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Abstract

Background & Aims—The distinct role of portosystemic shunting (PSS) in the pathogenesis of
sarcopenia (skeletal muscle loss) that occurs commonly in cirrhosis is unclear. We have previously
shown increased expression of myostatin (inhibitor of skeletal muscle mass) in the portacaval
anastamosis (PCA) rat model of sarcopenia of PSS. The present study was performed to examine
the mechanisms of sarcopenia following PCA.

Methods—In PCA and sham operated pair fed control rats, the phenylalanine flooding dose
method was used to quantify the fractional and absolute protein synthesis rates in the skeletal
muscle over time and in response to follistatin, a myostatin antagonist. The expression of
myostatin and markers of satellite cell (myocyte precursors) proliferation and differentiation were
quantified by real-time PCR and Western blot analyses.

Results—The absolute synthesis rate (ASR) was lower at 2, 4, and 6 weeks (p <0.05) and the
fractional synthesis rate (FSR) of skeletal muscle protein was significantly lower (p <0.05) at
week 2 in the PCA rats compared to control rats. Expression of myostatin was elevated while
markers of satellite cell proliferation and differentiation were lower at 4 and 6 weeks after PCA.
Follistatin increased skeletal muscle mass, muscle FSR and ASR, decreased expression of
myostatin protein, and an increased expression of markers of satellite cell function.

Conclusions—Sarcopenia associated with PSS is caused by impaired protein synthesis and
reduced satellite cell function due to increased myostatin expression. Confirming these alterations
in human patients with cirrhosis will provide novel therapeutic targets for sarcopenia of liver
disease.
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Introduction

Sarcopenia or loss of skeletal muscle mass is the most common and potentially reversible
complication of cirrhosis with porto-systemic shunting (PSS) and adversely affects
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prognosis [1]. However, the distinct role of PSS in the etiology of sarcopenia is unclear.
Sarcopenia results from varying contributions of reduced protein synthesis, increased protein
breakdown, and an impaired proliferation and differentiation of skeletal muscle progenitor
satellite cells [2]. Satellite cells are myogenically committed precursor cells that contribute
to recovery from injury as well as the regenerative response in adult skeletal muscle cells
[3]. The portacaval anastamosis (PCA) rat reproduces the nutritional, metabolic,
biochemical, hormonal, and behavioral changes that occur in cirrhosis and permits the
consequences of PSS to be examined independent of any inflammatory and cellular injury
responses of cirrhosis [2,4,5]. Hepatic atrophy develops following PSS and despite the
above described changes, cirrhosis, ascites or varices do not develop. We have previously
shown that in the initial two weeks following PCA, there is an increase in expression of
genes regulating protein breakdown. Subsequently, there is an increased expression of
myostatin accompanied by impaired satellite cell function after this initial two week period

[6].

Myostatin, a member of the TGFp superfamily, has been implicated in the pathogenesis of
diminished muscle mass by impaired satellite cell function (in vitro studies) as well as
reduced protein synthesis (both cell culture and in vivo animal studies) [7-11]. The relation
between changes in myostatin expression and skeletal muscle protein synthesis following
portosystemic shunting has not been examined [6,12]. Therefore, we quantified both the
fractional synthesis rate (FSR) and the absolute synthesis rate (ASR) of the skeletal muscle
protein at 2, 4, and 6 weeks following PCA and in sham operated, pair fed, and control rats.
We also studied the response to follistatin, a functional antagonist of myostatin, in order to
establish the causal role of myostatin in sarcopenia of PSS [13,14].

Materials and methods

Animals

Male Sprague—-Dawley rats (post pubertal, 9 weeks old) with an end to side PCA or sham
surgery (Charles River, Inc.; Wilmington, DE) were housed individually in a 12 h light/dark
cycle. Pair feeding was done by providing the sham operated control rats with the same
quantity of standard rat chow (Harland Teklad rodent chow #8604; protein 24.5%, fat 4.4%,
3.93 kcal/g) as had been ingested by a paired PCA rat fed ad libitum.

Food and water intake were measured daily, and animals were weighed every 3 days. Lean
body mass and grip strength were measured weekly until the animals were killed. Shunt
patency and size were established by our previous criteria of elevated plasma ammonia, low
spleen weight, and plasma amino acid concentrations and anatomic evaluation at necropsy
[2]. Rates of protein synthesis were measured at 2, 4, and 6 weeks after surgery in PCA and
control rats (n = 5 each).

