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Abstract

Background—Skeletal muscle loss (sarcopenia) is a major clinical complication in alcoholic
cirrhosis with no effective therapy. Skeletal muscle autophagic proteolysis and myostatin
expression (inhibitor of protein synthesis) are increased in cirrhosis and believed to contribute to
anabolic resistance. A prospective study was performed to determine the mechanisms of
sarcopenia in alcoholic cirrhosis and potential reversal by leucine.

Methods—In 6 well-compensated, stable alcoholic cirrhotic patients and 8 controls, serial vastus
lateralis muscle biopsies were obtained before and 7h after a single oral BCAA mixture enriched
with leucine (BCAA/LEU). Primed-constant infusion of L-[ring-2Hs]-phenylalanine was used to
quantify whole body protein breakdown (WbPB) and muscle protein fractional synthesis rate
(FSR) using liquid chromatography/mass spectrometry. Muscle expression of myostatin, mTOR
targets, autophagy markers, protein ubiquitination and intracellular amino acid deficiency sensor,
general control of nutrition 2 (GCN2) were quantified by immunoblots and leucine transporter
(SLC7ADS) and glutamine exchanger (SLC38A2) by real time PCR.

Results—Following oral administration, plasma BCAA concentrations showed a similar increase
in cirrhosis and controls. Skeletal muscle FSR was 9.63+0.36%/h in controls and 9.05+0.68%/h in
cirrhotics (p=0.54). Elevated WbPB in cirrhosis was reduced with BCAA/LEU (p=0.01). Fasting
skeletal muscle molecular markers showed increased myostatin expression, impaired mTOR
signaling and increased autophagy in cirrhosis compared to controls (p<0.01). BCAA/LEU did not
alter myostatin expression but mTOR signaling, autophagy measures and GCNZ2 activation were
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consistently reversed in cirrhotic muscle (p<0.01). SLC7A5 expression was higher in basal state in
cirrhosis than controls (p<0.05) but increased with BCAA/LEU only in controls (p<0.001).

Conclusions—We demonstrate that impaired mTOR1 signaling and increased autophagy in
skeletal muscle of alcoholic cirrhosis patients is acutely reversed by BCAA/LEU.

Introduction

Loss of skeletal muscle mass or sarcopenia is the major component of malnutrition in
cirrhosis and occurs in the majority of patients (1). Sarcopenia reduces survival, quality of
life and post-liver transplant outcomes in patients with cirrhosis (2-4). Despite widespread
recognition of the clinical significance of sarcopenia in cirrhosis, there are no effective
therapies because there is limited understanding of the mechanisms of sarcopenia and
cirrhosis is believed to be a state of anabolic resistance (5, 6). Sarcopenia occurs due to
either an increase in proteolysis, a reduction in protein synthesis or a combination of the
two. Past studies using tracer methodology in patients with cirrhosis to quantify the rate of
whole body protein breakdown (WbPB) have yielded conflicting results. In patients with
cirrhosis WbPB is either lower or not different compared to that in controls (7, 8). Estimated
rates of whole body protein synthesis in cirrhosis have been reported to be lower than in
controls (9-11). Concerns about complications from muscle biopsies in cirrhosis have
precluded direct quantification of skeletal muscle protein synthesis by measuring
incorporation of labeled amino acids into muscle protein. Recent molecular studies in
muscle biopsies from patients with cirrhosis and controls have shown increased skeletal
muscle expression and nearly fourfold higher plasma concentrations of myostatin in
cirrhosis (12, 13). Myostatin is a TGFp superfamily member that inhibits protein synthesis
via impaired mTOR signaling (14). We have also reported increased autophagy markers in
the skeletal muscle from cirrhotic patients (15, 16).

