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ABSTRACT reporter assays, biotin tagged promoter
Ethanol causes dysregulated muscle pulldown with proteomics, and loss of function
protein  homeostasis while simultaneously studies. Alcohol and aldehyde dehydrogenases

causing hepatocyte injury. Since hepatocytes are
the primary site for physiological disposal of
ammonia, a cytotoxic cellular metabolite
generated during a number of metabolic
processes, we determined if hyperammonemia
aggravates  ethanol-induced muscle  loss.
Differentiated murine C2C12 myotubes, skeletal
muscle from pair-fed or ethanol-treated mice
and human patients with alcoholic cirrhosis and
healthy controls were used to quantify protein
synthesis, mTORC1 signaling and autophagy
makers.  Alcohol  metabolizing  enzyme
expression and activity in mouse muscle and
myotubes and ureagenesis in hepatocytes were
guantified. Expression and regulation of the
ammonia transporters, RhBG and RhCG, were
guantified by real time PCR, immunoblots,

were expressed and active in myotubes. Ethanol
exposure impaired hepatocyte ureagenesis,
induced muscle RhBG expression and elevated
muscle ammonia concentrations. Simultaneous
ethanol and ammonia treatment impaired protein
synthesis and mTORCL signaling and increased
autophagy with consequent decreased myotube
diameter to a greater extent than either treatment
alone. Ethanol treatment and withdrawal
followed by ammonia exposure resulted in
greater impairment in muscle signaling and
protein synthesis than ammonia treatment in
ethanol-naive myotubes. Of the 3 transcription
factors that were bound to the RhBG promoter
in response to ethanol and ammonia, DR1/NC2
indirectly regulated transcription of RhBG
during ethanol and ammonia treatment. Direct
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effects of ethanol was synergistic with increased
ammonia uptake in causing dysregulated skeletal
muscle proteostasis and signaling perturbations
with a more severe sarcopenic phenotype.

Skeletal muscle loss is a consistent
manifestation of chronic alcohol use and in
patients with alcoholic liver disease (ALD) (1-
3). Clinical observations have suggested a more
severe phenotype of skeletal muscle loss with
ALD than in non-alcoholic liver disease but the
mechanistic basis of these observations is not
known (1). We and others have reported
impaired muscle protein synthesis and increased
autophagy and unaltered proteasome mediated
proteolysis by ethanol (4-14). It is believed that
the adverse consequences are primarily due to
direct ethanol mediated effects on the skeletal
muscle with circulating acetaldehyde from
hepatic metabolism of ethanol contributing to
dysregulated proteostasis in the skeletal muscle
(4,11,15-17). Even though ethanol is
metabolized in a number of organs, it is not
known if ethanol is directly metabolized in the
skeletal muscle and the acetaldehyde generated
locally contributes to the perturbed proteostasis
(18,19). Myotubes treated with ethanol alone as
well in combination with chemical inhibitors of
alcohol and acetaldehyde dehydrogenase
demonstrated increased  autophagy by
acetaldehyde (4). These data suggest but do not
directly show that ethanol is metabolized in the
skeletal muscle. It is not known if alcohol and
acetaldenyde dehydrogenase expression or
activity occurs in the muscle of mammals. To
determine this, we quantified the expression of
ethanol metabolizing enzymes and their activity
in skeletal muscle from ethanol treated mice as
well as murine myotubes and studied their
responses to ethanol exposure.

In addition to ethanol-induced changes
in  proteostasis,  ethanol  also  causes
hepatocellular  dysfunction  with  impaired
ureagenesis  (20-23). Impaired ureagenesis
results in hyperammonemia in liver disease (24-
26). It is not known if hepatic ureagenesis is
impaired in response to ethanol or its metabolite,
acetaldehyde, but there is emerging data that
acetaldehyde impairs hepatic ureagenesis (27).
During  hepatocellular  dysfunction  and
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hyperammonemia, the skeletal muscle becomes
a metabolic partner to the liver with increased
muscle uptake of ammonia (28-30). This is
relevant because hyperammonemia results in
dysregulated skeletal muscle proteostasis with
impaired protein synthesis and increased
autophagy and consequent sarcopenia (28,31-
36). These data suggest that, in addition to the
direct effects of ethanol or acetaldehyde on
muscle proteostasis, increased muscle ammonia
uptake can perturb the molecular and metabolic
responses with muscle loss. Expression of the
RhBG ammonia transport protein has been
reported in the skeletal muscle suggesting its
involvement in muscle ammonia uptake.(37,38)
Limited data are available on the regulation of
RhBG expression in the skeletal muscle.
Additionally, in patients with alcoholic liver
disease, muscle loss persists even after stopping
drinking that may be due to persistent
hepatocyte dysfunction and hyperammonemia.
Whether prior ethanol exposure sensitizes the
skeletal muscle to hyperammonemia of the
underlying liver disease is a clinically relevant
mechanistic question. To address this, we
evaluated proteostasis and signaling responses in
ethanol myotubes pretreated with ethanol
followed by ethanol withdrawal and subsequent
ammonia treatment. Finally, we also tested if
ethanol directly alters skeletal muscle ammonia
uptake and alters the expression of the RhBG
ammonia transporter.

In the present studies, we determined
protein synthesis and autophagy markers in
myotubes in response to ethanol, ammonium
acetate, ethanol pretreatment followed by
ammonium acetate, and combined ethanol and
ammonium acetate treatment. Since translational
control in protein homeostasis is critical for
cellular function (39), a number of signaling
pathways intersect at multiple regulatory levels.
Therefore, focusing on a single regulatory
pathway may not provide true mechanistic
insights into the responses observed with
interventions that alter muscle protein
homeostasis.  Critical regulators of muscle
proteostasis include mTORC1 signaling
(increases protein synthesis) and
phosphorylation of the o subunit of eukaryotic
initiation factor 2 (decreases protein synthesis)
(28), both of which were quantified in myotubes
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and muscle tissue. We also quantified skeletal
muscle alcohol and acetaldehyde dehydrogenase
activity in myotubes and skeletal muscle from
ethanol-fed mice because it is not yet known if
ethanol metabolizing enzymes are expressed and
are active in the muscle tissue and ethanol
metabolism in the muscle can generate cytotoxic
acetaldehyde locally. Finally using RhBG
luciferase reporters including full length and
deletional constructs, we determined the
regulation of the ammonia transporter in
response to ethanol, ammonia and both in
combination. We also sought to identify the
mechanistic basis for more severe muscle loss
with ethanol exposure and determined if ethanol
or its metabolite, acetaldehyde directly reduce
muscle loss and additionally, via impaired
ureagenesis in the liver, aggravate signaling and
protein synthesis via hyperammonemia, a known
mediator of the liver-muscle axis. Finally, even
though RhBG is a TATA-less promoter, using a
promoter pulldown with proteomics to identify
transcription factors that bind to the RhBG
promoter we noted that downregulation of
transcription/negative control 2 (DR1/NC2)
indirectly regulated RhBG transcription in
response to ethanol and ammonia in the muscle.