A separate group of male Sprague—-Dawley rats (8—9 weeks age) subjected to PCA or sham
surgery (n = 8 each) were randomized to receive either follistatin in phosphate buffered
saline in the dose of 10 pug/100 g or vehicle alone. Follistatin or vehicle was administered
three times a week intraperitoneally at weeks 3 and 4 after surgery. This time interval was
chosen based on our previous observations that the skeletal muscle expression of myostatin
is elevated at weeks 3 and 4 after PCA [6]. The dose was based on previously published data
[14-16]. Food, water intake, lean body mass and forelimb grip strength were measured. In a
subgroup (n = 5 in each of the four groups) of these rats, skeletal muscle protein synthesis
rate was quantified after completion of follistatin administration. All studies were approved
by the Institutional Animal Care and Use Committee.
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Protein synthesis rates were measured using the flooding dose technique by an intravenous
injection of L-[4-3H] phenylalanine [17]. In brief, L-[4-3H] phenylalanine with unlabeled
phenylalanine (150 mM in sterile water) 50 uCi/ml was injected (1.0 mI/100 g body weight)
through the tail vein. Twenty minutes later the rats were killed with intraperitoneal
pentobarbital and the gastrocnemius muscle and liver rapidly harvested, blotted dry of
blood, weighed wet, and frozen in liquid nitrogen.

A precisely weighed amount (~0.1 g) of frozen muscle was pulverized, precipitated using
ice cold 2% (w/w) perchloric acid, and centrifuged. Free amino acids in the supernatant that
formed the precursors for protein synthesis were separated using HPLC (Agilent
Technologies, Santa Clara, CA) and the specific radioactivity (SA) of phenylalanine
measured. The precipitate containing labeled phenylalanine bound to muscle protein was
quantified by hydrolyzing the protein in 5 ml of 6 M HCI for 24 h at 110 °C.

Fractional rate of protein synthesis

The FSR of protein (Kg) was obtained by

K=S,x100/S, xt

where t is the incorporation time in hours, Sg is the specific radioactivity of phenylalanine in
the protein, Sa the specific radioactivity of phenylalanine in the tissue, and the unit of Ky is
% per hour.

The ASR was calculated as the FSR x total protein content of the tissue and expressed as
mg/h. The total protein in the skeletal muscle was measured using the BioRad DC assay
(BioRad, Hercules, CA). Food efficiency was calculated as previously described [2,18].

Generation of follistatin

Follistatin is a potent antagonist of myostatin and at least three isoforms of follistatin have
been identified [19]. The FST303 expression construct was prepared from the FST315
cDNA by deleting the sequence 3’ to codon 303 up to the start of the Myc-His tag using
standard PCR methods. The resulting C-terminal Myc-His-tagged cDNA constructs were
transfected into HEK-293-F cell suspension cultures in freestyle serum-free medium
(Invitrogen). Recombinant proteins were purified by nickel-Sepharose affinity
chromatography (QIAGEN, Valencia, CA) and concentrated by centrifugal dialysis into
Dulbecco’s PBS.

Measurement of lean body mass

Lean body mass was obtained weekly using the TOBEC® body analyzer for small animals
(SA-3000) fitted with the 114 x 318 mm measuring chamber (SA-3114) (EC Systems, Inc.,
Springfield IL) as described by us [6].

Grip strength

Forelimb grip strength was measured by a single operator using a computerized rat grip
strength meter model 1067CSX (Columbus Instruments, Columbus, OH) as described
earlier [6].

J Hepatol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dasarathy et al. Page 4

Tissue extraction and processing

Real-time PCR and Western blot assays were done using protocols previously described
[6,12].

Quantitative real-time PCR

Real time polymerase chain reaction for quantification of mMRNA was performed on a
Stratagene Mx 3000 P (Stratagene Inc.; La Jolla, CA) using a SYBR® protocol on the
fluorescence temperature cycler by methods as described previously [6,12]. Expression of
genes regulating skeletal muscle mass: components of the ubiquitin proteasome pathway,
myostatin, its receptor activin 2br, intracellular signaling protein, cyclin dependant kinase
inhibitor p21, markers of satellite cell proliferation (proliferating cell nuclear antigen) and
differentiation (myoD, myf5, myogenin), and insulin like growth factor 1 (IGF1) were
quantified and the results expressed using a relative quantification method [6,12]. The
primer sequences have been published by us earlier [6,12]. Real-time PCR products were
then separated by electrophoresis to confirm product presence and size.

