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Opinion statement

Liver transplantation is the definitive therapy for cirrhosis, and malnutrition is
the most frequent complication in these patients. Sarcopenia or loss of muscle
mass is the major component of malnutrition in cirrhotics and adversely affects
their outcome. In addition to the metabolic consequences, functional conse-
quences of sarcopenia include reduced muscle strength and deconditioning.
Despite nearly universal occurrence of sarcopenia and its attendant complica-
tions, there are no established therapies to prevent or reverse the same.
Major reasons for this deficiency include the lack of established standardized
definitions or measures to quantify muscle mass, as well as paucity of mechanis-
tic studies or identified molecular targets to develop specific therapeutic inter-
ventions. Anthropometric evaluation, bioelectrical impedance analysis, and DEXA
scans are relatively imprecise measures of muscle mass, and recent data on im-
aging measures to determine muscle mass accurately are likely to allow well-de-
fined outcome responses to treatments. Resurgence of interest in the
mechanisms of muscle loss in liver disease has been directly related to the rapid
advances in the field of muscle biology. Metabolic tracer studies on whole body
kinetics have been complemented by direct studies on the skeletal muscle of cir-
rhotics. Hypermetabolism and anabolic resistance contribute to sarcopenia.
Reduced protein synthesis and increased autophagy have been reported in cir-
rhotic skeletal muscle, while the contribution of the ubiquitin-proteasome path-
way is controversial. Increased plasma concentration and skeletal muscle
expression of myostatin, a TGFβ superfamily member that causes reduction in
muscle mass, have been reported in cirrhosis. Hyperammonemia and TNFα have



been reported to increase myostatin expression and may be responsible for
sarcopenia in cirrhosis. Nutriceutical interventions with leucine enriched amino
acid mixtures, myostatin antagonists and physical activity hold promise as mea-
sures to reverse sarcopenia. There is even less data on muscle function and
deconditioning in cirrhosis and studies in this area are urgently needed. Even
though macronutrient replacement is a major therapeutic goal, micronutrient
supplementation, specifically vitamin D, is expected to improve outcomes.

Introduction
Malnutrition is the most frequent complication in cir-
rhosis, affecting nearly 70 % of patients; it adversely
affects survival, quality of life and the risk of develop-
ing other complications of cirrhosis [1•, 2, 3••, 4, 5].
These adverse consequences affect patients with cirrho-
sis during every stage of their life: those who have not
been transplanted or waiting for liver transplantation,
during the transplantation, and after liver transplanta-
tion [1•, 6•, 7, 8]. Despite widespread clinical recogni-
tion of the magnitude and clinical consequences of
malnutrition, there are no effective therapeutic op-
tions [9•, 10]. The absence of effective treatments is
principally due to the lack of mechanistic studies to
help develop pathophysiology-based therapy. It is on-
ly recently that the term malnutrition in cirrhosis has
been identified to consist of sarcopenia or loss of skel-
etal muscle mass and altered energy metabolism [2,
9•]. Most studies to date have focused on the conse-

quences of sarcopenia, which is the major component
of malnutrition in cirrhosis, and ongoing research has
focused on improving our understanding of the mech-
anisms and reversal of sarcopenia of cirrhosis [1•, 3••,
7, 11, 12, 13•]. The clinical significance of sarcopenia
of cirrhosis is due to the high prevalence in cirrhosis,
and progressive worsening with increasing severity
of liver disease combined with its adverse impact
on outcomes [14]. Additionally, sarcopenia casts a
long shadow by worsening the clinical outcome
of cirrhotics before transplantation but unlike other
complications of liver disease, sarcopenia worsens
after transplantation [15•, 16, 17]. Contributions
of micronutrients and vitamin deficiency are also
of clinical significance in cirrhosis. Vitamin D defi-
ciency and zinc deficiency are being increasingly
recognized to contribute to worse clinical outcomes
in these patients [18].