Results
Ethanol impairs ureagenesis in hepatocytes
and results in  more severe muscle
hyperammonemia

In murine primary hepatocytes, ethanol
exposure resulted in decreased urea synthesis
measured by urea concentrations in the medium
(Fig. 1, A). Since ureagenesis in the hepatocytes
is the major mechanism of ammonia
metabolism, ammonia concentrations in the
medium in response to ethanol was higher than
in the medium from untreated controls. (Fig. 1,
B). In AML12 cell lines, lower urea and higher
ammonia concentrations were noted in response
to ethanol treatment compared with controls
(Supplementary Fig. 1, A, B). However, in
contrast to the response in primary hepatocytes,
ureagenesis by AML12 was lower. We also
observed that ammonia concentration in ethanol
treated myotubes and in the plasma and skeletal
muscle of mice exposed to ethanol was
significantly higher (p<0.001) compared with
appropriate controls (Fig. 1, C). To determine
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how ethanol exposure and hyperammonemia
cause an increase in muscle ammonia
concentrations, we determined the expression of
ammonia transporters, RhBG and RhCG mRNA
and protein in myotubes and skeletal muscle
from mice and human subjects.

Ethanol and hyperammonemia independently
upregulate skeletal muscle RhBG ammonia
transporter expression

Ethanol treatment and hyperammonemia
independently increased ammonia transporter,
RhBG protein and mRNA expression but not
RhCG protein in myotubes (Fig. 2, A, B). A
combination of ethanol and hyperammonemia
also increased the expression of RhBG protein
but ethanol withdrawal followed by ammonia
resulted in an even greater increase in RhBG
expression (Fig. 2, C). Skeletal muscle from
ethanol fed or ammonia treated mice and human
cirrhotic patients also showed increased
expression of RnBG mRNA and protein but not
RhCG in skeletal muscle compared to that in
muscle from controls (Fig. 2, D, E).

Consistently, reporter assay for RhBG
showed that both ethanol and ammonia
increased luciferase activity in myotubes (Fig. 3,
A). Interestingly, the combination of ethanol and
ammonia resulted in greater luciferase reporter
activity than either alone (Fig. 3, A). Both
ethanol and its key toxic metabolite,
acetaldehyde, increased RhBG promoter activity
(Fig. 3. B). Consistent with our previous work
that blocking the metabolism of ethanol using 4-
methylpyrazole or acetaldehyde metabolism
with cyanamide increased autophagy in
myotubes, we also observed that both ethanol
and acetaldehyde increased the ammonia
transporter, RhBG reporter activity (Fig. 3. C,
D). Interestingly, we did not observe a similar
increase in expression of RhBG protein in
primary hepatocytes or AML12 cells in response
to ethanol treatment (Supplementary Fig. 1, C).

Transfection of previously published
full length and deletional constructs of RhBG
luciferase reporter (Fig. 4, A) (40) in murine
myotubes showed that, similar to that in HepG2
cells, deletion upstream of 22 bp from the
transcription start site resulted in loss of reporter
activity. However, unlike that in HepG2 cells
(40), deletion from -180 to -1499 resulted in
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attenuation of the reporter activity but reporter
activity increased in the constructs between -60
to -120 bp upstream of the TSS compared to the
full length promoter construct (Fig. 4, D). These
suggested possible context specific repressors or
enhancers specific to the skeletal muscle. Biotin
tagged promoter pulldown of DNA binding
proteins (Supplementary Table 1) were then
analyzed for transcription factors that were
bound to the promoter. Of a total of 17
transcription factors that were bound in response
to either hyperammonemia or ethanol exposure,
3 factors were identified that were bound to the
RhBG promoter under all conditions (Fig. 4, B)
and included FoxPl, PBX1 and the general
transcriptional repressor, DR1/NC2. Analysis of
the known RhBG promoter sequence showed
multiple binding sites for FoxP1 and PBX1 with
high level of confidence (p<0.001 cutoff). (Fig.
4, C). Since DR1/NC2 does not bind directly to
promoters (41,42), consensus sites for DR1/NC2
binding have not been identified but DR1/NC2
dependent transcriptional regulation is mediated
via TATA binding proteins or other binding
partners. Even though RhBG is a TATA-less
promoter (40) and DR1/NC2 was initially
identified to repress transcription of genes with
TATA box containing promoters (41,42),
subsequent investigations showed that DR1/NC2
can repress genes with TATA-less promoters
(43). While RhBG does not have a canonical
element, it does have a TGAAA (at -30 from the
TSS), that is a TATA like element. These are
much more frequent than canonical TATA
elements and could be responsible for mediating
the DR1/NC2 effects. Based on the putative
binding sites of the 2 transcription factors
identified to bind to the RhBG promoter, we
used our reporter constructs to determine the
response to ethanol, ammonia and a combination
of ethanol and ammonia (Fig. 4, D). Compared
to untreated control cells, the full length reporter
showed increased luciferase activity in response
to hyperammonemia, ethanol or a combination
of ethanol and ammonia. However, with
sequential deletion on the full length promoter
upstream of the transcription start site, there was
a reduction in luciferase activity (-1499 to -240)
followed by an increase in luciferase activity in
response to the interventions with a marked
reduction in luciferase activity in the construct
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with only 22 bp upstream of the TSS. However,
with the intervention, from -1499 to -180, there
was increased luciferase activity compared to
the response in the untreated control cells.
Further deletion of promoter sites resulted in an
increase in luciferase activity but there was
limited to no response to the interventions.
These suggest that regulation by ammonia or
ethanol occur at the sites from -1499 to -180
from the TSS on the RhBG promoter.
Complementary studies using genetic depletion
of the transcription factors were then performed
with significant silencing efficiency (Fig. 4, E).
Depletion of DR1/NC2 and PBX1 resulted in an
increase in luciferase activity in the untreated
cells, suggesting that they functioned as
repressors for promoter activity (Fig. 4, F). We
noted that depletion of negative regulator of
transcription, DR1/NC2 depletion resulted in
loss of response to ammonia or ethanol while
PBX1 depletion resulted in continued response,
albeit at a higher basal activity in response to the
interventions. Finally, depletion of FoxP1 did
not affect either baseline response in untreated
cells or the response to interventions and was
similar to that observed with myotubes
transfected with a random construct. These data
suggested that DR1/NC2 regulated RhBG
promoter activity. Our observations of an
increased RhBG expression and reporter activity
of the TATA less promoter suggested that
ethanol and ammonia regulate RhBG potentially
by inhibiting RhBG  repressors.  This
interpretation is consistent with the responses to
ethanol and ammonia in the deletional
constructs.