Western blot analysis

Protein expression of genes regulating skeletal muscle mass was quantified by Western blot
assays by methods described earlier [12]. To identify the mechanism by which myostatin
inhibits components of the signaling pathway that regulate protein synthesis, phosphorylated
Akt (both Ser and Thr), phosphorylated mTOR, and p70s6k were quantified. Additionally,
phospho AMP kinase-a. Thrl72 was quantified to examine the crosstalk between myostatin
and mTOR. All primary and secondary antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA) except antimyostatin antibody (Bethyl Laboratories;
Montgomery, TX).

Proteasome 20S activity

The activity of the ubiquitin proteasome pathway was quantified by measuring the total
proteasome 20S activity in skeletal muscle by the Chemicon Proteasome 20S activity assay
kit (Chemicon International, Temecula, CA) based on detection of the fluorophore 7-
amino-4-methylcoumarin (AMC) after cleavage from the labeled substrate LLVY-AMC.
The free AMC fluorescence was quantified using a 380/460 nm filter set in a Varian Eclipse
Fluorometer (Varian Inc., Palo Alto, CA). Enzyme activity of the 20S proteasome was
expressed as relative fluorescence units (RFU/ug protein).

Assays

Plasma amino acid concentrations were measured using an HPLC equipped with a
fluorescence detector using o-phthaldehyde/2-mercaptoethanol derivative and pre-column
derivatization [20].

Statistical analyses

The difference in protein synthesis in skeletal muscle between groups was expected to be
50% based on the differences in the skeletal muscle mass. With a two tail test, o of 0.05 and
power of 90%, four rats were needed in each group. Accounting for technical limitations i.e.,
failed studies and blocked shunts, an additional animal was used in each group (n =5 in
each group). Qualitative variables were compared using the Chi squared test. Quantitative
and rating variables were compared using the analysis of variance for data with normal
distribution and by the Kruskall-Wallis test for skewed data. A p value of <0.05 was
considered statistically significant.
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The characteristics of the PCA and control animals at 2, 4, and 6 weeks after surgery are
shown in Table 1. There were no significant differences between the groups prior to surgery.
At all time points examined, the PCA rats had lower body weight, lean body mass, skeletal
muscle weight and grip strength compared to the control rats (at least p <0.05). Weight gain
in a simultaneous ad lib fed group of sham operated rats was 439.8 + 10.8 g (p <0.01
compared to pair fed sham operated rats). Spleen weight was significantly lower (p <0.05) in
PCA (0.73 £ 0.03 g) compared to sham (1.10 + 0.02 g) with a low variance.

Table 2 shows the FSR, ASR, and synthesis of protein per gram of skeletal muscle in the
PCA and control rats measured at 2, 4, and 6 weeks. The ASR of skeletal muscle protein in
PCA rats was significantly lower (p <0.05) than in control animals for all time points while
the FSR in PCA was only decreased at week 2 (p <0.05).

As shown in Fig. 1, skeletal muscle expression of myostatin mRNA, its receptor activin 2br
and intracellular signal cyclin dependant kinase inhibitor p21 (p21) were higher in PCA
while the expression of IGF1 mRNA was lower in the PCA than in controls at weeks 4 and
6 (A). These alterations were accompanied by lower expression of markers of satellite cell
proliferation (PCNA) and differentiation (myoD, myf5 and myogenin) in the skeletal muscle
of PCA rats compared to that in sham rats (B). We also observed that in the initial 2 weeks
following PCA, the expression of genes in the ubiquitin proteasome pathway (C) and
proteasome activity (D) was higher at 2 weeks but by 4 weeks it was lower than that in
control rats.

Response to follistatin

Administration of follistatin resulted in increases in whole body weight, lean body mass,
muscle weight, grip strength, and food efficiency in the PCA rats to levels that were higher
compared to the group administered vehicle alone and were similar to the sham operated
controls (Table 3). Plasma testosterone levels were lower in the PCA rats than in sham rats
and did not change in response to follistatin in either group. Plasma ammonia concentrations
were not altered in response to follistatin.