Clinical presentation

Patient symptoms include reduction in muscle mass and strength as well as
reduced exercise capacity [12, 19]. Progression of cirrhosis is accompanied by
worsening muscle mass and strength [20•]. Additionally, alcoholic cirrhosis
and patients with cholestatic diseases have the most severe degree of muscle
loss. A number of clinical factors are believed to contribute to the reduced
nutritional status and muscle mass (Table 1). The major concern that pa-
tients express is the lack of clear guidelines for dietary modifications or ex-
ercise or communication with the hepatologist or transplant team to
improve their nutritional status. Most patients define their nutritional status
by the changes in muscle mass or strength. Lack of universal guidelines on
nutritional interventions and clear outcome measures to monitor response to
interventions, continued concern about protein intake and encephalopathy,
and absence of guidelines regarding exercise with impaired exercise capacity
contribute to reduced patient satisfaction with office visits [9•, 21, 22••].
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Diagnosis of sarcopenia and functional impairment in cirrhosis

Establishing the diagnosis of sarcopenia has been challenging, but most previ-
ous studies have used relatively imprecise or indirect measures of muscle mass,
including subjective global assessment (SGA), anthropometric measures, bio-
electrical impedance analysis (BIA) and dual energy X-ray absorptiometry
(DEXA) [7, 23, 24••]. Since skeletal muscle constitutes only about 60% of lean
or fat free mass, there is increasing interest in the use of computed tomogram at
L3 or L4 to directly quantifymuscle and visceral fat mass [25, 26]. Recently, two
groups have reported normal values for skeletal muscle in control subjects [15•,
26]. The consensus seems to be that values below the 5th percentile of normal
indicate severe sarcopenia and values between the 5th and 20th percentile are
clinically significant but moderate sarcopenia. Using such direct measures of
muscle mass, sarcopenia has been shown to directly correlate with survival in
cirrhosis [13•]. Other imaging methods including ultrasound and magnetic
resonance imaging (MRI) have also been used [24••]. However, most cirrhotics
undergoing liver transplant evaluation have a computed tomography (CT) scan
as part of their evaluation. Use of abdominal imaging is likely to become
standard to diagnose sarcopenia. A limitation of this evaluation remains when
the response to interventions needs to be determined. Protocol CT scans of the
abdomen exclusively for quantifying muscle mass may be logistically difficult
and cost prohibitive. Other options include the use of ultrasound of the thigh
and single sections ofmid thigh to quantifymuscle and fat. Sincemuscle loss is a
major component of the SGA scale and previous studies have suggested SGA to
be a reliablemeasure of nutritional assessment [27, 28], given the cost benefit, it
appears that SGA will be the assessment measure of choice, with modifications

Table 1. Factors contributing to malnutrition and sarcopenia in cirrhosis

Reduced food intake
Reduced appetite
Dysguesia
Low salt intake
Inappropriate dietary modifications—low protein intake
Abdominal distension and ascites
Change in mental status
Micronutrient and vitamin deficiency
Medication effect

Reduced nutrient absorption
Decreased gut motility
Portal hypertensive enteropathy and protein loss
Bile salt deficiency especially in cholestatic diseases

Decreased nutrient assimilation
Nutrient imbalances, specifically deficiency of leucine and insulin resistance
Hormonal imbalances- hypoandrogenic state
Local factors: increased myostatin, decreased IGF1
Post OLT immunosuppression—mTOR inhibitors and calcineurin inhibitors

Increased utilization of calories and substrates
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focusing on themuscle loss. However, given the potential for intra-observer, and
to a greater extent, inter-observer variability, more objective measures like im-
aging quantification of muscle loss are likely to be the most acceptable method
to define sarcopenia until less expensive measures have been validated across
different populations.

The major contributors to deconditioning and functional impairment in
cirrhotics are the reduced muscle mass and contractile strength. Consistently,
a number of abnormalities have been reported in cirrhosis, including de-
creased gluconeogenesis, increased lactate production during exercise, and
lower VO2 max compared to controls [22••, 29]. These are accompanied by
reduced exercise capacity. Reduced VO2 max in cirrhosis has been correlated
with reduced survival [30–32].