Having identified putative binding sites
and responses in promoter constructs and
reporters, expression of the transcription factors
was quantified by immunoblots. Expression of
DR1 and FoxP1 were increased in whole cell
lysates while PBX1 was unaltered in response to
the interventions. Given the consistency in
binding of DR1/NC2 to the promoter, increased
expression of DR1 and FoxP1 during
hyperammonemia and ethanol with ammonia
was noted (Fig. 5, A, B) while PBX1 expression
was unchanged in response to the interventions
(Fig. 5, C). Even though DR1/NC2 is a
negative regulator of transcription, we
investigated if depletion of the general
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transcriptional repressor, DR1/NC2 alters RhBG
expression (Fig. 5, D). DR1/NC2 depletion
resulted in only a mild increase in RhBG protein
expression. However, consistent with the
reporter activity data, depletion of DR1/NC2
resulted in loss of response to interventions.
Interestingly, PBX1 depletion also increased
baseline luciferase activity of the reporter for
RhBG promoter but the responses to ethanol and
ammonia were maintained suggesting that PBX1
may negatively regulate the RhBG promoter and
the maintenance of responses to ethanol and
ammonia despite depletion of PBX1 suggested
that the increased RhBG was independent of this
transcription factor. We then tested if skeletal
muscle  hyperammonemia during ethanol
exposure worsened the sarcopenic phenotype
and dysregulated proteostasis by quantifying the
myotube diameter, protein synthesis and
autophagy markers in myotubes.

Ethanol-induced reduction in  myotube
diameter and proteostasis were worsened by
ammonia

Myotube diameter and protein synthesis
in myotubes were significantly decreased, and
autophagy markers showed increased expression
in response to ethanol exposure for 6h and 24h
(Fig. 6, A-C; Supplementary Fig. 2).
Consistent with our previous reports, ammonia
exposure resulted in reduced protein synthesis,
increased autophagy markers and lower myotube
diameter all of which are characteristics of a
sarcopenic phenotype in myotubes (29,36). A
combination of ethanol and ammonium acetate
resulted in greater reduction in myotube
diameter and protein synthesis and increased
autophagy markers than either ethanol or
ammonium acetate alone. Finally, ethanol
withdrawal followed by ammonia exposure
resulted in greater impairment of protein
synthesis and increased autophagy markers than
either treatment alone (Fig. 6, C).

Regulation of muscle proteostasis is
regulated by multiple regulatory molecules
including  TGFB  superfamily  member,
myostatin, its downstream target AMPK and
MTORC1 and phosphorylation of elF2a(28).
Even though specific perturbations in regulation
of each of these molecules have been reported to
result in a sarcopenic phenotype, we determined

Ethanol aggravates hyperammonemia

the alterations in expression of the regulatory
components of this integrated pathway of
muscle proteostasis. Since mTORCL1 is a critical
regulator of  proteostasis, and  muscle
hyperammonemia occurs during and after
ethanol  exposure, we determined the
perturbations in signaling pathways altered by
hyperammonemia, ethanol treatment and
hyperammonemia following ethanol exposure.

Perturbations in signaling pathways were more
severe with hyperammonemia following
ethanol exposure

Consistent with a more severe
phenotype of reduced myotube diameter and
dysregulated proteostasis with ethanol and
hyperammonemia, mTOR phosphorylation and
mTORCL1 signaling determined by
phosphorylation of P70S6 kinase and ribosomal
S6 protein were impaired by ethanol and
ammonia at 6h with greater impairment at 24h.
Similar observations were noted in myotubes
treated with  simultaneous ethanol and
hyperammonemia and ethanol treatment
followed by hyperammonemia also resulted in
impaired mTOR phosphorylation and mTORC1
signaling (Fig. 7). Since ethanol and ammonia
induce cellular stress and inhibit protein
synthesis via phosphorylation of elF2a with
global repression of mRNA translation and
protein synthesis as well as inhibiting mTORC1
signaling, we then tested if elF2a
phosphorylation occurs during ethanol and
ammonia exposure.

Phosphorylated elF2a (elF2a-P)
expression was increased in myotubes during
ethanol or ammonia treatment and to a greater
extent with both ethanol and ammonia (Fig. 8,
A). Ethanol withdrawal followed by
hyperammonemia increased elF2a-P. Of the
elF2a kinases in the skeletal muscle, GCN2
phosphorylation and activation was observed
with both ethanol and hyperammonemia, but to
a greater extent in response to simultaneous
ethanol treatment and hyperammonemia.
Ethanol withdrawal followed by
hyperammonemia also resulted in significantly
higher GCN2 activation compared to either
treatment alone. The other elF2a kinase, protein
kinase R like endoplasmic reticulum kinase
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(PERK) was not activated as noted by the lack
of mobility shift in response to ethanol,
hyperammonemia, a combination of the two or
hyperammonemia following ethanol withdrawal
(Fig. 8, A). Increased elF2a-P and GCN2
phosphorylation without PERK activation were
also observed in pair- or ethanol-fed mice and
human alcoholic cirrhosis and controls (Fig. 8,
B).

In addition to the cellular stress
response, myostatin is another known inhibitor
of protein synthesis and muscle loss. Expression
of myostatin was increased by ethanol treatment,
hyperammonemia and a combination of ethanol
and hyperammonemia (Fig. 8, C). However,
phosphorylation of AMPK, a downstream target
of myostatin was increased with ammonia
exposure and ethanol withdrawal followed by
ammonia exposure but not with ethanol alone or
ethanol in combination with ammonia (Fig. 8,
C). Finally, even though ethanol-induced
perturbations were identified in multiple
systems, whether ethanol is metabolized in the
myotubes is currently unknown.

Ethanol is directly metabolized in the skeletal
muscle

In addition to the direct effects of
ethanol on the muscle as observed with the use
of 4- methylpyrazole, an ADH inhibitor, ADH
and ALDH enzyme activity was noted in murine
myotubes and skeletal muscle from mice acutely
or chronically treated with ethanol suggesting
that ethanol was directly metabolized in the
muscle (Fig. 9, A-D). Transcriptional
expression of ADH3 and ALDH2 were
increased in the skeletal muscle in response to
ethanol exposure (Supplemental Fig. 3).

Activity of both ADH and ALDH
enzymes were acutely inhibited in myotubes and
returned to basal activity after 3h in response to
ethanol while ammonia exposure increased the
activity of ADH.