Hyperammonemia is a consistent abnormality in cirrhosis due to impaired ureagenesis and
portosystemic shunting. Skeletal muscle hyperammonemia in cirrhosis induces
transcriptional up-regulation of myostatin and increases autophagy, both of which contribute
to sarcopenia (12, 15). Since impaired mTOR signaling decreases protein synthesis as well
as increased autophagy, activation of mTOR is a potential approach to reverse impaired
muscle protein synthesis in cirrhosis (17, 18). Leucine, a potent direct activator of mTOR,
increases muscle protein synthesis and inhibits autophagy (18, 19). Plasma and skeletal
muscle concentrations of leucine and other branched chain amino acids (BCAA) are
decreased in cirrhosis (20, 21). Previous studies on BCAA supplementation in cirrhosis have
shown changes in blood concentrations of amino acids and ammonia and that muscle
metabolizes ammonia but the effects on skeletal muscle mass or molecular signaling
responses were not reported (5, 22, 23). This may be because skeletal muscle metabolic and
molecular responses were not directly evaluated or because skeletal muscle ammonia
disposal places an increased demand for leucine that was not provided in these studies. It is
also not known if leucine can overcome the anabolic resistance in cirrhosis due to myostatin
mediated impaired protein synthesis. Finally, lack of muscle specific beneficial response to
BCAA supplementation may be due to decreased intracellular transport of leucine that has
also not been evaluated. We therefore hypothesized that cirrhotic patients need a much
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higher dose of leucine to stimulate mTOR because the carbon skeleton from leucine
provides a pathway for skeletal muscle ammonia detoxification (22, 24). The present
prospective study is the first of its kind to quantify the acute skeletal muscle molecular and
whole body metabolic responses to a leucine enriched BCAA supplement in cirrhosis and
control subjects.

Patients and Methods

Design

The study was performed in 14 adult healthy controls (n=8) and patients with alcoholic
cirrhosis (n=6). Alcoholic cirrhotics had been abstinent for at least 6 months and were in
stable clinical condition defined as Child’s score of <7, no gastrointestinal bleeding for at
least 3 months, no clinical, microbiological or laboratory evidence of infection, renal failure,
encephalopathy, malignancy, diabetes mellitus, comorbidities including heart failure or
pulmonary disease, use of medications that affect protein turnover including corticosteroids
and B-blockers. Healthy control subjects matched for body composition were also included.
Subjects were deemed to be healthy on the basis of clinical history, physical examination
and standard laboratory tests including a complete metabolic panel and urine examination.

Body composition was measured by dual energy X-ray absorptiometry (DEXA) [GE Lunar
iDEXA,] and the EnCORE software version 11.0 used for analysis of the images. Written
informed consent was obtained from each subject before participation in the study, which
was approved by the Institutional Review Board and the Clinical Research Unit (CRU) of
the Cleveland Clinic, Cleveland.

All subjects who qualified for the study were instructed to consume a controlled protein
intake of 0.8g/kg/day and refrain from unusual or excessive physical activity for 3 days prior
to the study. After an overnight fast, the fourth day (study day) subjects were admitted to the
CRU at the Cleveland Clinic at 7:00AM. On the study day, vital signs were documented,
18G polyethylene catheter was inserted into the antecubital vein of one arm for the infusion
of isoosmolar solution contained L-[ring-2Hs]-phenylalanine (98% isotopic enrichment)
(Cambridge Isotope Laboratories, Andover, MA) prepared on the same day by dissolving
the stable isotope in sterile 0.5N saline. The contralateral hand was placed in a heating
blanket, and second 18G polyethylene catheter inserted in the dorsal vein to draw
arterialized blood samples into EDTA coated vials (as described earlier) (25). After basal
blood and urine samples were obtained, muscle biopsies were obtained from the lateral
portion of the vastus lateralis (~15-20cm. above the knee) using a 5 mm. Bergstrom biopsy
needle (Depuy, Warsaw, IN). Under sterile precautions, the area was marked and 2%
lidocaine was injected for local anesthesia. Approximately 150 mg of muscle tissue was
obtained during each biopsy. After removing any visible fat and connective tissue, muscle
was blotted dry to remove any blood and immediately frozen in liquid nitrogen before being
stored at —80°C.

An oral mixture of BCAA/LEU (7.5 g L-leucine, 3.75 g L-isoleucine, 3.75 g L-valine) in
granular form (Solvil, Vitaflo USA Inc; Alexandria, VA) was dissolved in 200 ml of non-
caffeinated/non-caloric soft drink was administered over 2—-3 minutes orally. This mixture
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was used because leucine enriched BCAA have been reported to assist with skeletal muscle
ammonia disposal (22, 26) and thereby improve anabolic resistance. A primed (2.0 pmol/kg)
constant (0.05 pmol.kg~1.min=1) infusion of L-[ring-2Hs]-phenylalanine was started
simultaneously and maintained for 420 minutes. The experimental protocol is shown in
Figure 1. Blood samples were drawn at selected time points as shown in Figure 1. At 420
minutes, a second muscle biopsy was performed in the contralateral leg in order to
determine the incorporation of the isotope tracer into muscle protein. Amino acid
concentrations and L-[ring-2Hs]-phenylalanine enrichment were quantified at different time
points in the plasma samples.

