d™1) is tolerated well but due to the ammoniagenic
potential and need for hepatic disposal for aromatic amino acids, at least a third of dietary
protein intake from plant sources are both tolerated well and provide adequate branched
chain amino acids. Whether accelerated lipolysis in cirrhosis is of metabolic benefit is
however not clear since acetyl-CoA from fatty acids cannot be converted to glucose. Acetyl
CoA from fatty acid oxidation can, however, inhibit pyruvate dehydrogenase that is also
inhibited directly by ammonia and by pyruvate dehydrogenase kinase (PDK) that is a
hypoxia inducible factor 1a (HIF1a) target. We have noted in preliminary studies that
skeletal muscle hyperammonemia activates HIF1a.. The consequent impaired conversion of
pyruvate to acetyl CoA necessitates gluconeogenesis from amino acids because fatty acid
carbon cannot be used for gluconeogenesis. Impaired pyruvate dehydrogenase also impairs
the ability of the muscle to completely oxidize glucose via the TCA cycle with increased
lactate in the muscle potentially promoting a futile gluconeogenic cycle. Thus, complex
metabolic-molecular integration occurs at multiple sites: ammonia and potentially other
upstream regulators (TNFa., lipopolysaccharide, reduced testosterone) mediated myostatin
activation, ammonia induced hypoxia inducible factor 1 mediated impaired pyruvate
dehydrogenase that in turn prevents efficient and complete glucose utilization for energy and
accelerated gluconeogenesis necessitating proteolysis, and cataplerosis of aKG that in turn
impairs TCA cycle flux, all of which contribute to sarcopenia that cannot be reversed by
providing nutrient substrates alone. Instead, a combination of therapies targeting myostatin,
long term ammonia lowering to potentially decrease skeletal muscle ammonia and direct
activation of regulators of skeletal muscle protein turnover including amino acids like L-
leucine and potentially isoleucine.

Physical activity increases skeletal muscle mass and functional capacity[24-26,44,45].
Given subjective fatigue and decreased muscle strength, it is not clear if it is possible to
increase muscle mass by resistance exercise and endurance exercise improves functional
capacity but may not have an impact on skeletal muscle mass. Phosphatidic acid (PA) has
been shown to mediate transduction of mechanical stimuli like exercise and activity to
MTORC1 activation[46], but whether the PA response to mechanical stimuli is maintained in
cirrhosis is unknown. In the absence of definitive data, it would be appropriate to
recommend physical activity to the extent tolerated to improve functional capacity. Exercise
increases muscle ammonia concentrations that can potentially compound the functional
consequences of skeletal muscle hyperammonemia and impaired muscle ATP synthesis with
resultant fatigue and inability to gain muscle mass. Lowering ammonia over the long term
maybe a potential strategy even in non-encephalopathic patients with cirrhosis to improve
muscle mass. In the post-transplant population, the lowering immunosuppressant dose,
intense nutrient and physical activity based recommendations to improve muscle mass are
necessary but there are currently no reported studies to reverse/prevent post-OLT sarcopenia.
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Defining the mechanisms responsible for the same will be a critical step before effective
therapies can be developed for post OLT sarcopenia.

Finally, since ammonia mediated cerebral effects clinically manifest with reversal of
circadian sleep patterns, it is not clear if hyperammonemia alters skeletal muscle circadian
genes also. Emerging data suggests that mTORCL, a critical protein synthesis regulatory
molecule, is downstream of clock gene Bmal1[47]. Clinical translation will include lowering
muscle ammonia in combination with strategies to regulate muscle circadian genes.

Conclusion

In summary, a combination of low ammoniagenic protein supplementation with branched
chain amino acids enriched in leucine, long term ammonia lowering strategies combined
with increased physical activity to improve functional capacity should complement frequent
feeding with late evening snacks in preventing and potentially reversing muscle loss in
cirrhosis (Figure 3). Whether a different strategy is necessary to reverse post-liver transplant
sarcopenia is not known but the recent push towards lower doses of calcineurin and
mTORCL inhibitors may be beneficial for the skeletal muscle in the increasing population of
post OLT patients.
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Key points

Sarcopenia or loss of skeletal muscle mass is the major component of
malnutrition in cirrhosis with a prevalence of 40-60%.