Discussion

We show that ethanol-induced
dysregulated skeletal muscle proteostasis,
signaling  perturbations and  sarcopenia
phenotype is due to ethanol as well as
hyperammonemia in a comprehensive array of
models including human muscle, ethanol treated
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mice and myotubes. Both ethanol and ammonia
upregulated transcription and protein expression
of the ammonia transporter, RhBG, in the
skeletal muscle with increased tissue
concentration of ammonia. We also identified
that general transcriptional repressor, DR1/NC2
indirectly regulates the promoter activity of
RhBG. Ethanol induced perturbations in
ammonia metabolism results in perturbations in
the major signaling pathways that regulate
muscle protein homeostasis and result in a
sarcopenic phenotype.

Our in vitro studies in primary
hepatocytes and AML12 murine liver cell lines
show that ethanol impaired hepatocyte ammonia
disposal due to decreased ureagenesis, and is
consistent with previous in vivo studies (20-
23,27,44). We and others have also previously
reported that the skeletal muscle functions as a
metabolic partner to the liver during impaired
ureagenesis by increased muscle uptake of
ammonia (28,29). Lower ureagenesis results in
impaired hepatic ammonia disposal and the
resultant hyperammonemia results in increased
skeletal muscle ammonia concentrations as
observed in the present studies in skeletal
muscle from ethanol fed mice with consequent
ammonia mediated effects as reported earlier
(28-30).

The present studies provide a
mechanistic basis for increased muscle uptake of
ammonia in response to ethanol exposure.
Expression of ammonia transporter family
member, RhBG, is transcriptionally upregulated
in the skeletal muscle during ethanol exposure.
Expression of another ammonia transporter
family member, RhCG, is however not
significantly altered in the muscle either with
ethanol or hyperammonemia. Of the 3
transcription factors that were bound to the
RhBG promoter during ammonia and ethanol
exposure, only DR1/NC2 and FoxPl were
increased in response to ethanol and ammonia
unlike PBX1 whose expression was unaltered
with these interventions. Depletion of either
DR1/NC2 or PBX1 increased the luciferase
reporter activity for the RhBG promoter
suggesting that both these transcription factors
negatively regulated RhBG. However, depleting
PBX1 did not alter the response to ethanol or
ammonia while DR1/NC2 depletion resulted in a
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loss of response to ethanol and ammonia
showing a regulatory role for DR1/NC2 in
ammonia/ethanol mediated regulation of RhBG.
Maintenance of luciferase response to ammonia
and ethanol despite depletion of PBX1 or FoxP1
suggested that RhBG  regulation  was
independent of these 2 transcription factors.
Even though DR1/NC2 is a repressor of
transcription, our studies on the expression and
loss of function studies suggest that DR1/NC2
may be an indirect regulator of RhBG by
inhibitingr an  RhBG  repressor.  This
interpretation is supported by our observations
on reporters of deletional constructs of the
RhBG promoter. Our data on the pulldown
proteomics, luciferase reporter assays and
depletion studies are consistent with the known
function of DRI1/NC2 as a transcriptional
repressor. However, the expression of RhBG
protein does not show a similar robust response
and lack of response to ammonia or ethanol
exposure. Whether these depend on regulation
via TATA like rather than TATA element on the
promoter or post transcriptional or translational
responses need further evaluation as part of
future studies.

We also noted that ethanol is
metabolized in the skeletal muscle and inhibition
of ethanol or acetaldenyde metabolism showed
that blocking ethanol oxidation results in a
prolonged increase in RhBG expression while
inhibiting  acetaldehyde  oxidation  with
cyanamide results in a rapid and early rise in
RhBG expression. These data suggest that
ethanol and acetaldehyde increase ammonia
transporter and transport with different kinetics.

Published data show that ethanol and
hyperammonemia cause skeletal muscle loss and
decreased myotube diameter (4,11,45,46). Our
current observations on signaling perturbation in
response to ethanol exposure are consistent with
prior reports of ethanol mediated impairment in
skeletal muscle mTORCL1 signaling and protein
synthesis and increased autophagy in vitro and
in vivo in mouse models (4,47). Our
observations that phosphorylation of AMPK, an
upstream inhibitor of mTOR phosphorylation
and activator of autophagy, by ethanol treatment
with or without hyperammonemia was less than
that observed with hyperammonemia alone and
may be due to dephosphorylation of AMPK in
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response to ethanol as has been reported in
hepatocytes but different from that reported in
myoblasts (48,49). These suggest that the effects
of ethanol on signaling perturbations may be
context dependent and therapeutic approaches
need to consider these tissue specific responses.
Our signaling data also provide a mechanistic
explanation for the clinical observation of more
severe muscle loss in patients with alcoholic
liver disease with impaired mTORC1 signaling
and increased elF2a-P that is greater in
myotubes during hyperammonemia with ethanol
treatment. Increasing recognition that elF2o-P
impairs mTORC1 signaling suggests a similar
mechanism in myotubes treated with ethanol and
ammonia (33). Increased myostatin expression
at 6 and 24 h in response to ethanol exposure
and hyperammonemia are  consistent with our
previous reports of hyperammonemia-induced
upregulation of myostatin (29). As mentioned
earlier, perturbations in multiple regulatory
pathways include adaptive and maladaptive
responses that culminate in dysregulated protein
homeostasis and a sarcopenic phenotype.

Our data show that dysregulated
proteostasis during ethanol exposure is mediated
by transcriptional and signaling perturbations at
multiple levels. Both ethanol directly and muscle
generated acetaldehyde and possibly systemic
acetaldehyde impair protein synthesis, increase
autophagy and  consequent  sarcopenia.
Additionally, impaired ammonia disposal due to
ethanol mediated decreased hepatic ureagenesis
causes dysregulated proteostasis. Importantly,
even after ethanol withdrawal, once liver disease
is established the resultant hyperammonemia
maintains and worsens dysregulated protein
homeostasis. This can explain the persistent
muscle loss in human patients in contrast to a
reversible phenotype of muscle loss in rodents
because hepatic fibrosis and cirrhosis do not
occur in these models. Ammonia lowering
therapy reverses muscle loss in preclinical
models of hyperammonemia (31) abstinence in
combination with ammonia lowering therapy has
potential for rapid clinical translation (1,2,50).

Experimental procedure

All  chemicals including ethanol,
acetaldehyde, 4-methylpyrazole, and cyanamide
were obtained from Sigma Aldrich (St. Louis,
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MO, USA). Antibodies were obtained as
follows: antipuromycin antibody from Millipore
(Millipore-Sigma, Burlington, MA, USA),
LC3Il, and PBX1 from Novus biologicals
(Littleton, CO, USA), B- actin from SantaCruz
biotechnology Co. (Dallas, TX, USA), total and
phosphorylated mTOR %¢?*8 P70S6 kinase ™%,
ribosomal S6  protein®®%%*  GCN2™8%
elF2a>™, AMPK™?  PERK, DR1/NC2,
FoxP1 and P62 from Cell Signaling
Technologies (Beverly, MA, USA). Antibodies
to RhBG and RhCG were generated by David
Weiner (author) and have been characterized
previously  (51,52). shRNA clones for
DR1/NC2, FoxP1l and PBX1 were obtained
from Sigma-Aldrich (St. Louis, MO).