Amino acid measurements

After deproteination using 2% sulfosalicylic acid, free amino acids in plasma were separated
by ion exchange chromatography and quantified using known standards. The details are
provided in the supplementary methods section (SI).

Sample preparation and liquid chromatography/mass spectrometry/mass spectrometry
(LC-MS/MS) analyses for enrichment of L-[ring-2Hs]-phenylalanine

Plasma was deproteinized using trichloroacetic acid, centrifuged and plasma tracer L-
[ring-2H5]-phenylalanine/tracee (endogenous, unlabeled phenylalanine) were analyzed by
LC-MS/MS. Muscle biopsies were processed to quantify enrichment of L-[ring-2Hs]-
phenylalanine in the cytoplasmic precursor and bound to muscle protein after hydrolysis as
described by us earlier (27). The tracer/tracee ratio (TTR) of phenylalanine was determined
using an LC-ESI-MS system following 9-fluorenylmethoxy carbonyl (Fmoc) derivatization.
The details of the procedure are described in the supplementary methods section (SI).

Skeletal muscle expression of molecular regulators of protein synthesis and breakdown

For immunoblots, total protein was extracted from skeletal muscle and quantified as
described by us previously (15). Skeletal muscle expression of myostatin (Abcam,
Cambridge, MA), phospho-p70 S6 kinase Thr389, phospho-S6 Ser240/244 and
phospho-4EBP1 Thr37/46 (Cell Signaling, Danvers, MA) were quantified by immunoblots
using protocols standardized in our laboratory (12, 15). Lipidation of LC3, ATG 5,7
expression, P62 degradation and Beclinl overexpression were used as readouts for
autophagy as described by us previously (15, 16). Total RNA was extracted, reverse
transcribed to cDNA and expression of mRNA for leucine transporter SLC7A5/LAT1,
glutamine exchanger SLC38A2, autophagy genes and critical proteasome component,
MuRF1 were quantified using real time PCR on a Stratagene Mx3000P (Stratagene, LaJolla,
CA) using a SYBR protocol on a fluorescence temperature cycler using methods described
by us earlier (15). Relative differences were normalized to the expression of f-actin. The
primer sequences, gene identification, and product size are shown in supplementary table 1.
Real time PCR products were then separated by gel electrophoresis to confirm specific
product presence and size.
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WbPB was calculated from the isotope enrichment values of L-[ring-2Hs]-phenylalanine in
plasma (28-30) using the tracer/tracee ratio (TTR) in arterialized plasma.

Whole body protein breakdown (Ra of phenylalanine)= Infusion rate/ TTR

Fractional synthesis rates were calculated using the formula:

AEp
EbxT

FSR=

Where

AEp = increment in the muscle protein-bound phenylalanine molar percent excess
(MPE) between two biopsies

Eb = average arterial phenylalanine MPE during the isotopic steady state between the
two biopsies

T =time interval (min) between the biopsies

Statistical Analyses

Results

All data were presented as mean = standard error unless stated otherwise. Qualitative
variables were compared using the Chi square test. Quantitative variables were compared
using the Student’s ‘t” test for data that was normally distributed and the Mann-Whitney test
for skewed data. For serial measurements, paired tests were employed. Amino acid
concentrations were compared at multiple time points using ANOVA with Bonferroni post
hoc analyses.

The clinical and demographic features of controls and patients with cirrhosis are shown in
table 1. The relatively low MELD and Child’s scores were consistent with our inclusion
criteria of well-compensated cirrhosis patients. Body composition was similar in the 2
groups. None of the subjects had any complications related to the serial muscle biopsies.
Furthermore, despite a small but non-significant increase in blood ammonia concentration
(supplementary table 2) over time in the cirrhotic patients, none of the patients showed
evidence of change in mental status.

