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Chronic alcohol ingestion delays skeletal muscle
regeneration following injury
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Abstract

Background: Chronic alcohol ingestion may cause severe biochemical and pathophysiological derangements to
skeletal muscle. Unfortunately, these alcohol-induced events may also prime skeletal muscle for worsened, delayed,
or possibly incomplete repair following acute injury. As alcoholics may be at increased risk for skeletal muscle injury,
our goals were to identify the effects of chronic alcohol ingestion on components of skeletal muscle regeneration.
To accomplish this, age- and gender-matched C57Bl/6 mice were provided normal drinking water or water that
contained 20% alcohol (v/v) for 18–20 wk. Subgroups of mice were injected with a 1.2% barium chloride (BaCl2)
solution into the tibialis anterior (TA) muscle to initiate degeneration and regeneration processes. Body weights and
voluntary wheel running distances were recorded during the course of recovery. Muscles were harvested at 2, 7 or
14 days post-injection and assessed for markers of inflammation and oxidant stress, fiber cross-sectional areas, levels
of growth and fibrotic factors, and fibrosis.

Results: Body weights of injured, alcohol-fed mice were reduced during the first week of recovery. These mice also
ran significantly shorter distances over the two weeks following injury compared to uninjured, alcoholics. Injured TA
muscles from alcohol-fed mice had increased TNFα and IL6 gene levels compared to controls 2 days after injury.
Total protein oxidant stress and alterations to glutathione homeostasis were also evident at 7 and 14 days after
injury. Ciliary neurotrophic factor (CNTF) induction was delayed in injured muscles from alcohol-fed mice which
may explain, in part, why fiber cross-sectional area failed to normalize 14 days following injury. Gene levels of TGFβ1
were induced early following injury before normalizing in muscle from alcohol-fed mice compared to controls.
However, TGFβ1 protein content was consistently elevated in injured muscle regardless of diet. Fibrosis was
increased in injured, muscle from alcohol-fed mice at 7 and 14 days of recovery compared to injured controls.

Conclusions: Chronic alcohol ingestion appears to delay the normal regenerative response following significant
skeletal muscle injury. This is evidenced by reduced cross-sectional areas of regenerated fibers, increased fibrosis,
and altered temporal expression of well-described growth and fibrotic factors.
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Background
Severe insults to skeletal muscle such as blunt force con-
tusions, lacerations, or eccentric contraction overloading
may produce extensive injuries that disrupt normal fiber
and fascicle architecture while causing temporary weak-
ness [1,2]. Injured skeletal muscle undergoes several
overlapping and well-described phases of healing that in-
clude inflammation, necrosis and degeneration, satellite

cell activation and proliferation and subsequent regener-
ation, and scar tissue activation with resultant fibrosis
[2-4]. In general, this recovery process is painful and the
associated swelling may limit the range of motion near
the site of injury. Fortunately, full recovery is often
achievable in otherwise healthy individuals [1]. In con-
trast, recent evidence has suggested that pre-existing
metabolic conditions such as diabetes mellitus or sele-
noprotein deficiency may not only affect basal skeletal
muscle health, but also the capability of skeletal muscle
to regenerate adequately from trauma [5,6].
We and others have shown that underlying chronic

alcohol abuse may produce a wide range of skeletal
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muscle defects including type II muscle atrophy, oxidant
stress, and anabolic resistance [7-11]; however the ability
of alcoholic skeletal muscle to regenerate following in-
jury has not been investigated. This issue is clinically
relevant as alcoholics may be at increased risk for
muscle injuries due in part to peripheral neuropathies
and sensory impairments, increased risky behaviors that
may include motor vehicle accidents or inter- and intra-
personal violence, or to muscle atrophy with concomi-
tant reductions to strength and reduced ability to safely
stabilize the body during a fall [12,13]. Further, under-
standing the pathophysiological response of muscle from
alcohol-fed mice to injury is necessary to develop effec-
tive treatments to improve regeneration.
For example, research has shown that de novo protein