Decreased survival, lower quality of life, increased risk of other complications
of cirrhasis, and worse post liver transplant outcomes occur in sarcopenic
cirrhotic patients.

Methods to quantify body composition have been used extensively but CT
and MR image analyses are currently the most accurate methods to measure
skeletal muscle area.

Of the putative mediators of the liver-muscle axis, hyperammonemia is the
best-studied pathogenic agent but other causal factors include endotoxemia,
cytokines, and altered circulating hormone.

Impaired skeletal muscle protein synthesis and autophagic degradation rather
than proteasomal proteolysis contribute to muscle loss in liver disease.

Nutritional supplementation alone is not effective but high doses of leucine
and potentially other branched chain amino acids and long-term ammonia
lowering measures may be beneficial.
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Figure 1. Overview of ammonia induced metabolic and signaling perturbations
Impaired hepatic ureagenesis results in skeletal muscle hyperammonemia. Ammonia

transcriptionally upregulates myostatin via a p65NFkB mediated mechanism and decreases
a ketoglutarate by cataplerosis. Reduction in a ketoglurate can stabilize hypoxia inducible
factor la (HIF1a) that in turn can activate myostatin and inhibit pyruvate to acetyl CoA
oxidation (dotted lines are preliminary studies from our laboratory).
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Figure 2. Metabolic abnormalities that contribute to and potential therapeutic targets
Accelerated lipolysis generates acetyl CoA from fatty acids due to impaired pyruvate

dehydrogenase (PDH) by hypoxia inducible factor 1a (HIF1a) via pyruvate dehydrogenase
kinase (PDK) and possibly directly by ammonia. Cataplerosis of a-ketoglutarate (aKG) by
to form glutamate is a metabolic disposal pathway activated in the muscle during
hyperammonemia. Lower aKG results in stabilization of HIF1a, decreased mTORC1
activation and decreased tricarboxylic acid (TCA) cycle flux and lower ATP synthesis.
These perturbations contribute to lower protein synthesis. Homeostatic responses include the
utilization of branched chain amino acids to provide anaplerosis for generate aKG
(isoleucine, valine) and acetyl CoA (leucine, isoleucine) with increased transport of
branched chain amino acids from circulation for metabolic disposal. Ammonia via a
p65NFKB mediated mechanism also activates myostatin that in turn inhibits mTORC1.
These metabolic and molecular perturbations contribute to decreased sensitivity to anabolic
stimuli (anabolic resistance) that can be potentially reversed by intervention at targeted sites.
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1. Long term ammonia lowering strategies. 2. Myostatin blocking agent including
antagomirs. 3. L-leucine provides acetyl-CoA, activates mTORC1 and protein synthesis. 4.
Glucogenic amino acids can be a source of anaplerotic input to provide succinyl CoA
replacing the loss of (cataplerosis) of a KG that is converted to glutamate during
hyperammonemia (since skeletal muscle cannot generate urea). 5. Cell permeable esters of
aKG are a potential strategy to reverse cataplerosis and a novel method to increase muscle
ammonia disposal. 6. Physical activity stimulates mTORC1 via phosphatidic acid.
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Figure 3. Overview of strategies to reverse sarcopenia and potentially contractile dysfunction in
cirrhosis

Bold, oval encircled targets and putative interventions (italics). Liver transplantation is a
definitive therapy but may not reverse sarcopenia. Hyperammonemia is the best studied
mediator of the liver-muscle axis but duration of therapy needed to lower muscle ammonia is
not known. It is also not known if lowering muscle ammonia will indeed reverse the
metabolic and molecular perturbations in the muscle with functional translation into
increased muscle mass, improved contractile function and better clinical outcomes.
Starvation response has been addressed using frequent feeds, nocturnal meals and late
evening snacks with protein supplementation and shown to be of some benefit. Direct
myostatin antagonists are in various stages of development and preclinical rodent studies
have shown benefit. Amino acid supplementation with branched chain amino acids,
anaplerotic substrates including cell permeable tricarboxyclic acid intermediates are exciting
novel approaches being evaluated in preclinical studies. Therapies to reverse hormone
deficiencies and endotoxemia have not been effective but the impact of alterations in gut
microbiome has not been evaluated and may be another potential therapeutic target.
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