Blood phenylalanine enrichment and amino acid concentrations

Following the BCAA/LEU ingestion, mean L-[ring-2Hs]-phenylalanine enrichment of
phenylalanine (t/T) in the cirrhotics was 0.095+0.024 and in the controls was 0.106+0.024
(p>0.1). Phenylalanine enrichment during the course of the study in the 2 groups is shown in
supplementary figure 1 and isotopic steady state was achieved within 120 minutes. Plasma
amino acid profiles at selected time intervals are shown in supplementary table 2. Plasma
leucine, isoleucine and valine were significantly lower in the cirrhotics (p<0.05) while
phenylalanine and tyrosine were higher (p<0.05) in cirrhotics as compared to controls at
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time O (basal state). Interestingly there was a rapid increase and subsequent decrease in
blood leucine, isoleucine and valine concentrations, which were similar over time in both
groups (Figure 2A, B and C). In contrast, phenylalanine (Figure 2D) and other essential
amino acids (supplementary table 2) concentrations decreased over time but reached basal
state at 420 minutes.

Muscle protein fractional synthesis rates

Figure 3 shows the mixed muscle protein FSR for controls and cirrhotics in response to
BCAA/LEU. There was no significant difference (p>0.1) in the 2 groups when either the
plasma (Figure 3A) or the intracellular precursor pool (Figure 3B) was used for these
calculations. Molecular studies showed that expression of myostatin was significantly higher
(p<0.001) in cirrhotics compared to controls but did not decrease in response to BCAA/LEU
(Figure 3C, D).

Critical leucine responsive signaling molecules and mTORL1 targets p70s6k, s6 protein and
4EBP1 (Figure 4A, B, C, D) showed impaired mTOR1 activation in the skeletal muscle of
cirrhotics at baseline but responded to BCAA/LEU. In contrast, in controls, the mTOR1
activation by leucine did not increase to the same extent as in cirrhotics.

Whole body protein Ra and muscle proteolysis markers

Whole body Ra of phenylalanine, a measure of WhPB was higher (p<0.01) in cirrhotics than
controls at baseline (Figure 5A). In response to BCAA/LEU, whole body Ra in cirrhotics
was suppressed to nearly control values. In the skeletal muscle, the 2 major proteolysis
pathway components were studied. Critical proteasome component MuRF1 mRNA and
ubiquitinated protein immunoblots were unaltered in the cirrhotic muscle compared to
controls and did not respond to BCAA/LEU (Figure 5B, C, D). In contrast, expression of
autophagy markers, LC3 lipidation, P62 degradation and Beclinl overexpression were
significantly increased (p<0.01) in cirrhotic patients compared to controls at baseline and
were reversed by BCAA/LEU (Figure 6A-D). These were accompanied by similar changes
in the mRNA of ATG5, ATG7, LC3 and Beclinl (Supplementary Figure 2). The expression
of P62 mRNA was significantly lower (p<0.001) after leucine supplementation.

Response to Leucine enriched branched chain amino acid supplementation

Phosphorylation and activation of GCN2, a critical upstream regulator of mTORL1 activation
and a sensor of intracellular amino acid deficiency, was increased (p<0.001) in the muscle of
cirrhotic patients compared to controls and was reversed in response to BCAA/LEU (Figure
7A, B). Leucine transporter SLC7A5 mRNA was significantly higher (p<0.01) in cirrhotic
patients compared to controls in the basal state and its expression increased (p<0.05) only in
controls (Figure 7C). In contrast, expression of glutamine exchanger, SLC38A2 mRNA, was
significantly lower (p<0.01) in cirrhotic patients compared to controls in the basal state
while its expression in response to BCAA/LEU increased (p<0.01) only in controls (Figure
7D).
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Discussion

The present study is the first of its kind to directly quantify muscle protein synthesis rate in
mixed muscle protein and identify the molecular perturbations responsible for sarcopenia in
cirrhotic patients compared to controls. A single dose of BCAA/LEU supplement not only
activated molecular pathways that stimulate protein synthesis but also resulted in similar
fractional synthesis rates of mixed muscle protein in cirrhosis and controls. Interestingly,
autophagy rather than proteasome mediated skeletal muscle proteolysis contributes to the
observed decrease WbPB in response to the BCAA/LEU intake. Absorption and plasma
concentrations of BCAA in cirrhosis and controls were similar. Our novel observations
provide a compelling rationale for the use of leucine enriched amino acid supplements to
stimulate mixed muscle protein synthesis to reverse sarcopenia of cirrhosis.