Both fractional and absolute synthesis of skeletal muscle protein increased in response to
follistatin in the PCA animals to levels that did not differ from sham controls (Table 4).

As shown in Fig. 2 expression of myostatin mRNA was not significantly altered in the PCA
animals treated with follistatin. There was, however, a significantly lower expression of
activin 2br (myostatin receptor), its intracellular signal, cyclin dependant kinase p21 (p21),
and a higher expression of markers of satellite cell proliferation (PCNA) and differentiation
(myoD, myogenin) in the PCA animals treated with follistatin compared with those treated
with vehicle alone (Fig. 2). There was no significant alteration in proteasome activity in
response to follistatin (Fig. 3). The expression of genes regulating components in the
ubiquitin proteasome pathway (proteasome C3, C5, C9 and atrogin) also did not show any
significant change in response to follistatin (data not shown). As shown in the Western blots
in Fig. 4(A), there was lower expression of myostatin, activin 2br, and p21 and an increased
expression of markers of satellite cell function proteins in response to follistatin in the PCA
animals. Follistatin had no significant effect on any of the measured proteins in control
animals (Fig. 4B and C). Furthermore, following PCA, as shown in Fig. 5A and B, there was
an impaired phosphorylation of skeletal muscle mTOR and its downstream target, p70s6k, a
critical regulator of protein synthesis without any change in phosphorylation of Akt. This
was accompanied by an increased phosphor AMPK Thrl72 a direct inhibitor of mTOR. In
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response to follistatin these alterations were reversed suggesting AMP kinase as the
regulatory protein between myostatin and mTOR following PCA.

Discussion

The present study demonstrates that increased myostatin expression is responsible for the
diminished skeletal muscle mass due to an impaired protein synthesis response and
attenuated satellite cell function following portosystemic shunting. Lower body weight, lean
body mass, skeletal muscle weight, grip strength, and altered expression of genes regulating
skeletal muscle mass in the PCA compared to pair fed sham rats shows that these alterations
are a direct effect of the shunt and not due to restricted food intake in the control animals.
These observations were similar to those reported by us earlier [2,6]. Our data also show that
the initial response in both groups is an increase in muscle proteolysis. This was evidenced
by an increase in components of the ubiquitin proteasome pathway as well as direct
measurement of proteasome activity that was greater in the PCA rat compared to control
rats. Our observations suggest that the initial period of proteolysis results in a lower skeletal
muscle mass. Subsequent recovery of skeletal muscle mass requires an increase in protein
synthesis. Failure to increase muscle mass following the initial proteolysis in the PCA rat
was accompanied by an inability to increase both FSR and ASR unlike that in the sham
control group. Administration of follistatin, a myostatin antagonist, resulted in a lower
expression of skeletal muscle myostatin protein and consequent increase in markers of
satellite cell function, ASR, and FSR of skeletal muscle protein synthesis with near complete
reversal of sarcopenia following PCA.

The FSR of skeletal muscle protein in the sham rats but not in the PCA rats was higher at
week 2 than at subsequent weeks when the FSR was similar in the two groups. It is
important to underscore the absence of an increase in FSR of the skeletal muscle protein
during the 6 weeks of observation in the PCA rats. Quantifying the FSR of protein alone
does not take into consideration the protein pool size that is decreased in conditions with
lower muscle mass [8,17]. The initial increase in FSR at week 2 in control rats is responsible
for the growth in these animals. Once the muscle mass is increased, the total mass of protein
synthesized in the muscle reaches a steady state and the FSR decreases in response to the
increased total protein mass in the muscle. This interpretation is supported by our
observation that ASR in the sham rats was not significantly different throughout the study.
In contrast, in the PCA rat, increased protein synthesis did not occur and reflected impaired
protein synthesis required for recovery.