synthesis and accretion play central roles in the repair
process [2]. However, muscle from alcohol-fed mice is
more resistant to common anabolic stimulation due in
large part to altered IGF-1 signaling, impaired protein
translation, and nutrient deficiencies[8,14-16], which
may confound the ability of injured muscle from alco-
hol-fed mice to sufficiently synthesize proteins during
repair. In parallel, alcoholic skeletal muscle is marked
by elevated oxidant stress, glutathione depletion, eleva-
ted levels of catabolic factors, and increased apoptosis
[7,8,17,18] which may further impede the regeneration
process. The notion of altered regeneration in muscle
from alcohol-fed mice is supported by data from cell
culture models of myogenesis. For example, culturing
skeletal muscle cells in physiological levels of ethanol
reduced their cellular proliferation and subsequently de-
layed their differentiation [19,20]. Further, protein syn-
thesis is decreased in human muscle cells grown in
ethanol-containing media. These cells also have reduced
capacity to minimize proteolysis following direct IGF-1
or insulin stimulation [21].
Based on these whole animal and cell culture data, we

hypothesized that muscle from alcohol-fed mice may be
primed for delayed or incomplete regeneration following
significant injury. In this report, we analyzed the in-
fluence 18 weeks of chronic alcohol ingestion had on
mouse skeletal muscle regeneration following barium
chloride (BaCl2)-induced tibialis anterior injury. Because
chronic alcohol abuse is an addiction and likely to per-
sist following trauma, we chose to analyze the regenera-
tive response in the presence of continued alcohol
consumption over the subsequent 14 days of recovery.

Results and discussion
Results
Body weight and voluntary wheel running activity
To indirectly assess the severity of muscle injury, we
recorded changes to body weight and quantified daily
and total, 14-day voluntary wheel running activity in

control and alcohol-fed mice. Pre-injury body weights
were similar in control-fed or alcohol-fed mice sugges-
ting that caloric intake did not differ between groups
(Table 1). Likewise, there was no effect of muscle injury
on body weight in control-fed mice suggesting that
muscle injury did not affect normal feeding or drinking
patterns. In contrast, body weights of injured, alcohol-
fed mice were significantly decreased up to 7 days
post-injury compared to uninjured alcohol-fed mice.
However, injured alcohol-fed mice returned to their
pre-injury body weight after 14 days of recovery.
In addition, we hypothesized that the influence of

chronic alcohol ingestion and severity of skeletal muscle
injury may affect voluntary wheel running activity. Ac-
cordingly, we next measured the daily and total, 14-day
distances that control-fed or alcohol-fed mice ran
(Figure 1A and B, respectively). Despite an initial delay
in voluntary running activity, muscle injury did not
affect total 14-day distance in control-fed mice. In the
absence of injury, alcohol-fed mice voluntarily ran ~53%
of the distance accrued by control-fed mice. However,
when alcohol-fed mice were injured their total 14-day
distance sharply decreased compared to their uninjured
counterparts.

Markers of inflammation and oxidant stress
Next, we determined the co-morbid effect of chronic al-
cohol ingestion and skeletal muscle injury on inflamma-
tory cytokine gene profiles. Two days following injury,
TA muscles from control-fed mice had significantly
elevated levels of IL1β, TNFα, and IL6 (Figure 2A-C,
respectively). Consistent with our previous results [8],
alcohol ingestion drove skeletal muscle expression of
IL6 – an effect that was further increased following in-
jury (Figure 2C). Likewise, gene expression levels of
TNFα were significantly increased in alcoholic TA mus-
cles two days following injury compared to uninjured
muscles (Figure 2B).
Because chronic alcohol ingestion perturbs glutathione

metabolism [7,8,22], we next determined the effects of
chronic alcohol ingestion and skeletal muscle injury on

Table 1 Changes to body weight of alcoholic and control
mice following muscle injury

Body weights (g)