Clinical presentation and consequences of sarcopenia
in cirrhosis

It is now universally recognized that survival is significantly shorter in cir-
rhotics with than in those without sarcopenia. Quality of life is impaired in
nearly all cirrhotics and sarcopenia contributes significantly to reduced
quality of life [2]. Complications of cirrhosis including infection, ascites,
portal hypertension and hepatic encephalopathy are significantly greater in
patients with than in those without muscle loss [1•, 3••, 7, 11]. After liver
transplantation, muscle strength improves, but muscle mass continues to
deteriorate and contributes to the post-transplant sarcopenia with obesity
characterized by reduced muscle mass, increased fat mass, and the develop-
ment of metabolic syndrome or its components [15•, 16, 33].

Mechanisms of sarcopenia in liver disease

A number of potential clinical effects of cirrhosis have been reported to
contribute to poor nutrient intake and increased energy expenditure con-
tributing to malnutrition, specifically sarcopenia [34, 35]. However, other
direct metabolic and molecular studies have contributed significantly to our
understanding of mechanisms of muscle loss and more importantly, the
reasons for the lack of effective interventions [36–42]. The major functional
component of the skeletal muscle is protein with nearly 60 % of whole body
protein located in the muscle. Thus, skeletal muscle mass is maintained by a
balance between protein synthesis and breakdown. Metabolic tracer studies
in a heterogeneous population of cirrhotics have reported conflicting results
with increased, decreased or unaltered protein breakdown and decreased or
unaltered protein synthesis [43, 44, 45•]. It is critical to reiterate that a re-
duction in protein synthesis alone is not adequate to explain a loss of muscle
mass that is a progressive disorder in cirrhosis. Potential reasons for these
conflicting data on protein synthesis and breakdown tracer studies are that
whole body rather than muscle specific kinetics have been quantified, dif-
ferences in tracers and methodology used, and heterogeneity in patient
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population in terms of severity, duration and etiology of cirrhosis. Overall,
the most convincing data supports reduced whole body protein synthesis
and conflicting data on protein breakdown in patients with cirrhosis.
Cirrhosis is also believed to be a state of accelerated starvation based on
whole body studies on substrate utilization [17, 29]. Early postprandial
lowering of the respiratory quotient indicates a more rapid shift to fat as a
primary fuel for energy [46]. This has been reported to be associated with
reduced muscle mass, suggesting that the state of early starvation physiology
contributes to reduced protein synthesis, as well as increased autophagy to
provide essential nutrients to the surviving muscle cells.

More recently, the focus has shifted from whole body metabolic studies to
detailed molecular characterization of skeletal muscle responses. Gene sig-
natures for protein breakdown and synthesis have been identified [47]. The
two major skeletal muscle proteolytic pathways include the ubiquitin-pro-
teasome and the autophagy systems. It has been generally believed that the
ubiquitin proteasome components are activated and contribute to the mus-
cle loss in most chronic diseases like renal failure. However, direct studies in
muscle biopsies from patients with cirrhosis suggest lower expression and
activity of the proteasome components while skeletal muscle autophagy is
increased [37, 38]. The portacaval anastamosis (PCA) rat has been shown to
reproduce the metabolic, biochemical, hormonal and nutritional conse-
quences of cirrhosis [39, 48, 49]. The major conclusions from these mecha-
nistic studies were that the predominant mechanism of muscle loss depends
on the time course of the disease, with increased ubiquitin-proteasome
mediated proteolysis being a major mechanism of muscle loss early in the
course of the disease. Once the disease is more advanced, then proteasome-
mediated proteolysis is reduced, while autophagy and reduced protein syn-
thesis become the dominant mechanisms responsible for the persistent and
worsening sarcopenia. Studies on the molecular mechanisms of sarcopenia
showed increased muscle expression of myostatin, a TGFβ superfamily
member, in cirrhotics that results in reduced muscle mass [37]. Even though
there is limited evidence that proteasome gene expression may be increased,
there is convincing data that proteasome activity is not altered in the skeletal
muscle of cirrhotics.