In vitro cell cultures.

Murine myotubes. Murine C2C12 myoblasts
(ATCC, Manassas, VA, USA) were grown to
confluence in proliferation medium (DMEM
with 10% fetal bovine serum) followed by
differentiation in DMEM with 2% horse serum
for 48 h as previously described (36,53).
Differentiated murine C2C12 myotubes exposed
to 100mM ethanol with or without 10mM
ammonium acetate were used for 6 and 24h and
shown to be biologically and clinically relevant
as reported previously (4,36). For the
withdrawal experiments, myotubes were treated
with 100mM ethanol in differentiation medium
for 24 h after which the medium was removed
and replaced with  fresh  conditioned
differentiation medium with 10mM ammonium
acetate.

Primary hepatocyte isolation. Hepatocytes from
WT mice was isolated using methods previously
described (54). Hepatocytes were isolated from
livers perfused via the portal vein with modified
Hank’s solution (free of Ca®* and Mg®)
containing 1mM EGTA and 10mM HEPES and
then with 0.05% type I collagenase in Williams’
E medium at a flow rate of 6 mL/min. A cell
suspension was formed by gentle disruption of
the collagenase-treated livers in Williams’ E
medium containing 10% fetal bovine serum.
Cells were washed twice with Williams’ E and
dead/damaged hepatocytes were separated out
with a 30% Percoll gradient. Purified cells were
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suspended in William's E supplemented with
10% FBS and hepatocyte
maintenance pack which  is  from  Gibco
(Carlsbad, CA, USA). Cells were counted,
plated on collagen coated 100mm plates
(1.8x10° cells per plate).

Culture and treatment of AML12 cells. AML12
mouse hepatocytes were obtained from ATCC
and cultured in a 1:1 mixture of Dulbecco's
modified Eagle's medium and Ham's F12
medium (Sigma Aldrich, St. Louis, MO, USA)
with 1X insulin, transferrin and selenium
(ThermoFisher Scientific, Waltham, MA, USA),
1X dexamethasone (Cayman Chemical, Ann
Arbor, Ml, USA), 10% fetal bovine serum and
1% penicillin  streptomycin.  Cells  were
subcultured at a density of 4 x 10° cells/cm? in a
10 cm? plate, 24 h later cells were treated with
100mM ethanol in serum-free DMEM/F12 +1%
penicillin streptomycin for 6h. Medium was
collected at timed intervals to quantify urea
concentrations.

In vivo studies in ethanol-fed mice. All
procedures using animals were approved by the
Cleveland Clinic Institutional Animal Care and
Use Committee. 8-10 weeks old female,
C57BL/6J mice (Jackson Laboratory, Bar
Harbor, ME) were randomized into ethanol-fed
and pair-fed groups and then adapted to a
control liquid diet for 2 days. Two models of
ethanol feeding were used in this study. The first
was chronic ethanol-induced liver injury model,
in which mice in the ethanol-fed groups were
allowed free access to an ethanol-diet containing
1% (vol/vol) ethanol for 2 days followed by 2%
ethanol for 2 days, then 4% ethanol for 1 week,
5% for 1 week and finally 6% ethanol for an
additional week. The second model was
considered a binge model of ethanol exposure.
Mice were allowed free access to an ethanol-diet
containing 1% for 2 days, followed by 2 days at
6% ethanol. Control mice received a control
pair-food diet which iso-calorically substituted
maltose dextrins for ethanol. Animals were
housed in the biological resource unit with a 12
h  light/day cycle.  After euthanasia,
gastrocnemius muscle was harvested and protein
extracted for immunoblots and tissue lysates for
enzyme activity.
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Placement of miniosmotic pump to induce
hyperammonemia.  Hyperammonemia  was
induced in C57BL/6J mice by placing an Alzet
miniosmotic pump Model 2004 (Alzet,
Cupertino, CA, USA). Osmotic pump implant
surgery was performed using sterile aseptic
techniques. Mice were placed on a heating pad
to maintain normal body temperature for the
duration of the surgery. Mice were anesthetized
by isofluorane anesthesia. The nape of the
animal was shaved with clippers and the skin
cleaned with 70% ethanol. An Alzet® 3 cm/
200ul mini- osmotic pump containing either
phosphate-buffered saline (PBS), or ammonium
acetate was implanted subcutaneously in 8-9
weeks old mice on back of neck. A 5-7 mm
transverse incision was made and a small
subdermal pocket created using a straight, long-
nosed hemostat following local anesthesia using
0.25% bupivacaine. The pump was inserted with
the delivery pore located anterior toward the
head of the animal and the incision secured
using wound clips. A dose of 2.5mmol/kg/day
ammonium acetate in sterile phosphate buffered
saline or vehicle alone was delivered to these
animals for 4 weeks.

Human muscle tissue. Vastus lateralis muscle
from alcoholic cirrhosis and matched healthy
controls were obtained after institutional review
board approval (IRB 10-840) and in accordance
with the Declaration of Helsinki at the Cleveland
Clinic. All patients provided an informed
consent, in accordance with the Declaration of
Helsinki, and the clinical details of these
subjects have been previously reported (55).

Myotubes  diameter  measurement.  The
diameters of at least 100 myotubes from at least
3 independent experiments each were measured
using Imagel (imagej.nih.gov/ij/list.ntml) as
described earlier (29). The meantSD were
calculated and expressed as a ratio compared to
controls.

Real time PCR. Total RNA was extracted and
used for real time PCR as previously described
(29). In brief, total RNA from C2C12 myotubes
treated with ethanol was isolated using TRI
reagent (Molecular Research Center Inc.,
Cincinnati, OH, USA). cDNA was synthesized
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using avian leukemia retrovirus reverse
transcriptase (BD Clontech, Mountain View,
CA, USA) and real-time PCR (Supplementary
Table 2) performed using the SYBR®
fluorescence kit (Qiagen, Hilden, Germany) with
Stratagene Mx3000p (Agilent Technologies,
Santa Clara, CA, USA). Relative differences
were normalized to the expression of 3 actin.