Pre-injury Post-injury
day 2

Post-injury
day 7

Post-injury
day 14

Control 26.9 + 0.3 26.5 + 0.6 28.6 + 0.3 27.1 + 0.3

Ethanol 27.4 + 0.4 24.9 + 0.4 # 25.7 + 0.3 *, # 26.6 + 0.1

Alcohol-fed mice experienced a significant decrease in body weight at 2 and 7
days following muscle injury – an effect not apparent in injured, control-fed
mice. However, injured alcohol-fed mice returned to their pre-injury body
weight after 14 days of recovery from BaCl2 injection. Significance was
accepted at p ≤ 0.05. *, compared to control-fed, injured group. #, compared
to EtOH-fed, uninjured group.
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glutathione (GSH) and oxidized glutathione (GSSG)
levels. Similar fluctuations to GSH pools were evident in
injured TA muscles from control- and alcohol-fed mice
(Figure 3A). However, GSSG levels were significantly el-
evated in injured, alcoholic TA muscles at 2 and 7 days
following injury and returned to baseline levels at 14
days (Figure 3B). Together, the GSSG/GSH ratio – a
marker of the oxidative state of the glutathione pool –
was increased in alcoholic TA muscles at 7 and 14d fol-
lowing injury (Figure 3C). In addition, we performed dot
blot analyses of carbonyl formation to quantify the total
amount of protein oxidation in alcoholic, injured skeletal
muscle (Figure 3D). Chronic alcohol ingestion alone in-
creased total skeletal muscle protein oxidation compared
to controls. Injured, alcoholic TA muscle had elevated

Figure 1 Chronic alcohol ingestion and muscle injury
decreased voluntary running distances. Injured or uninjured
alcoholic and control mice were provided access to a voluntary
running wheel. Voluntary activity was measured by (A) daily and (B)
total distance accrued over 14 days. Alcohol-fed mice voluntarily
ran ~53% of the distance covered by control-fed mice. In control
mice, daily running distances were temporarily reduced following
injury (up to day 5 in A); however, total distances in 14 days were
similar. In contrast, injured alcohol-fed mice ran significantly less
over 14 days compared to uninjured alcoholics. Significance was
accepted at p ≤ 0.05. *, compared to control-fed, injured group.
#, compared to EtOH-fed, uninjured group.

Figure 2 Injured muscle has a more pronounced inflammatory
cytokine response in alcohol-fed mice. Real time PCR analyses of
3 inflammatory cytokines were performed in tibialis anterior (TA)
muscles 2 days after BaCl2-induced injury in mice provided alcohol
in their drinking water for approximately 16 weeks. Injured TA
muscles from control-fed mice had increased gene levels of (A) IL1β,
(B) TNFα, and (C) IL6. Likewise, this pattern of increased expression
persisted in injured muscles from EtOH-fed mice. Of the three,
common inflammatory cytokines associated with early repair
processes, gene levels of TNFα were higher in injured muscle from
alcohol-fed mice compared to injured controls. Data are represented
as means ± range of potential values based on the 2-ΔΔCT method
[7,8,22,25,48] and expressed as fold changes relative to uninjured
controls. Significance was accepted at p ≤ 0.05. *, compared to
control-fed, uninjured group. #, compared to EtOH-fed, uninjured
group, $ compared to control-fed, injured group.
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total protein oxidation at 2 and 7 days of recovery – an
effect that was normalized at 14 days.

Morphology of injured muscles from alcohol-fed mice
We next calculated the cross-sectional areas of regene-
rating fibers at days 7 and 14 (panels in Figure 4 show
representative H&E staining). Areas of regenerating,
centrally-nucleated fibers, regardless of diet, are smaller
than their contralateral, uninjured controls 7 days fol-
lowing BaCl2 injection (Figure 5A). Moreover, regenerat-
ing alcoholic fibers are smaller than those from injured
control-fed mice. By 14 days, regenerating fibers in
control-fed mice are similar in size to those from unin-
jured muscle (Figure 5B). In contrast, regenerating fibers

from alcohol-fed mice are significantly smaller than un-
injured, alcoholic fibers suggesting a delay in the normal
regenerative response.

Markers of repair and fibrosis
We next identified the co-morbid effects of chronic al-
cohol ingestion and muscle injury on CNTF gene levels
and TGFβ1 gene and protein expression levels as these
two factors have been implicated in skeletal muscle re-
generation and fibrosis, respectively [3,23,24] . In order
to isolate the effects of muscle injury, gene expression
data appearing in Figures 6 and 7 have been normalized
to uninjured muscle within diet. Levels of CNTF gene
expression were significantly elevated at 2, 7, and 14