Sarcopenia in cirrhosis is recognized as a major yet understudied complication in cirrhosis
with no effective therapies (5). Previous metabolic studies have quantified the rates of whole
body proteolysis and indirectly quantified protein synthesis rates in cirrhosis (7, 31). These
data are believed to reflect skeletal muscle protein turnover and synthesis since muscle
constitutes approximately 50-60% of protein stores in the mammalian system. The data are
conflicting because precise quantification of muscle protein synthesis and identifying the
perturbations in regulatory signaling pathways require muscle biopsies. Muscle biopsies
have rarely been performed in cirrhosis patients and serial biopsies necessary to quantify
tracer incorporation have not been performed due to the perceived risks related to
coagulopathy, thrombocytopenia and platelet dysfunction. The present studies demonstrate
the safety and feasibility of serial muscle biopsies in well-compensated patients with
cirrhosis.

Our metabolic and molecular data show that BCAA/LEU was able to reverse the impaired
signaling pathways responsible for protein synthesis and result in similar FSR as that of
controls. Of the 3 amino acids administered, leucine is believed to have a potent effect on
directly activating mTOR1 either via its effect on Rag proteins on the lysosomal membrane
or on the leucine amino acyl transferase (32, 33). Our data are consistent with previous
reports that leucine directly activates mMTOR1 and increases protein synthesis quantified by
incorporation of labeled amino acid (28, 34, 35). Interestingly, elevated myostatin
expression was unaltered demonstrating that the direct activation of mTOR by leucine was
able to reverse the molecular mechanism of anabolic resistance and resultant protein
synthesis.

It is important that studies on protein synthesis be interpreted in the context of proteolysis.
Our data show that WbPB was higher in cirrhotic patients than controls and is consistent
with previous reports by others in stable patients with cirrhosis (36). This has been
interpreted to reflect increased skeletal muscle protein breakdown (8, 10, 36). Proteasomal
degradation and autophagy are the major skeletal muscle proteolysis pathways (6). Using
molecular tools we demonstrated that autophagy rather than the ubiquitin-proteasome
system is responsible for muscle protein breakdown in cirrhosis. These data are consistent
with our previous reports that skeletal muscle autophagy markers are increased while those
of the proteasome pathway are unaltered in cirrhosis (15, 16). In response to BCAA/LEU,
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autophagy markers were reduced but the critical proteasome gene MuRF1 and ubiquitination
of proteins were not altered. This is consistent with our previous data that ammonia is a
potent activator of skeletal muscle autophagy and leucine promotes muscle ammonia
disposal with reduction in autophagy in the muscle. The expression pattern of the autophagy
genes was similar that of the respective proteins except that of P62 that had an unexpectedly
lower expression after leucine administration. This may be due to transcriptional or post
transcriptional modifications following the BCAA/LEU and needs to be evaluated further.
Our molecular studies on muscle tissue suggest that BCAA/LEU suppresses WbPB by
reduction in muscle autophagy. Even though the contribution of other tissues to the whole
body tracer dilution was not studied, our complementary metabolic and molecular data
provide the first evidence that elevated muscle autophagy and whole body proteolysis in
cirrhosis are responsive to nutrient supplementation with BCAA/LEU. We believe that the
high dose of leucine is responsible for the reduction in autophagy because leucine inhibits
autophagy via direct activation of mMTOR1 (37). This is consistent with observations in the
present study as well as by others that leucine supplementation activates skeletal muscle
mTOR1 (18).

BCAAJ/LEU resulted in lowering of the molecular markers of autophagy without any
significant effect on proteasome component or ubiquitination of skeletal muscle protein and
normalized WbPB. Our novel observations suggest that skeletal muscle leucine deficiency
increases muscle autophagy as well as WhPB and supplementing leucine reverses this
phenomenon. Consistently, GCN2, a measure of intracellular amino acid deficiency
(uncharged t-RNA) was activated in the basal or post-absorptive (fasting) state in cirrhosis
and this was reversed by BCAA/LEU. GCN2 inhibits mTORL1 and this in turn activates
autophagy, a potential mechanism to replenish intracellular nutrient deficiency (38). It is
possible that autophagy is increased in cirrhosis due to other mechanisms (15). However,
reduction in phosphoGCN2 with reversal of mTORL1 activity and autophagy markers by
BCAAJ/LEU suggests that leucine deficiency mediates the skeletal muscle molecular and
metabolic perturbations because isoleucine and valine have not been reported to alter mTOR
signaling or autophagy.