Immunoblots. Immunoblots on protein extracts
were performed using protocols established in
our laboratories as described earlier (33). In
brief, electrophoresis of 30ug protein was
performed on an 8 or 10% tris glycine gel except
for LC3 lipidation where a 15% gel was used,
electrotransferred to PVDF membrane, blocked
with 3% bovine serum albumin or 5% fat free
milk for 2 hours, incubated with primary
antibody for overnight at 4°C followed by
secondary antibody for 3 hours at room
temperature in the appropriate dilutions
(Supplementary Table 2) and blots developed.
Immune  reactivity was  detected by
chemiluminescent HRP substrate (Millipore-
Sigma, Burlington, MA, USA) followed by
densitometry of the blots using Image J as
described earlier (56).

Protein synthesis in vitro. The puromycin
incorporation method was used to quantify
protein synthesis in C2C12 myotubes by
incubating the cells following treatment with
100mM ethanol and/or 10mM ammonium
acetate or medium alone and 1pg/ml puromycin
was added for 30 min. Immunoblots for
puromycin incorporation were performed as
described earlier (33).

Ureagenesis. To determine the impact of ethanol
on hepatic ureagenesis, murine AML12 cells or
primary hepatocytes were grown as described
above. Upon reaching confluence, cells were
treated with 100mM ethanol or no treatment and
medium aspirated from 0-6 h and urea
concentration in the medium quantified. Urea
assay was performed using a modification of the
protocol as described previously(57). The
working solution consisted of 513mg/L
primaquine  bisphosphate, = 100mg/L  o-
phthalaldehyde, 2.5mol/L sulfuric acid, 2.5g/L
boric acid, and 0.03% Brij-35 (Sigma-Aldrich,
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St. Louis, MO, USA). Urea standards were
prepared in serum free DMEM. 50l each of
standards or samples were transferred to
separate wells in a flat bottom 96 well plate.
200ul of freshly prepared working reagent was
added, the plate gently mixed and incubated at
room temperature for 1h. Readings were taken at
430 nm on a plate reader (Molecular Devices,
Sunnyvale, CA, USA).

Ammonia assays. Ammonia assays were
performed as described previously (29). The
working reagent consist of 150mM a-KG,
25mM NADH and Z1ug/ul of glutamate
dehydrogenase enzyme. The ammonia standard
was prepared from 1mM solution of ammonium
chloride. To perform the assay, 60ul of culture
medium was transferred to UV invisible flat
bottom 96 well plate. Then 20ul of 150mM a-
KG and 20pl of freshly prepared 2.5mM NADH
were added. The plate was gently mixed and
optical density (OD) was taken at 340 nm. Then
5ug of glutamate dehydrogenase enzyme was
added to each well. The plates were kept for
incubation at 37°C for 1lh in the plate reader
machine. During the incubation OD was taken at
every 15 min at 340 nm on the plate reader
(Molecular Devices, Sunnyvale, CA, USA).
During calculation initial OD was subtracted for
the final OD.

Enzyme activity assays. Alcohol and aldehyde
dehydrogenase assays were performed using an
assay kit per manufacturer protocol (Biomedical
Research Service Center, University of Buffalo,
Buffalo, NY, USA). In brief, myotubes or
muscle tissue was lysed using ice cold 1X lysis
solution provided with kit. Cell lysates was
extracted by pipetting up and down. The cell
lysate was gently and intermittently agitated on
ice for 5 min followed by centrifugation for 10
min at 12000 rpm at 4°C. The supernatant was
used for ADH and ALDH assay. For tissue
extraction, ~50mg pair-fed and ethanol-fed mice
gastrocnemius muscle tissue was taken and
homogenized in 500ul ice cold 1X cell lysis
solution provided with kit. The homogenates
were centrifuged for 10 min at 12000 rpm at 4°C
and supernatant was harvested. Protein
concentration (1mg/ml) of each sample were
equalized by performing protein estimation
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assay (BCA). Then 10ul of each sample in
duplicate was transferred to separate well of flat
bottom 96 well plate (one set for control and
another set for reaction). Then 50ul of control
solution (1 part of H20 and 10 part of
ADH/ALDH assay solution) was added to one
set of wells and 50ul of reaction solution (1 part
of 10X ALD/ALDH substrate and 10 part of
ADH/ALDH assay solution) was added to
another set of wells. The plate was gently mixed,
covered and kept it for incubation for 1h at
37°C. The reaction was stopped by adding 50pl
of 3% Acetic acid. Optical density (OD) was
taken at 492 nm on the plate reader (Molecular
Devices, Sunnyvale, CA, USA). The OD of
control well was subtracted from OD of reaction
well for each sample. The subtracted sample OD
reading was used to calculate enzyme activity.
Sample ADH/ALDH activity in IU/L unit =
pmol/(L.min) = OD x 1000 x 110ul / (60 min x
0.6 cm x 18 x 10ul).

Reporter assay. To determine if ethanol resulted
in transcriptional upregulation of RhBG, the
previously described full length and various
deletion constructs of RhBG used to generate
luciferase reporters and Renilla constructs (40)
were transfected in myoblasts using protocols
described by us (29), cells selected using
neomycin and grown in differentiation medium
for 48 hours. Myotubes were treated with
100mM ethanol with or without ammonium
acetate for 24 hours.

Biotin tagged promoter pulldown assay to
detect transcription factor binding. RhBG full
length promoter (-2349 to 142) was amplified
using 5° biotin tagged forward primer and
reverse primer. Biotin tagged RhBG promoter
was gel purified using QIAquick gel extraction
kit (Qiagen). Then, C2C12 cell lysate was made
in the lysis/binding buffer (25mM Tris pH 7.5,
150mM NaCl, 0.3% Triton X-100, 1X protease
inhibitor cocktail). The streptavidin magnetic
beads (50ul) were pre-washed with binding
buffer for three times and then 300 ng of biotin
tagged RhBG promoter was added to bind with
streptavidin. The beads were again washed for
two times to remove unbound RhBG promoter.
The binding reaction was performed by adding
100pg of C2C12 crude lysate to the biotin-
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RhBG-streptavidin complex and kept at 4°C for
4 hours at rotation. The beads were washed three
times with the binding buffer and then
interacting proteins were eluted by using 100ul
of elution buffer (0.1M Glycine, pH 2.0). The
eluted proteins were subjected to liquid
chromatography mass  spectrometry  (LC-
MS/MS) to identify proteins that interact with
RhBG promoter. Protein samples were prepared
for mass spectrometry by removing an aliquot of
protein and reconstituting in a 50ul of 6M urea,
100mM Tris buffer. The proteins were reduced
with 10mM DTT for 15 minutes at room
temperature and alkylated with 30mM
iodoacetamide for 20 minutes at room
temperature. The samples were diluted to
reduce the urea concentration to < 1.2M. Two
rounds of tryptic digestion were performed by
the addition of 1pg of trypsin and incubated at
room temperature overnight followed by the
addition of a second trypsin aliquot and
digestion for an additional 4 hours. The peptide
samples were desalted with PepClean C-18 spin
columns (Thermo Scientific, Waltham MA, CA)
and reconstituted in 30pl 1% acetic acid for LC-
MS analysis.