Figure 3 Oxidant stress is greater in injured muscles from alcohol-fed mice during regeneration. Glutathione (GSH), oxidized glutathione
(GSSG), and total protein oxidation were used as markers of oxidant stress due to chronic alcohol ingestion and muscle injury. (A) Levels of GSH
were lower in uninjured muscle and in muscle 14 days after injury in alcohol-fed mice. (B) Although GSSG levels were lower in uninjured muscle
from alcohol-fed mice muscle compared to controls, these levels rose in TA muscles from alcohol-fed at 2 and 7 days following injury before
normalizing at day 14. (C) The GSSG/GSH ratio, a marker of glutathione status, suggested increased oxidant stress 7 and 14 days after injury in
muscle from alcohol-fed mice. (D) Total protein oxidation based on carbonyl formation suggested that muscle from alcohol-fed mice is more
oxidized basally, and at 2 and 7 days following injury. Significance was accepted at p ≤ 0.05. *, compared to control-fed, uninjured group.
#, compared to control-fed, injured group matched to time following injury.
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days following injury in control muscle (Figure 6A-C,
respectively). However, CNTF was not induced in alco-
holic TA muscles until 14 days post-injury suggesting a
delayed regenerative response (Figure 6C).

We have previously shown that chronic alcohol in-
gestion alone increased TGFβ1 gene expression levels
[7,8,25] which likely accounts for the increased protein
content of the inflammatory cytokine in uninjured
muscle (Figure 7D). Despite these elevated basal levels
of TGFβ1, significant muscle injury further induced the
cytokine after 2 days of recovery - an effect that was not
evident until 7 and 14 days of recovery in control-fed
animals (Figure 7A-C). However, TGFβ1 protein levels
were elevated at each time point of recovery regardless
of diet (Figure 7D).
Regenerating muscles from control-fed mice displayed

a step-wise increase in the fibrotic index, a measure of
collagen density and surrogate marker of overall fibrosis,
at 7 and 14 days following injury (Figure 8A). Basally,
the fibrotic index of uninjured TA muscle from alcohol-
fed mice was higher than controls. Further, the fibrotic
index of regenerating muscle from alcohol-fed mice was
significantly at both 7 and 14 days following injury
compared to time-matched controls (Figure 8A). To
verify the fibrotic index, we next measured collagen VI
(Figure 8B) and fibronectin (Figure 8C) protein expres-
sion in TA muscles 14 days following injury. Both colla-
gen VI and fibronectin levels were significantly elevated
in injured muscle from alcohol-fed mice suggesting a
more robust fibrotic response compared to controls.

Discussion
In this study, we determined the effects of chronic alco-
hol ingestion on distinct components of skeletal muscle
regeneration, including the early inflammatory cytokine
response, the development of oxidant stress and tem-
poral alterations to glutathione levels, levels of growth
and pro-fibrotic factors, regenerated fiber areas, and
fibrosis. The co-morbid effects of chronic alcohol inges-
tion and skeletal muscle injury temporarily reduced body
weight and significantly affected voluntary wheel run-
ning activity. Further, muscle from alcohol-fed mice had
a more robust cytokine response and prolonged duration
of oxidant stress due to injury. Induction of ciliary neu-
rotrophic factor (CNTF), a growth factor implicated in
myotube differentiation and accelerated muscle repair
[26], was postponed in injured muscle from alcohol-fed
mice. Similarly, temporal variations existed in the gene
expression of the pro-fibrotic cytokine TGFβ1, despite
similar inductions at the protein level due to injury. To-
gether, these data may suggest that this robust cytokine
response and prolonged duration of oxidant stress when
occurring in concert with altered expression patterns of
growth and fibrotic factors may, in part, account for the
delayed regeneration and increased fibrosis in injured
muscle from alcohol-fed mice. Thus, therapeutic stra-
tegies that attenuate surges in catabolic factors common
to both chronic alcohol ingestion and muscle injury
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Figure 4 Representative histology of regenerating TA muscles
following injury in alcohol-fed mice. The processes of skeletal
muscle injury and repair in TA muscles from control-fed mice are
displayed in panels (A) uninjured muscle, and (C) 2 days, (E) 7 days,
and (G) 14 days following BaCl2 injection. Similarly, muscle
regeneration in alcohol-fed mice is displayed in panels (B) uninjured
muscle, and (D) 2 days, (F) 7 days, and (H) 14 days following BaCl2
injection. Arrow heads in panels F and H denote areas of increased
interstitial tissue accumulation and fibrosis in regenerating muscle
from alcohol-fed mice. Cross-sectional areas of regenerating fibers,
as noted by the presence of centralized nuclei shown in panels E-H,
have been quantified in Figure 4. Bar in panel H = 100μm.
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while simultaneously correcting deficits to protein syn-
thesis and fibrosis pathways may improve the regenera-
tive response in injured muscle from alcoholics.
Left untreated, skeletal muscle injuries may result in