Our observations are interesting because previous data on the use of BCAA in hepatic
encephalopathy have not reported beneficial effects on muscle mass (5). However, skeletal
muscle mass, protein synthesis or alterations in signaling pathways regulating protein
synthesis and breakdown were not evaluated in the studies reported to date. Furthermore,
this is the first study to have used a large dose of leucine that directly activates mTOR1,
bypassing protein kinase B/AKkt, the canonical upstream activator of mTOR. The metabolic
demand for BCAA is increased in cirrhosis to provide anaplerotic input to compensate for
the cataplerotic loss of alpha-ketoglutarate to detoxify ammonia (22, 24, 26). Our data
complement previous reports that BCAA deficiency in cirrhosis is due an increased skeletal
muscle metabolic demand and a much larger dose of leucine is therefore required for
mTOR1 activation(26). An alternative explanation could be that the sensitivity of mMTOR1 to
leucine is reduced in cirrhosis but has not been evaluated. Other upstream regulators of
mTOR including AMP kinase and SIRT1 were not evaluated in this study because more
muscle tissue would have been needed than could be safely obtained in this study and should
form part of future studies. The present studies lay the foundation for examining the
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therapeutic potential for the use of leucine supplementation and the mechanisms of
sarcopenia in cirrhosis.

Despite a number of studies on amino acid supplementation in cirrhosis, whether cellular
uptake of leucine is altered in the cirrhotic muscle is not known. We report for the first time
that the leucine transporter, SLC7AS5 expression was increased in patients with cirrhosis
compared with controls. However, in response to BCAA/LEU, the expression of SLC7A5
increased only in the controls and is similar to that reported by others (39). These data
complement our observations that intracellular amino acid concentration does increase as
observed by reduction in phospho-GCN2 as well as evidence of leucine signaling via
mTOR1 activation. Consistent with our observations on direct molecular and kinetic
measures that reflect increased muscle protein synthesis, plasma concentrations of other
essential amino acids decreased. This was interpreted to be due to the stimulation of protein
synthesis that increases the utilization of these essential amino acids that were not included
in the supplement and suggest that other essential amino acids also need to be replaced when
leucine is used to stimulate protein synthesis. Interestingly, others have reported that plasma
phenylalanine concentrations did not change in response to a single dose of BCAA in
cirrhosis(23). This supports our interpretation that the large dose of supplemental leucine is
able to overcome the skeletal muscle anabolic resistance in cirrhosis, provide sufficient
leucine to meet the anaplerotic demand for muscle ammonia detoxification, decrease
autophagy and stimulate protein synthesis. This interpretation is supported by a lower
increase in blood ammonia with the BCAA/LEU supplementation in our study than was
reported by others with BCAA alone(23).

Even though our data provide strong evidence of the response of the signaling pathways
regulating protein synthesis and autophagy, protein synthesis rate in the basal state prior to
BCAAJ/LEU was not studied. This would have complemented our molecular studies by
showing that in addition to the reversal of signaling abnormalities by BCAA/LEU, there was
an increase in mixed muscle protein FSR in response to the intervention. Responses at
different time points after BCAA/LEU were also not studied. All these studies are important
but would have required additional muscle biopsies. As mentioned earlier, the feasibility of
serial muscle biopsies in cirrhosis has not been established till the conclusion of the present
study but should form part of future studies. Another potential limitation was that
BCAAJ/LEU resulted in a reduction in other essential amino acids (EAA), potentially
limiting the maximal protein synthesis response suggesting that future studies should include
EAA rather than BCAA with a leucine supplement to activate mTOR1. Other limitations
include the absence of a group of cirrhotics and controls administered an isonitrogenous,
non-essential or balanced amino acids to determine if a nitrogen load may induce these
beneficial effect. Others have however reported that a large dose of leucine significantly
enhances protein synthesis in physiological states and our data on the molecular and
metabolic responses in cirrhosis are consistent with these reports (35, 40). Notwithstanding
these limitations, the present studies provide the first direct evidence of potential molecular
mechanisms of sarcopenia in cirrhosis, and lay the foundation for novel mechanistic
therapies.
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Figure 1.
Experimental design of the study. Subjects ingested 15 g of leucine enriched branched chain