Although the inhibition of myostatin by follistatin has been reported previously [14,21-23],
this is the first study to demonstrate the causal role of myostatin in the reduced skeletal
muscle mass in PSS that commonly accompanies cirrhosis. Follistatin increased muscle
mass, protein synthesis, and in vivo markers of satellite cell function in the PCA rat.
Reversal of impaired protein synthesis response, phosphorylation of mTOR, and ribosomal
p70s6k by follistatin provides direct evidence that myostatin impairs skeletal muscle protein
synthesis by inhibiting mTOR in the PCA rat. These observations confirm reports by
previous authors that myostatin inhibits protein synthesis in C2C12 cells in vitro [7] as well
as indirect evidence that skeletal muscle protein synthesis was increased in myostatin
knockout mice [8].

The mechanisms by which follistatin regulates skeletal muscle mass include a direct binding
to myostatin and/or by binding to the myostatin receptor, activin 2bR [22,23]. The present
observations suggest that follistatin has a direct effect on lowering myostatin protein and its
intracellular consequences without significantly altering expression of myostatin mRNA. In
vitro studies have shown that follistatin binds to myostatin protein and may explain lower
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myostatin protein expression without significant alteration in myostatin mRNA in the PCA
rats administered follistatin [13]. Since we did not observe a myostatin-follistatin complex
on our Western blots, it is likely that this may be related to an extracellular location of this
binding.

The lower expression of myostatin protein following follistatin resulted in an increase in
both the fractional and absolute synthesis rate of skeletal muscle protein in the PCA group.
These data show that the impaired protein synthesis response is reversed by reducing
myostatin in these animals. Follistatin reversed impaired phosphorylation of mTOR and
p70s6 kinase, critical components of the signaling pathway for protein synthesis. This
suggests a novel direct crosstalk between myostatin and mTOR. AMPK is a direct inhibitor
of mTOR phosphorylation and the elevated expression of AMPK following PCA was
reversed by follistatin. This suggests that myostatin regulates protein synthesis by inhibiting
mTOR phosphorylation via AMP kinase.

We conclude that impaired skeletal muscle protein synthesis in portosystemic shunting is the
primary mechanism for low muscle mass and is due to an increased expression of myostatin.
Demonstration of similar alterations in PSS in human cirrhosis will potentially result in a
paradigm shift in our understanding of the mechanisms of skeletal muscle loss in liver
disease. Understanding the mechanisms that regulate the expression and effects of myostatin
overexpression has the potential to identify novel targets in the therapy of reduced muscle
mass in cirrhotic patients with PSS.
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Fig. 1. Histograms (A-C) showing relative expression of mRNA by real-time PCR of genes
regulating skeletal muscle protein synthesis, expressed as fold change in PCA compared to
control rats

Bars extending above the baseline show an increased expression and bars extending below
the baseline show a lower expression in PCA compared with sham operated control rats. (A)
Expression of myostatin, its receptor activin 2br, and intracellular signaling protein, p21 was
significantly elevated (p <0.01) while that of insulin like growth factor 1 was lower in the
PCA compared to that in the control rats at weeks 4 and 6 (p <0.01). (B) Relative expression
of mRNA by real-time PCR of the markers of satellite cell function — the proliferating cell
nuclear antigen (satellite cell proliferation) and myoD, myf 5, and myogenin (satellite cell
differentiation), was significantly lower in PCA compared to control rats at weeks 4 and 6 (p
<0.01). (C) The expression of proteasome C3, C5, C9, and atrogin was significantly higher
at week 2 and subsequently at weeks 4 and 6, their expression was lower in PCA rats
compared to the control rats (p <0.01). (D) Proteasome 20S activity assay showed higher
activity at 2 weeks after PCA (p <0.05) while subsequently the activity was lower (p < 0.05)
than that in the control rats.
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Fig. 2. Histogram showing relative expression of mRNA by real-time PCR of genes regulating
skeletal muscle protein synthesis and satellite cell function expressed as fold change in PCA rats
at the end of treatment with follistatin compared with those treated with vehicle alone

The expression of myostatin was unchanged, while its receptor activin 2br, and its
intracellular signal, cyclin dependant kinase p21 were significantly lower (p <0.01) in the
PCA rats treated with follistatin compared to those treated with vehicle. In contrast,
expression of markers of satellite cell function — proliferating cell nuclear antigen, myoD
and myogenin were significantly higher in the PCA rats administered follistatin (p <0.01).
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Fig. 3.
Follistatin did not result in an alteration in proteasome activity in either PCA or control rats
(p>0.1).
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Fig. 4. (A) Representative Western blots of proteins regulating skeletal muscle mass, markers of
protein synthesis and satellite cell function