A number of mediators of the liver-skeletal muscle axis have been consid-
ered (Table 2), but hyperammonemia is a consistent abnormality in patients
with cirrhosis [50, 51]. The skeletal muscle is believed to be a metabolic
partner to the liver because increased muscle uptake of ammonia has been
reported in cirrhosis [52•, 53]. The skeletal muscle responds to the increased
ammonia uptake beyond being a metabolic sink, with alteration in molec-
ular and biochemical responses [37]. Ammonia has been shown to induce
autophagy by activating the early components, and may function via acti-
vation of AMPK in the muscle [38]. Additionally, hyperammonemia has
been shown to transcriptionally upregulate myostatin by NFKB activation via
the classical pathway. Other potential mechanisms of muscle loss in cirrhosis
include the hypermetabolism and impaired energy rich phosphogens in the
skeletal muscle that result in decreased energy for protein synthesis, and
potentially accelerate autophagy to provide essential nutrients necessary for
cellular function [54]. Reduced substrate availability, impaired protein syn-
thesis, disordered energetics in the muscle, and potentially mitochondrial
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dysfunction contribute to the reduced muscle contractile strength and
deconditioning of sarcopenia of cirrhosis.

Therapy of sarcopenia and functional impairment in cirrhosis

A number of interventions have been used to improve the “nutritional sta-
tus” of cirrhosis (Table 3). A critical analysis of the data, however, shows that
most studies to date focus on increased dietary intake, late evening snack and
increased protein intake, and have been suggested to have limited im-
provement in nutritional outcomes in cirrhosis [10, 55••, 56]. As discussed
above, these interventions have a very modest to no impact on improving the
nutritional outcome of cirrhosis, because multiple molecular abnormalities
contribute to a state of anabolic resistance. Reduced muscle protein synthesis
despite nutrient ingestion and increased protein intake is termed anabolic
resistance [57]. The diagnosis of anabolic resistance requires demonstration of
reduced muscle protein synthesis, but has never been studied in cirrhosis.

Table 2. Putative mediators of the liver–skeletal muscle axis

• Hyperammonemia
• Inflammatory cytokines—TNFα, IL6
• Hormonal changes—hypoandrogenic state, increased estradiol
• Altered amino acid metabolism—increased hepatic utilization of branched chain amino acids, specifically leucine

Table 3. Interventions to improve nutritional outcomes in cirrhosis

Increase intake
Increased caloric and protein intake
Frequent small meals
Continuous tube feeding
Late evening snack

Improve absorption
Decrease portal pressure

Stimulate muscle protein synthesis
Exercise
Branched chain amino acids
Leucine-enriched amino acid mixtures
Anabolic androgens

Potential molecular target-based interventions
Myostatin antagonists—follistatin, antagomir, monoclonal antibodies, soluble activin IIbr, myostatin propeptide
Leucine- stimulate mTOR and protein synthesis, block autophagy
Avoid non-specific mTOR inhibitors and calcineurin inhibitors
Enhance ammonia disposal
Anti-NFkB therapies

Treatment of Malnutrition in Cirrhosis Liver (J Bajaj, Section Editor) 247



However, indirect measures in humans fed branched chain amino acid
mixtures [9•] and preliminary studies by our group showed that the cir-
rhotics respond to leucine administration by increasing muscle protein
synthesis [58].

Nutritional supplementation
Increase in caloric and protein intake

Lower whole body respiratory quotient in cirrhosis and activation of
skeletal muscle AMPK by hyperammonemia suggest that cirrhosis is a
state of accelerated starvation and increased nutritional intake will po-
tentially reverse this process. Increased gluconeogenesis and decreased
hepatic glycogen stores contribute to increased resting energy expendi-
ture [59, 60]. Given the number of factors that contribute to reduced
caloric and protein intake in cirrhosis, progressive sarcopenia ensues and
worsens outcome. Estimated energy requirements are 35–40 kcal/kg
body weight [55••, 61]. There is now widespread recognition that pro-
tein restriction is not necessary and may actually contribute to worse
outcomes [55••]. The current European Society for Clinical Nutrition
and Metabolism (ESPEN) guidelines recommend 1.2–1.5 g protein/kg/
day in cirrhosis. However, there is controversy regarding the weight to be
used for these calculations, and use of ideal body weight seems most
reasonable even though there is no data to support this view. The pattern
of dietary intake and the source of nitrogen have been shown to alter the
response to nutritional interventions. In cirrhosis, the post-absorptive
periods are characterized by increased protein breakdown and decreased