amino acid mixture (BCAA/LEU) containing 7.5g L-leucine, 3.75 gm each of L-isoleucine
and L-valine at 0 min. Mixed muscle protein fractional synthesis rate was determined from
muscle biopsy samples collected before and after BCAA/LEU ingestion. WbPB was
calculated from the dilution of dilution of L-[ring 2H5]-phenylalanine in plasma.

Hepatology. Author manuscript; available in PMC 2016 May 01.

Muscle
biopsy, blood
draw



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tsien et al.

Panel A.
1000

(23
(=3
o

[<2]
[=
o

'S
o
=)

Plasma leucine pmol/L
N
o
o

—— Cirrhosis
=== Control

o
o

Panel C.

1500 1

1000 1

umol/L

Plasm%’valine
o
o

60 120 180 240 300 360 420
Time (min)

—— Cirrhosis
== Control

60 120 180 240 300 360
Time (min)

Figure2.

420

Page 14

Panel B.

L
133
1=}
=)

I/

—— Cirrhosis
=== Control

N
=)
i

w
1=
<

Plasma isoleucine ymo
— N
(=] o
o o

0 60 120 180 240 300 360 420
Time (min)

—— Cirrhosis
—==Contro

-
o
—_—

©
i

I
s

)
o

Plasma phenylalanine pmol/L
(2]
o
{
(]
\
I/
-\( '
\ !
|}
1
1
|}
1
(¥

o
o

60 120 180 240 300 360 420
Time (min)

Plasma amino acid concentration (umol.I-1) in the basal state and at different time points
after ingestion of leucine enriched branched chain amino acid mixture showed lower leucine
(Panel A), isoleucine (Panel B) and valine (Panel C) at baseline in cirrhotics compared to
controls. Subsequently, the concentrations of branched chain amino acids increased and then
decreased in controls and cirrhatics in a similar pattern demonstrating normal absorption in
cirrhotics. In contrast, plasma concentrations of phenylalanine (Panel D) decreased in both
controls and cirrhotics indicating increased protein synthesis driving the reduction in plasma
concentrations of amino acids that were not supplemented.
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Figure 3.
Fractional synthesis rates (%/h) of mixed muscle protein in response to 15g leucine enriched

branched chain amino acid mixture (7.5 g L-leucine, 3.75 g L-isoleucine; 3.75 g L-valine).
Calculations were done with the plasma (Panel A) and intracellular (Panel B) precursor
pools and showed no difference between cirrhosis and controls. Panel C: Representative
immunoblots of myostatin expression in skeletal muscle from cirrhotics (n=6) and controls
(n=6). Panel D: Densitometry of these blots showed that myostatin expression was
significantly higher in cirrhotics compared to controls in the postabsorptive (basal) state and
there was no change in response to BCAA/LEU administration. a—b p<0.001. Same
alphabets indicate no significant differences. Pre: refers to before the BCAA/LEU (basal/
postabsorptive phase) and Post refers to after the BCAA/LEU (supplement).
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Panel A: Representative immunoblots of the signaling molecules regulating protein
synthesis and mTOR1 activation that included phosphorylation of p70s6k, s6 protein and
4EBP1 in skeletal muscle from cirrhotics and controls. Panels B-D: Densitometry of these
blots showed impaired signaling in cirrhotic muscle in the basal/postabsorptive state that
increased significantly in both cirrhotics (n=6) and controls (n=6) after BCAA/LEU
administration. a—c, b—c, a-d, c—d p<0.001; a—b, b—d,p<0.05. Same alphabets indicate no
significant differences. Pre: refers to before the BCAA/LEU (basal/postabsorptive phase)

and Post refers to after the BCAA/LEU (supplement).
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Figureb5.
Panel A: Whole body phenylalanine Ra (measure of proteolysis) showed higher rate of