B-Actin was used as a loading control in all experiments. (B) Densitometry (n = 8 each)
showed that the expression of myostatin, its receptor activin 2br and intracellular signal,
CDKI p21 were significantly lower in PCA rats administered follistatin. The expression of
markers of satellite cell function — proliferating cell nuclear antigen (PCNA), and markers of
differentiation (myoD and myogenin) were significantly higher in the PCA rats administered
follistatin. Follistatin did not have any significant effect in control rats.
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Fig. 5. (A) Representative Western blots of IGF1, phospho-Akt (), phospho-mTOR, phospho-
AMPKa, total and phospho-p70s6k in the PCA and sham rats treated with vehicle and follistatin
(B) Densitometry of these blots showed lower expression of IGF1 in the PCA rats compared
to control animals and did not change in response to follistatin in either group. Elevated
phospho AMPKinase, a direct inhibitor of mTOR, resulted in lower expression of both
phospho mTOR and phospho-p70s6k in the PCA rats treated with vehicle and were reversed
in response to blocking myostatin. Follistatin did not have any significant effect in control
rats.
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Table 2

Protein synthesis rate in skeletal muscle.

FSR %/hr ASR mg/hr  Protein Synthesis/ gm muscle mg/hr/gm

PCA

Week2 02£002  112%24  182+49

Week 4 0.18 +0.03 119+26 17.7+74

Week 6 013+002 63+13 12065
SHAM

Week2 0364018 341+11.9¢ 39.4+232d

Week4 01740020 247+33¢ 253+764

Week6 013+00° 235%42¢ 194+6.09

Mean + SEM. FSR, fractional synthesis rate; ASR, absolute synthesis rate.

80 <0.05 - PCA vs. sham FSR;

b

p <0.05 — FSR in sham at week 2 compared to weeks 4 and 6;

€5 < 0.01 - PCA vs. sham ASR;

d

p <0.01 — PCA vs. sham protein synthesis/g muscle.
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Table 3
Animal characteristics in response to follistatin.”

PCAPBS PCAFSTN Sham PBS Sham FSTN
Preoperative weight (g) 269.3+23  265%3.2 268.8+1.6 268.1+17
Weight at kill (g) 2745£152 3726+1062 384.1+712 388.8 +10.72
LBM () 2437£94  2944+520  3023+6.70 307+7.3P
Gastrocnemius(g) 093+033 1g5+032 1.64+0.32 1.5+0.32
Extensor digitorum longus (g) 0.67+0.4 1.93+0512 1.90+052 1.43 +0.42
Food efficiency (g/g) 0.04+002 (20+001¢ 03+0.019 0.3 +0.01d
Grip strength at 4 weeks (lbs)  1.57+0.08 56740050 294 +0110 3.06 + 0.09P
Plasma testosterone (ng/dl) 149.1+242 1257+205 9983193+ 193.3° 9486+ 182.7P
Arterial ammonia (umol) 300.1+153 3336+182 gygipgg4d 85.1 +7.9d

Mean = SEM. PBS, phosphate buffered saline; FSTN, follistatin; PCA, portacaval anastamosis.

*
Animals were administered follistatin for 2 weeks and killed at 4 weeks after surgery.

alp <0.05 compared to PCA on PBS;
bp <0.01compared to PCA on PBS.
Cp <0.001 compared to PCA on PBS;

dp <0.01 compared to PCA on PBS.
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Table 4

Protein synthesis in response to follistatin.

Page 17

PCA PBS PCAFSTN Sham PBS

Sham FSTN

Skeletal muscle

Fractional synthesis rate (%/h) 14 +001* 076+022 0.51+0.09

0.62 £0.25

Absolute synthesis rate (mg/h) g1 +1.4* 31324 31756

30.4+6.6

*
p <0.001 compared to other groups;

*:

*

p <0.0001 compared to other groups.
PCA, portacaval anastamosis.
PBS, phosphate buffered saline.

FSTN, follistatin.

All measurements were made following follistatin administered intraperitoneally in the dose of 10 pg/100 g tiw for 2 weeks, beginning 2 weeks

after surgery.
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