persistent weakness, decreased flexibility and mobility,
or increased likelihood of re-injury. To date, several
treatments for mild to severe muscle injuries have been
used, including physical modalities such as the R.I.C.E.
principle (Rest, Ice, Compression, Elevation) [27],thera-
peutic ultrasound [28], pharmacologic interventions
such as non-steroidal anti-inflammatory drugs (NSAIDS)
[29] or administration of growth hormone and IGF-1
[30], or drugs that curb fibrosis by blocking TGFβ1

induction with compounds such as suramin [31,32].
Alternatively, one may consider anti-oxidant supplemen-
tation to attenuate oxidative stress-mediated muscle de-
generation; however this strategy has been attempted
with mixed results [33-35]. For example, N-acetyl cys-
teine (NAC) and ascorbic acid (Vitamin C) supplemen-
tation improved plasma super oxide dismutase and
glutathione peroxidase activities, but had little influence
on skeletal muscle regeneration in otherwise healthy
adults [33]. In contrast, improved muscle repair was
achieved using NAC in subjects with underlying chronic
disease [34]. For example, Vercherat and colleagues
showed that NAC supplementation in Stra13−/− mice, a

Figure 5 Recovery of TA fiber area is delayed following muscle injury in alcohol-fed mice. (A) Regardless of diet, regenerating muscle
fibers are smaller than their uninjured, contralateral TA areas. Moreover, regenerating fibers from alcohol-fed mice are smaller than those from
alcohol-naïve mice. (B) In control-fed mice, regenerating fibers are similar in cross-sectional area as the uninjured, contralateral TA muscles 14
days after injury. In contrast, regenerating fibers from alcohol-fed mice are still smaller than alcoholic, uninjured muscle. This suggests that
regeneration in the presence of continued alcohol ingestion delays skeletal muscle repair following injury. Significance was accepted at p ≤ 0.05. *,
compared to control-fed, uninjured group. #, compared to EtOH-fed, uninjured group.
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murine model of dystrophy-like pathology, ameliorated
oxidative stress and minimized muscle necrosis. Thus,
these results suggest that treating oxidant stress associated
with pre-existing pathologies may have the additional
benefit of improving functional recovery of degenerating

skeletal muscle. This finding is important as we and others
have long-described the influence of chronic alcohol
ingestion on free radical generation, elevated oxidative
stress, glutathione depletion, and induction of redox-
sensitive catabolic signaling mechanisms [7,8,36-39].
Thus, we believe that appropriate anti-oxidant supple-
mentation may provide a clinically-relevant, conveni-
ent treatment option for alcoholic myopathy and act
as a protective countermeasure to alleviate acute surges in
oxidant stress and redox-sensitive factors following injury.
As such, we are currently testing the effectiveness of sev-
eral dietary glutathione precursors on repair processes in
injured, alcoholic muscle.
Specifically, we have previously shown and confirmed

here that chronic alcohol ingestion increased TGFβ1 levels
in skeletal muscle [7,8]. Alcoholic muscle also had higher
basal levels of interstitial fibrosis, a phenomenon recently
described in triceps surae muscles from alcoholic rats
[40]. Thus, higher basal levels of TGFβ1 and fibrosis in al-
coholic muscle may predispose the muscle to a more ro-
bust fibrotic response following acute injury. Interestingly,
TGFβ1 protein levels were similarly induced regardless of
alcohol status and may suggest that fibrosis in regenerat-
ing alcoholic muscle may be regulated partly by other
members of the TGFβ superfamily [41]. Ciliary neuro-
trophic factor (CNTF) is a member of the IL6 family of
cytokines and has been shown to accelerate myotube dif-
ferentiation and regenerated fiber number following ex-
ogenous application to injured muscle [26]. CNTF may
also play a significant role in muscle repair by stimulating
neuronal outgrowth [42] and subsequent re-innervation
of damaged fibers [43]. Here, chronic alcohol ingestion de-
layed the temporal expression pattern of injury-induced
CNTF. CNTF did not peak in muscle from alcohol-fed
mice until 14 days after injury and its absence during the
earlier stages of recovery may have contributed to the
faulty regenerative response beyond 14 days of recovery in
muscle from alcohol-fed mice.

