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Muscle wasting is a cardinal manifestation of advanced cirrhosis.! Its key consequence is frailty, a state of vulnerability to
stress, that is now recognized in transplant hepatology as an important risk factor for functional decline, waitlist removals,
hospital and transplant deaths, and major transplant complications.?* Frailty assessments in cirrhosis are gaining attention,
both as measurements of anatomic muscle loss (sarcopenia), and measurements of functional decline in physical
performance. Different measurement methods may be associated with discrepant clinical outcomes in the same patient cohort,
as would be expected from the complexity of the underlying metabolic processes driving the problem.* Excess ammonia as a
pivotal cause of muscle loss and functional impairment in cirrhosis has long been understood in terms of a shift in its predominant
metabolism from liver to muscle. Three new mechanisms now help to account for ammonia’s adverse impacts on muscle in
cirrhosis.

Cirrhosis Drives Inter-Organ Shifting of Ammonia Metabolism

In health, ammonia is predominantly metabolized in the liver to urea. Skeletal muscle and brain also process ammonia to a much
lesser extent for utilization and detoxification via glutamine synthesis from glutamate. Cirrhotic patients with progressive
hepatocyte damage have deficient urea synthesis, and shunting of ammonia past hepatocytes also contributes to its escape from
the liver with increased muscle uptake. The shift to skeletal muscle as the prime site forammonia metabolism requires diversion of
branched-chain amino acids to generate the glutamate needed for ammonia detoxification, leading to the well-described depletion
of these substrates needed for protein synthesis and maintenance of muscle mass.>® Mathematical modeling suggests that
shunting in cirrhosis is sufficient to explain excess delivery of ammonia to muscle with its consequent adverse impact on protein
synthesis.”

Ammonia Mediates Myostatin Transcription and Expression

Myostatin is a potent autocrine growth inhibitor produced by myocytes that inhibits skeletal muscle growth and reduces muscle
mass in cirrhosis.2® Qiu et al.’® recently showed that exposure of mouse skeletal muscle myotubes in culture to ammonium
acetate caused a time- and concentration-dependent increase in myostatin mMRNA and protein expression. They found that
hyperammonemia-activated transcription factor p65 NF-kB bound to the myostatin promoter with transcriptional upregulation.
Pharmacologic and genetic silencing of NF-kB during hyperammonemia decreased myostatin expression. They also found that
myotube diameter was significantly greater in the NF-kB knockdown cells compared with the control cells, further supporting their
proposal that NF-kB regulates myostatin expression during hyperammonemia. Their observations show that hyperammonemia
induces myostatin expression in myotubes via an NF-kB-dependent pathway.

Ammonia Mediates Muscle Autophagy

Autophagy is a normal process through which damaged proteins are degraded or recycled to maintain essential cellular function.
Qiu et al.'®"" studied autophagy in skeletal muscle from 13 cirrhotic patients undergoing liver transplantation and 13 control
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patients having elective abdominal surgery. They found that expression of three autophagy pathway components, beclin-1, LC3-|
cytosolic protein, and p62/SQSTM1, was enhanced in cirrhotic human muscle, in the same pattern that they observed with
hyperammonemia-induced change of the same autophagy marker components in portacaval-shunted rats. They also found that
hyperammonemia induced the formation of autophagosome vesicles observed by electron microscopy of ammonia-treated
murine myotubes in culture.

Ammonia Impairs Skeletal Muscle Contractility

McDaniel et al.'? recently explored the effect of hyperammonemia on skeletal muscle contractile function, independent

of muscle mass. They found that hyperammonemic portacaval-shunted rats showed impaired initial maximum grip strength
compared with controls. They also found that rat soleus muscles treated with ammonium acetate generated significantly
less contractile force than did control muscles, and that the rates of force development and relaxation were depressed in the
ammonia-treated muscles, replicating observations in cirrhotic patients. Although the mechanism by which hyperammonemia
impairs muscle contractile function remains unclear, this report shows that that hyperammonemia contributes to muscle
dysfunction.

Two Unanswered Questions

As noted above, a modeling study suggested that shunting may be largely responsible for liver to muscle shifting of ammonia with
consequent impaired protein synthesis.” That proposal seems challenging to reconcile with the observation that muscle mass
frequently improves after placement of a transjugular intrahepatic shunt in cirrhotic patients."® The finding suggests that the effects
of shunting on muscle mass are more complex than can be explained by ammonia alone.

Myostatin is also well-described as an important regulatory molecule in cardiac muscle, where it may prevent hypertrophy and
protect against heart failure.’ Experimental or clinical studies of cardiac myostatin in hyperammonemia or chronic liver disease
have not yet been reported.

Ammonia as a Myotoxin—an Old Culprit With New Injury
Mechanisms

To conclude, ammonia is now implicated in three recently reported muscle injury pathways involving myostatin, autophagy,
and functional muscle impairment, all described by Dasarathy and colleagues from the Cleveland Clinic.®~'2 These
new injury mechanisms appear to amplify the well-known muscle wasting impact of inter-organ shifting of ammonia meta-
bolism to deplete essential amino acid protein substrates. The relative importance of each of these new mechanisms for
functional impairment or decline of patients is not yet clear. Taken together, however, the findings underline the need to identify
and minimize the impact of ammonia in cirrhosis not only on cognition but on the disabling and lethal potential of sarcopenia
and frailty.
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