Fig. 1. Schematic representation of im-
pact of meals in healthy and cirrhotic
subjects demonstrating the clinical im-
portance of frequent, high protein meals
and a late evening snack.
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protein synthesis, and the feeding pattern can be modified by altering the
pattern of feeding (Fig. 1). Of the interventions, a late evening snack has
been evaluated extensively and improves nutritional parameters, im-
proved quality of life, nitrogen retention, and reverses the rapid switch to
gluconeogenesis and reduction in respiratory quotient (RQ) [46]. Long-
term benefits are confounded by low compliance in the outpatient set-
ting, relatively imprecise measures of muscle mass in the studies per-
formed, and the lack of consensus on the optimum snack. Based on the
physiological studies that show increased gluconeogenesis and reduction
in RQ in the post-absorptive phase, use of a high protein snack at night
and breakfast are likely to provide the carbon skeleton for gluconeo-
genesis and can potentially prevent continued sarcopenia.
The importance and tolerance of the source of nitrogen is more con-
tentious. Vegetable proteins that are rich in branched chain amino
acids are believed to be better tolerated in terms of risk of hepatic
encephalopathy, while animal proteins rich in aromatic amino acids
are believed to confer a higher risk of encephalopathy [62, 63].
However, there are no high quality clinical studies to support the long-
term preferential use of vegetable proteins [63]. Legumes, including
soybeans, chickpeas and others of this class, have high protein content,
but have a relative deficiency of methionine. Cereals including rice and
wheat have low lysine content and have a relatively low total protein
content. Combining cereal with legumes may thus have the advantage
of providing a nearly ideal amino acid combination. Our recommen-
dation has been to provide nearly one-third of the protein intake as
animal protein, one-third from dairy products including egg white, and
one-third from vegetable sources. Even though there is no definitive
evidence to support this view based on the amino acid composition of
different foods, this appears to be a reasonable approach. One of the
major goals is reversal of sarcopenia, and there is a need for rapid as-
sessment of the efficacy of interventions is critical. Based on our studies
in cirrhotics in whom low RQ is associated with reduced muscle mass,
it could be argued that the goal of interventions is to increase the RQ so
that muscle protein synthesis is increased and breakdown is reduced
[29].

Amino acid supplementation

Studies in animal models and in patients with cirrhosis have suggested a
consistently low plasma branched chain amino acid (BCAA) and an el-
evated aromatic amino acid (AAA) concentration [64]. The mechanism
of this pattern is related to the increased muscle utilization of the
branched chain amino acids as a source of energy derived from muscle
protein catabolism. Accelerated muscle protein breakdown contributes
to the elevated plasma AAA concentration, since AAA can only be de-
graded in the liver. Hepatocellular dysfunction and portosystemic
shunting in cirrhosis result in reduced AAA disposal, and consequent
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increased plasma concentrations. In contrast to the consistent data in the
plasma, tissue concentrations of BCAA are not consistently reduced, and
may be related to differential utilization of amino acids in the muscle. A
number of studies in the past have used BCAA supplementation to re-
verse hepatic encephalopathy, but the few studies that examined nitro-
gen balance or retention as outcomes did not observe any benefit [9•].
Long-term BCAA supplementation has been shown to improve indices of
malnutrition in cirrhosis [9•], but the major concern is that skeletal
muscle mass or function were not evaluated as specific outcome mea-
sures. There is increasing interest in the use of leucine as a nutriceutical to
reverse the anabolic resistance in cirrhosis based on data on sarcopenia
of aging [65], even though the mechanisms of sarcopenia may be dif-
ferent in these clinical conditions.
Despite the heterogeneity of the data on nutritional supplementation
and outcome measures in cirrhosis, there are no long-term high quality
studies that demonstrate increased survival or reversal of sarcopenia with
long-term nutritional interventions.