Conclusions
We showed that chronic alcohol ingestion altered the re-
generative response following skeletal muscle injury.
Specifically, areas of regenerated fibers were significantly
smaller after 7 and 14 days of recovery from BaCl2-in-
duced injury in alcohol-fed mice. In addition, injured
muscle from alcohol-fed mice had increased fibrosis
compared to controls. These effects were likely media-
ted, in part, by altered temporal expressions of CNTF
and TGFβ1, respectively.

Methods
Animals and diets
Male C57Bl/6 mice (~ 8 wk) were purchased from The
Jackson Laboratories (Bar Harbor, ME), housed in groups

Figure 6 Delayed CNTF gene expression during muscle
recovery from injury may hamper regeneration in alcohol-fed
mice. CNTF, a growth factor implicated in muscle regeneration, was
induced at 2, 7, and 14 days following injury in control-fed mice
(A-C, respectively). However, CNTF was only induced at 14 days
following injury in alcohol-fed mice suggesting delayed
regeneration. Significance was accepted at p ≤ 0.05. *, compared to
uninjured group within diet.
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of five under a 12:12 light–dark cycle, and provided stand-
ard rodent chow ad libitum. All procedures were approved
by the Emory University Institute for Animal Care and
Use Committee.
Subgroups of mice were provided alcohol-containing

drinking water for 18–20 weeks as previously described
[44]. Briefly, alcohol was added gradually to acclimatize
the mice to the diet and was sequentially added as 5%,
10%, and 15% for 3–4 days each before finally provided
as 20% (v/v) for the duration of the experiment. Barium
chloride (BaCl2)-induced injuries were performed in
mice that had been on 20% alcohol for up to 18 weeks.
Body weights were recorded before muscle injury. Fol-
lowing muscle injury, mice returned to either control or
alcohol diet until the study’s conclusion. At this time,
mice were euthanized following CO2 asphyxiation,
weighed, and their tibialis anterior (TA) muscles were

removed, blotted dry, weighed, and prepared for further
analyses.

Barium chloride-induced skeletal muscle injury
Alcoholic or control mice were anesthetized by intraper-
itoneal injection of a xylazine (15 mg/kg) and ketamine
(100 mg/kg) cocktail. Fifty-μl of a 1.2% BaCl2 solution
were injected into mouse TA muscles using a Hamilton
syringe and 27 G needle as previously described [45].
Contralateral TA muscles served as uninjured controls.
Briefly, the needle was inserted at the origin of the TA,
extended past the mid-belly of the muscle to a region
just superior to the distal tendon. Next, the diluted
BaCl2 solution was continuously injected into the TA as
the syringe was removed. Complete serial sections of the
injured TA confirmed that the mid-belly section was
affected by the myotoxin (unpublished observations).

B

D

A

C

Figure 7 Chronic alcohol ingestion and injury drive TGFβ expression. TGFβ1, a regulator of skeletal muscle fibrosis, was induced at (B) 7
days and remained elevated at (C) 14 days following BaCl2 injection. (A) In contrast, TGFβ1 gene levels peaked 2 days following injury in alcohol-
fed mice before returning to baseline levels. (D) Despite these discrepancies at the gene level, TGFβ protein content was elevated at each time
point following injury and likely drives the robust fibrotic response. Significance was accepted at p ≤ 0.05. *, compared to uninjured group within
diet. #, compared to EtOH-fed, uninjured group. $, compared to control-fed, uninjured group.
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Injured and uninjured, contralateral control muscles
were harvested post mortem at 2, 7, or 14 days following
injury (n = 6-8/time) and processed for markers of de-
generation and regeneration.

Voluntary wheel running
To assess the influence of alcohol and/or injury on vol-
untary activity, subgroups of injured or uninjured alco-
holic and control-fed mice were provided free access to
a running wheel (Super pet comfort wheel, 5.5” diam-
eter, PetSmart, Inc., Phoenix, Arizona) that was equipped
with a cycle monitor (Velo 8 computer, CatEye Co. LTD,
Osaka, Japan). Animals were maintained on either the
alcoholic or control diet. Daily (24 h) and total distance
accrued over 14 days were recorded.