The LC-MS  system was a
ThermoScientific Fusion Lumos hybrid mass
spectrometry System (ThermoScientific, San
Jose, CA). The HPLC column was a Dionex 15
cm x 75 pum internal diameter Acclaim Pepmap
C18, 2um, 100A reversed- phase capillary
chromatography  column  (Thermo  Fisher,
Waltham, MA). Five uL volumes of the extract
were injected and the peptides eluted from the
column by an acetonitrile/0.1% formic acid
gradient at a flow rate of 0.3uL/min were
introduced into the source of the mass
spectrometer on-line. The microelectrospray ion
source is operated at 1.9kV. The acquisition
method was a data dependent based
MS? method. It begins with a MS full scan in the
Orbitrap analyzer (60k resolution), followed by
selection of the parent ions in the MS scans and
fragmentation by high energy collision induced
dissociation (HCD) and detected in the Orbitrap
analyzer.

The data were analyzed using
MaxQuant V1.5.2.8 with the search engine
Andromeda which is integrated in MaxQuant
software and the parameters used were default
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settings for an Orbitrap (58,59). The database
used to search the MS/MS spectra was the
Uniprot mouse protein database
(https://www.uniprot.org/
proteomes/UP000000589) containing 25,035
entries with an automatically generated decoy
database (reversed sequences). Oxidation of
Methionine and acetylation of protein N-
terminus were set as dynamic modifications and
carbamidomethylation of Cysteine was set as
static maodifications. A false discovery rate
(FDR) was set to 1% for both peptide and
protein with a minimum length of seven amino
acids, two unique or razor peptides were
required for positive identification.

The “match between runs” feature of
MaxQuant was used to transfer identifications to
other LC-MS/MS runs based on their masses
and retention time (maximum deviation 0.7 min)
and this was also used in quantification
experiments. Quantifications were performed
with the label-free quantitation method available
in the MaxQuant program(60).

After mass spectrometric analyses
(peptide/protein identification, LFQ intensity
calculations, and normalization), we selected all
known transcription factors, and removed all
proteins that were bound to beads in the no DNA
control as background. The search motif tool in
the eukaryotic promoter database (EPD) scans
promoter regions with position weight matrices
(PWM) of several transcription factors (TF) and
core promoter elements to find putative binding
sites. Once a PWM library and TF were
selected, the identified promoter region was
searched with that PWM. Hits were marked as
red rectangles in the plot and exact positions
relative to the transcription start site (TSS) are
reported below the plot. Motif libraries are from
the JASPAR® database and the EPD elements
and were downloaded as a text file(61). The
description of the motifs and the conversion
rules are shown in the figure. The scan of the
motifs was performed on-the-fly using the
FindM tool from the Signal Search Analysis
server toolkit (https://ccg.epfl.ch/ssa/findm.php).
We then only considered transcription factors
which were detected after ethanol or ammonia
treatment and were undetected in untreated
samples. This resulted in 17 total transcription
factors of interest. Using this data, we created a
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Venn diagram of transcription factors bound in
different conditions using the VennDiagram
package in R.