proteolysis in the basal state in cirrhosis compared to controls (*p<0.01). In response to
leucine enriched branched chain amino acids, whole body phenylalanine Ra showed a
significant decrease in cirrhotics but not in controls. The whole body phenylalanine Ra
reached basal values at 7 h after BCAA/LEU ingestion. Panel B: Relative quantification of
critical proteasome component, MuRF1 mRNA in cirrhosis and controls showed unaltered
expression in cirrhotics compared to controls in the basal/postabsorptive phase and no
significant change following BCAA/LEU. Panel C: Representative immunoblots of
ubiquitinated proteins in cirrhotics and controls before and after BCAA/LEU (n=6 in each
group). Panel D: Densitometry of the blots were similar in both cirrhotics and controls in the
basal/postabsorptive phase and their expression did not change in response to BCAA/LEU.
Pre: refers to before the BCAA/LEU (basal/postabsorptive phase) and Post refers to after the
BCAA/LEU (supplement).
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The expression of autophagy markers, LC3 lipidation, P62 degradation and Beclinl
overexpression were significantly increased (p<0.01) in cirrhotic patients compared to

controls at baseline and were reversed by BCAA/LEU
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Figure7.
Panel A: Representative immunoblots of intracellular amino acid sensor general control of

nutrition derepressed 2 (GCN2) from skeletal muscle protein from cirrhotics (n=6) and
controls (n=6). Panel B: Densitometry of these blots showed significantly greater
phosphorylation GCNZ2 in the skeletal muscle of cirrhotics compared to controls in the basal/
postabsorptive phase and decreased in response to leucine enriched branched chain amino
acid supplementation in both cirrhotic and controls muscle. a-b, a—c, a—d, bc, p<0.001; b—d
p<0.05. Panel C: Relative quantification of leucine transporter, SLC7A5 mRNA showed
increased expression of SLC7ADS in controls in response to BCAA/LEU (* p<0.05) but not
in cirrhaotics. However, expression of leucine transporter, SLC7A5 expression in the basal/
postabsorptive state was higher (p<0.01) in cirrhotic muscle compared to controls (**
p<0.01). Panel D: Glutamine exchanger, SLC38A2 mRNA was significantly increased in
control subjects (p<0.01) following BCAA/LEU (** p<0.001) but did not in cirrhotics in
response to the supplement. In contrast, glutamine exchanger, SLC38A2 expression was
significantly lower (p<0.001) in cirrhotics in the basal/postabsorptive state compared to that
in controls. Pre: refers to before the BCAA/LEU (basal/postabsorptive phase) and Post:
refers to after the BCAA/LEU (supplement).
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Table 1

Clinical, Demographic and body composition characteristics

CONTROLS CIRRHOSIS
Number 8 6
Age 45.0+3.86(27.2-59.3) 54.08+1.91(45.8-59.1)
Gender (M:F) 4:4 5:1
Serum ALT 16.71+1.87(8-24) 42.67+9.70(20-92)"*

Serum creatinine (mg/dl)

International Normalized Ratio (INR)

Serum Albumin

Child Score

MELD Score

Body Mass Index (BMI)
Body Fat, %

Lean Body Mass (LBM), Kg

Legs fat mass, kg

Lean Legs Mass (LLM), Kg

Trunk Fat mass, Kg
Trunk Lean Mass, Kg

0.90+0.09(.53-1.15)
0.97+0.02(.9-1)

4.47+0.3(4.1-4.9)

26.75+1.18(23-32.6)
34.63+2.05(25.2-41.7)
48.49+4.12(35.72-72.58
8.63+0.66(5.32-11.17)
16.74+1.43(11.68-23.91)
12.88+1.16(9.13-18.39)
22.40+1.93(16.59-34.54)

0.87+0.09(.57-1.25)"

1.10+0.02(1-1.2)""
4.20+0.12(4-4.8)
5.17.20.15

6.21:+.23
24.78+.81(22.1-27.5)
33.92+4.07(19.9-44.5)
47.68+3.93(35.86-61.91)
7.54+0.66(5.13-9.75)
15.71+1.21(12.07-17.25)
13.80+2.46(4.48-22.28)
22.98+2.25(16.71-30.64)

All values meant+SEM;

*
p<0.05,

*%

p<0.01 compared to controls.
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