Histological assessment of regeneration and fibrosis in
injured TA muscles
Uninjured and injured TA muscles were removed, em-
bedded in OCT, and immediately frozen in isopentane
cooled in liquid nitrogen. To ensure that we were as-
sessing the most damaged portion of the TA, muscles
were cut in serial sections at 10 μm beginning at the
mid-belly. Sections were then processed for hematoxylin
and eosin staining, dehydrated, mounted, and visualized
at 10X with a Leica microscope as previously described
[7,8,22,46]. Cross-sectional areas of approximately 200
centrally-nucleated fibers (i.e., regenerated fibers) per
muscle were calculated using ImageJ software (NIH,
Bethesda, MD).
Fibrosis was determined using trichrome staining as

previously described [31]. The fibrotic index was calcu-
lated using ImageJ software and represents the density
of blue, collagen-stained areas relative to the entire
muscle-containing visual field of at least 2 independent
fields. Collagen VI and fibronectin western blots were
used to complement and confirm data used to calculate
the fibrotic index.

Western blot analyses
Equal amounts of protein were boiled for 2 minutes in
sample buffer that contained: 0.5M Tris–HCl (pH 6.8),
10% (v/v) glycerol, 10% (w/v) SDS, 5% (v/v) β-mercap-
toethanol, and 0.05% (w/v) bromophenol blue. Samples
were separated by SDS-PAGE and transferred onto
nitrocellulose membranes using a trans-blot SD semi-
dry transfer cell (Biorad, Hercules, CA) as previously de-
scribed [25]. All incubations were performed at room
temperature unless otherwise noted. Membranes were
blocked in 5% BSA diluted in TTBS (0.01% (w/v)
Tween-20) for 1 h and then incubated in primary
antibodies against collagen type VI (Cell Signaling
Technology, Beverly, MA; 1:1000 in blocking buffer),
fibronectin and actin (Santa Cruz Biotechnology Inc.,

Figure 8 Markers of fibrosis suggest more pronounced injury
in muscle from alcohol-fed mice. (A) Fibrotic index, a marker of
collagen content quantified following trichrome staining, was
increased at 7 and 14 days following injury in control-fed mice.
Muscle from alcohol-fed mice reported a more robust fibrotic
response at these same time points following injury. (B) Collagen VI,
a component of fibrotic plaques, was increased 14 days after injury
in muscle from alcohol-fed mice. (C) Fibronectin, an extracellular
matrix glycoprotein associated with wound healing, was elevated in
injured control muscle 14 days after injury. However, fibronectin
expression was further increased in injured muscle from alcohol-fed
mice. Significance was accepted at p ≤ 0.05. *, compared to
control-fed, uninjured group. #, compared to control-fed, injured
group matched to recovery time.
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Santa Cruz, CA; 1:250 in blocking buffer) overnight
at 4°C. Blots were washed in TTBS, incubated in anti-
rabbit-HRP IgG (1;2500 in blocking buffer) for 1 h,
washed again and then developed with enhanced chemilu-
minescent plus western blotting detection system (GE
Healthcare, Piscataway, NJ). Densitometry was performed
using a Chemidoc XRS system and analyzed with Quan-
tity One software (Biorad, Hercules, CA). Collagen type
VI and fibronectin have been normalized to total actin
content.

TGFβ1 immunoassay
TGFβ1 protein content was determined in skeletal mus-
cle homogenates using a commercially available ELISA-
based assay kit according to manufacturer’s instructions
(R&D Systems, Minneapolis, Minnesota). Briefly, frozen
TA muscles were washed, minced, and homogenized in
ice-cold PBS. Homogenates were centrifuged for 5 min
at 5000g and supernatants were used for quantification
of total TGFβ1 protein content. Levels of TGFβ1 were
normalized to total protein in the homogenate using
standard protein assay techniques [47].