Oral vs. enteral feeding

Since cirrhosis is metabolically believed to be a state of accelerated
starvation, one would anticipate that increased caloric intake would re-
verse or prevent progression of sarcopenia. However, despite extensive
studies spanning decades, there is only very limited evidence that in-
creased feeding via the oral or enteral route can potentially improve
nutritional outcome [10, 56]. This can be explained by the molecular
changes in the skeletal muscle that induce a state of anabolic resistance.
Overcoming anabolic resistance has been a major focus in reversing and
preventing sarcopenia of aging [57].

Micronutrient replacement

A number of micronutrient and vitamin deficiencies with consistently
low plasma zinc and hypovitaminosis D have been reported in cirrhosis
[18, 66, 67]. Evidence favoring zinc supplementation in improving
metabolic function and outcomes in cirrhosis is compelling, but re-
placement to correct the deficiency is a reasonable approach. The data on
vitamin D supplementation in improving outcomes is also not strong,
but the data relating poor outcomes in cirrhosis to hypovitaminosis D is
compelling. Hence, replacing vitamin D in cirrhotics should be standard
of care in cirrhotic patients.

Physical activity

Increased physical activity specifically increases skeletal muscle mass and
strength, in addition to reversing insulin resistance. However, there are no
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guidelines or recommendations for exercise in cirrhosis. Cirrhotics have de-
creased exercise capacity and ventilatory dysfunction that limits their physical
activity [19, 22••, 31]. Even though physiological studies suggest that a
combination of exercise and nutritional intake increases muscle mass, there
are no data in patients with cirrhosis. One potential mechanism for an in-
crease in muscle mass in response to exercise is an increased phosphatidic
acid in the muscle that directly stimulates mTOR, a critical mediator of en-
hanced protein synthesis and suppressor of muscle autophagy [68, 69]. The
response of skeletal muscle mass and function to exercise in cirrhotic patients
is as yet not known.

Hormonal abnormalities and nutrition

Cirrhosis is characterized by reduced testosterone and androgenic stimula-
tion due to elevated peripheral aromatase activity [41]. Testosterone sup-
plements are therefore not likely to be effective in reversing sarcopenia,
despite compelling evidence that androgens are potent stimuli to induce
muscle growth and hypertrophy [70, 71]. Extrahepatic adverse effects, in-
cluding those on the cardiovascular system, also limit interest in this therapy.
Aromatase resistant androgens may have a therapeutic role, but this needs
careful assessment, given the pleiotropic side effects of oxandrolone and
androgens.

Molecular therapies

With the recognition that increased myostatin, mTOR suppressants and cal-
cineurin inhibitors contribute to impaired protein synthesis, there is increas-
ing interest in the use of specific antagonists. Myostatin antagonists,
including monoclonal antibodies, antagomirs and small molecules, hold po-
tential [72]. Given the pleiotropic metabolic effects of myostatin beyond
muscle protein synthesis, including its effects on glucose metabolism,
myostatin antagonists hold promise as future therapies for sarcopenia of liver
disease [39]. Development of immune specific mTOR inhibitors or mTOR
protection against the immunosuppressants is anticipated to reduce the inci-
dence of post-OLT sarcopenia. Evidence that calcineurin inhibits myostatin
and that calcineurin inhibitors can potentially increase the expression of
myostatin and contribute to the development of post-orthotopic liver trans-
plantation (OLT) metabolic syndrome are exciting opportunities in the field
of sarcopenia in cirrhosis [73, 74].

It is critical to focus on mechanistic and target-based therapeutic studies
to complement the enormous number of descriptive studies in the field of
nutritional dysfunction in cirrhosis. A major advance in the field of nutritional
support in cirrhosis has been the recognition that nutrition is a relatively broad
term, and that clinical focus needs to beon the reduction in skeletalmusclemass
known as sarcopenia. The increasing focus on specific triggers, including
hyperammonemia, bile salts, alcohol, cytokines, hormonal abnormalities and
amino acid and metabolic alterations in cirrhosis, contributing to varying ex-
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tents to sarcopenia, will allow rapid progress to reverse this last frontier in the
management of cirrhotic patients.
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