Statistical analysis - Experimental data for all
conditions are expressed as mean + SEM and the
number of animals used is provided in the figure
legends. Quantitative variables were analyzed
using the Student t-test for protocols with 2
groups. For all studies in which the experimental
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protocol involved more than 2 groups, data were
analyzed using a one-way analysis of variance.
When ANOVA showed a significant overall
effect, differences among different groups were
assessed using the Bonferroni post-hoc analysis.
Qualitative variables were analyzed using the
chi square test. A p <0.05 was considered
significant. All analyses were done using SPSS
v20 (IBM, Armonk, NY, USA).
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Fig. 1. Ethanol exposure impairs ureagenesis in primary hepatocyte and increases plasma and
muscle ammonia concentrations. Panel A, B. Concentrations of urea and ammonia in the medium from
murine primary hepatocytes treated for different time points with 100mM ethanol. Panel C. Ammonia
concentration in plasma and skeletal muscle from ethanol or pair fed mice and myotubes treated with
100mM ethanol for 24h. Data are expressed as mean = S.E.M from at least 3 biological replicates. *p <
0.05, **p < 0.01, ***p < 0.001 vs. untreated controls.
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Fig. 2. Ethanol and hyperammonemia independently increase skeletal muscle RhBG expression.
Panel A. Representative immunoblots and densitometry for ammonia transporters, RhnBG and RhCG, in
C2C12 myotubes treated with 10mM ammonium acetate or 100mM ethanol for different time points.
Panel B. Fold change in expression of RhnBG mRNA by real time PCR in C2C12 myotubes treated with
10mM ammonium acetate or 100mM ethanol for different time points. Panel C. Representative
immunoblots and densitometry of ammonia transporter, RhBG, expression in murine C2C12 myotubes
treated with 100mM ethanol, 10mM ammonium acetate, both or 10mM ammonium acetate for 6h after
ethanol withdrawal. Panel D. Representative immunoblots and densitometry of RhBG expression and
representative immunoblots of RhCG expression in gastrocnemius muscle from hyperammonemic and
control (n=3 each), chronic ethanol and pair fed mice (n=3 each) and skeletal muscle from patients with
cirrhosis and control subjects (n=4 each). Panel E. Fold change in expression of ammonia transporters,
RhBG mRNA and RhCG mRNA by real time PCR, in chronic ethanol or pair fed mice (n=3 each) and
patients with alcoholic cirrhosis and controls (n=4 each). All data expressed as mean+SD. * p<0.05; **
p<0.01; *** p<0.001 vs. controls.
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Figure. 3
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Fig. 3. Transcriptional upregulation of RhBG by ethanol and hyperammonemia. Murine C2C12
cells transfected with the empty plasmid (pGL3) or RhBG promoter (pGL3-RhBG) with Renilla plasmid
and differentiated to myotubes and treated as below with different interventions for stated times. Data
expressed as relative luciferase units of luminescence of luciferase/Renilla. Panel A. RhBG
transcriptional response by reporter assay in response to 10mM ammonium acetate, 100mM ethanol or
both. Panel B. Response of RhBG reporter in to 100mM ethanol or 1mM acetaldehyde. Panel C.
Response of RhBG reporter to 100mM ethanol with and without 1mM 4-methylpyrazole, an alcohol
dehydrogenase inhibitor. Panel D. Response of RhBG reporter in to 100mM ethanol with and without
0.3mM cyanamide, an acetaldehyde dehydrogenase inhibitor. All data from at least 3 biological replicates
expressed as mean + S.E.M of the pGL3-RhBG luciferase activity relative to pGL3-Basic. EtOH,
Ethanol; AmAc, Ammonium acetate; Aceta, Acetaldehyde; Cyana, Cyanamide; 4-MP, 4-methylpyrazole.
*p <0.05, **p < 0.01, ***p < 0.001 vs. untreated controls.
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Fig. 4. Regulation of RhBG promoter in response to ethanol and hyperammonemia. Panel A. RhBG
full length and deletion constructs were cloned in pGL3 basic vector. Arrow denotes transcription start
site (TSS). Panel B. Venn diagram of transcription factors bound to full length RhBG promoter in
response to 10mM ammonium acetate (AmAc) or 100mM ethanol for stated times in hours (h) identified
by proteomics from biotin tagged full length promoter pulldown assay. Panel C. Bioinformatics analysis
of the RhBG promoter to identify consensus sequences for the transcription factors that were identified by
promoter pulldown assay. Panel D. Reporter assay in C2C12 myoblasts transfected with full length
RhBG promoter or the indicated construct subcloned in pGL3 with Renilla plasmid. Luciferase activity
with no treatment (Untr). 24 h treatment with 100mM ethanol (EtOH), 10mM ammonium acetate (AmAc)
or both ethanol and ammonium acetate. All data expressed as fold change compared to untreated control
cells. Panel E. Representative immunoblots of the 3 transcription factors that were bound to the RhBG
promoter in C2C12 myotubes with mock or sShRNA transfection. Panel F. Reporter activity of full length
RhBG promoter in myotubes with silencing of DR1, FoxP1 and PBX1 in response to 100mM ethanol,
10mM ammonium acetate or both for 24h. Luciferase activity expressed as fold change compared to
untreated control cells for each group (shRandom, shDR1, shFoxP1, shPBX1). Data are expressed as
mean of at least three biological replicates expressed mean + S.E.M of the pGL3-RhBG construct
normalized with Renilla response. * p<0.05; ** p<0.01; *** p<0.001.
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Fig. 5. Expression of transcription factors in response to ethanol or ammonia. Panels A-C.
Representative immunoblots and densitometry of transcription factor Drl and FoxP1 and immunoblots of
PBX1 in murine C2C12 myotubes treated with 100mM ethanol (EtOH), 10mM ammonium acetate
(AmAc) or both EtOH and AmAc for 6 and 24 h. Panel D. Representative immunoblots and densitometry
of RhBG protein in C2C12 myotubes with either mock transfection or shDR1 treated with 100mM
ethanol (EtOH), 10mM ammonium acetate (AmAc) or both for 6 and 24h. All data expressed as
meanxSD from at least 3 biological replicates. *p <0.05, **p < 0.01, ***p < 0.001.
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Figure. 6
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Fig. 6. Ethanol and hyperammonemia independently cause dysregulated proteostasis. Panel A.
Representative immunoblots and densitometry (from the entire lane) for puromycin incorporation in
murine C2C12 myotubes treated with 100mM ethanol, 10mM ammonium acetate or both for 6 and 24 h.
Panel B. Representative immunoblots and densitometry for puromycin incorporation in murine C2C12
myotubes in response to treatment with 10mM ammonium acetate following withdrawal of 100mM
ethanol. Panel C. Representative immunoblots and densitometries of LC3 lipidation and P62 showed
increased autophagy in response to 10mM ammonium acetate treatment for 6 and 24h following
withdrawal of 100mM ethanol. Treatment with ethanol alone showed less autophagy compared with
ethanol with hyperammonemia or hyperammonemia following ethanol withdrawal. All myotube data
from at least 3 biological replicates. EtOH, Ethanol; AmAc, Ammonium Acetate; WD, Ethanol
withdrawal followed by ammonium acetate treatment. *p < 0.05, **p < 0.01, ***p < 0.001 vs. untreated
controls.
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Fig.7. Impaired mTORC1 signaling in C2C12

hyperammonemia. Representative immunoblots and densitometry of phosphorylated mTOR (Ser
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and signaling response to mTORC1 activation (phosphorylation of P70S6 kinase and ribosomal S6
protein) in murine C2C12 myotubes treated with 100mM ethanol, 10mM ammonium acetate, both
ethanol and ammonium acetate or 10mM ammonium acetate following ethanol withdrawal for stated time
points. EtOH, 100mM ethanol; AmAc, 10mM ammonium acetate; WD, Ethanol withdrawal followed by
10mM ammonium acetate treatment. All data expressed as mean+SD from at least 3 biological replicates.
*p < 0.05, **p < 0.01, ***p < 0.001 vs. untreated controls.
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Fig. 8. Ethanol and ammonia result in phosphorylation of elF2a and AMPK. Panel A.
Representative immunoblots and densitometry of phosphorylated GCN2 and elF2a in murine C2C12
myotubes exposure to 100mM ethanol, 10mM ammonium acetate, both ethanol and ammonium acetate,
or 10mM ammonium acetate following withdrawal of 100mM ethanol for 6 and 24h. No PERK activation
as determined by lack of mobility shift on electrophoresis. Panel B. Representative immunoblots and
densitometry of phosphorylated GCN2, elF2a. and no PERK activation as determined by lack of mobility
shift in gastrocnemius muscle from ethanol and pair fed mice (n=3 each) and skeletal muscle from
patients with alcoholic cirrhosis and controls (n=3 each). Panel C. Representative immunoblots and
densitometry of myostatin and phospho-AMPK in myotubes treated with 100mM ethanol or 10mM
ammonium acetate alone, both ethanol and ammonium acetate and 10mM ammonium acetate following
ethanol withdrawal for 6 and 24h . EtOH, Ethanol; AmAc, Ammonium Acetate; WD, Ethanol withdrawal
followed by ammonium acetate treatment. All data expressed as mean+SD. Densitometry determined
from at least 3 biological replicates for studies in myotubes. *p < 0.05, **p < 0.01, ***p < 0.001 vs.
controls.
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Figure.9.
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Fig. 9. Skeletal muscle expression and activity of ethanol metabolizing enzymes. Panels A, B. C2C12
myotubes were treated with 100mM ethanol, 10mM ammonium acetate, and in combination of ethanol
and ammonium acetate for stated times. Alcohol dehydrogenase (ADH) and aldehyde dehydrogenase
activities (ALDH) activities were quantified. Panel C, D. Alcohol and aldehyde dehydrogenase activity
assays in gastrocnemius muscle from mice treated with chronic or binge ethanol or pair fed mice (n=4
each). All myotube experiments were done in three biological replicates. All data expressed mean + SD.
*p < 0.05, **p < 0.01, ***p < 0.001 vs. controls.
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