Real-time polymerase chain reaction (RT-PCR)
TA muscles were immediately frozen in liquid nitrogen
and stored at −80°C until processed for RT-PCR analyses
as previously described [7,8,22,46]. Briefly, trizol was
added (1 ml/100 mg tissue) and the tissues homogenized
using an electric tissue homogenizer. Total RNA (2.5 μg)
was reverse transcribed in a 25–50 μl final reaction
volume using random primers and M-MLV reverse tran-
scriptase (Invitrogen, Carlsbad, CA). The reverse trans-
cription reaction was incubated at 65°C for 10 min, 80°C
for 3 min, and 42°C for 60 min. RT-PCR products were
analyzed using the iCycler iQ system (Bio-Rad, Hercules,
CA). cDNA (5 μl of a 1:10 dilution) was amplified in a
12.5 μl reaction containing 400-nm gene-specific primer
pair and iQ Sybr Green Supermix (Bio-Rad). Primers
were as follows:IL1β, 5’-AGAGCATCCAGCTTCAA
ATCTC-3’ and 5’-CAGTTGTCTAATGGGAACGTCA-
3’; IL6, 5’-CAAAGCCAGAGTCCTTCAGAG-3’ and 5’-
GTCTTGGTCCTTAGCCACTCC-3’; TNFα, 5’-TGGCC
CAGACCCTCACACTC-3’ and 5’-CTCCTGGTATGA
AATGGCAAATC-3’; and TGFβ1, 5’-GAGACGGAAT
ACAGGGCTTTC-3’ and 5’-CAACCCAGGTCCTTCCT
AAAG-3’. Samples were incubated at 95°C for 15 min,
followed by 40 cycles of denaturation, annealing, and ex-
tension at 95°C, 60°C, and 72°C, respectively. As a con-
trol, RT-PCR was also performed on 2 μl of each RNA
sample to confirm absence of contaminating genomic
DNA. Fluorescence was recorded at the end of each
annealing and extension step. All reactions were per-
formed in duplicate and the starting quantity of the gene
of interest was normalized to 18S rRNA for each sample.

The delta-delta Ct method [48] was used to analyze al-
terations in gene expression and values were expressed
as fold changes relative to control.

Glutathione and glutathione disulfide levels
Levels of glutathione (GSH) and glutathione disulfide
(GSSG) were determined using commercially available
assay kits (Cayman Chemical, Ann Arbor, Michigan).
Briefly, frozen TA tissues were thawed and homogenized
in 10 volumes of buffer containing: 50 mM HEPES (pH
7.5), 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 100
mM NaF, 10% glycerol, and 1% Nonidet P-40. To avoid
potential interference due to particulates and sulfhydryl
groups on proteins, samples were deproteinated with
equal volumes of metaphosphoric acid, centrifuged at
5000g for 5 minutes, and supernatants mixed with
triethanolamine (1:20 dilution). Aliquots of deproteina-
ted samples were derivitized with 1M 2-vinylpyridine
(1:100 dilution) for exclusive measurements of GSSG.
Sulfhydryl groups were reacted with 5,5’-dithio-bis-2
(nitrobenzoic acid) and the provided assay cocktail to
produce 5-thio-2-nitrobenzoic acid. The absorbance at
405 nm was measured in duplicate after 25 min on a
HTS 7000 Plus BioAssay plate reader (PerkinElmer,
Waltham, Massachusetts). Final concentrations of GSH
and GSSG (in μM) were calculated according to the
manufacturer’s instructions.

Total protein oxidation
Total protein oxidation was analyzed with the OxyBlot
Protein Oxidation Detection Kit (Chemicon, Temecula,
CA) according to the manufacturer’s directions. Briefly,
TA muscles were homogenized in buffer containing
250 mM sucrose, 5 mM EDTA, 100 mM KCl, 20 mM
Hepes, 2% β-mercaptoethanol and complete, mini prote-
ase inhibitor cocktail (Sigma). Carbonyl groups attached
to the side chains of these protein lysates were derivitized
to 2,4 dinitrophenylhydrazone and detected by dot blot
analysis. Densitometry was performed using a Chemidoc
XRS system and analyzed with Quantity One software
(Biorad, Hercules, CA). Samples were run in duplicate
and total protein oxidation was expressed as fold change
relative to controls.

Statistics
Comparison between control and alcohol groups after
organized according to time post-injury were calculated
with unpaired students’ t-tests using SigmaStat v2.0 soft-
ware. One way analyses of variance followed by Student-
Newman-Keuls post-hoc tests were performed when
comparisons across multiple groups and times were re-
quired. Significance was accepted at p ≤ 0.05.
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