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Abstract

Aims: To determine the causative role of the REDD (regulated in development and DNA damage)-1

protein, a known negative regulator of mTOR kinase, in changes inmuscle protein synthesis induced

by acute alcohol administration.

Methods: Adult female REDD1−/− orwild-type (WT)micewere injected IPwith ethanol (alcohol; 3 g/kg

BW) or saline and the skeletal musclewas removed 1 h later. In vivo protein synthesis was assessed as

were selected endpoints related to the activation of mTOR and protein degradation.

Results: Acute alcohol decreased muscle protein synthesis similarly in WT and REDD1−/− mice. In

contrast, mTORC1 signaling was largely unaffected by either EtOH or genotype as evidenced

by the lack of change in the phosphorylation of its downstream targets, S6K1 T389 and 4E-BP1 S65.

Although alcohol decreased p62 andULK1 S757 protein inmuscle fromWTand REDD1−/−mice, there

was no change in LC3B lipidation, or beclin1, Atg7 and Atg12 protein suggesting no change in

autophagy. MuRF1 and atrogin-1 mRNAs were elevated in alcohol-treated REDD1−/−mice compared

with WT mice suggesting activation of the ubiquitin proteasome activity. While there was no geno-

type or alcohol effect on plasma corticosterone, REDD1−/− mice failed to demonstrate the alcohol-

induced hyperinsulinemia seen in WT mice.

Conclusion: REDD1 does not appear to play a role in the acute alcohol-mediated decrease in protein

synthesis or mTOR activity, but may contribute to the regulation of ubiquitin-proteasome mediated

protein breakdown.

INTRODUCTION

Skeletal muscle myopathy is a recognized consequence of the pro-
longed intake of high levels of alcohol and can occur independent of
liver disease and other associated co-morbidities (Preedy et al., 2003).
As the maintenance of skeletal muscle mass and strength is linked to
decreased mortality, and the loss of muscle mass is detrimental to
health especially during disease, a more complete understanding of
the mechanisms by which alcohol causes myopathy are important
(Rantanen et al., 2012). Muscle loss results from an imbalance be-
tween rates of protein synthesis and degradation, with breakdown

outpacing synthesis. While acute alcohol intoxication can produce
rhabdomyolysis, it does not result in loss of muscle mass per se be-
cause of its short duration (Haller and Knochel, 1984). However,
the acute administration of alcohol does recapitulate molecular
changes observed following chronic intake and is therefore a useful
model system to study the consequences of alcohol on skeletal muscle
(Steiner and Lang, 2015b). Moreover, the incidence of binge drinking
appears to be rising and may result in muscle wasting when sustained
over time (Centers for Disease Control and Prevention, 2012).

While protein synthesis is regulated by several factors, the mamma-
lian target of rapamycin protein complex 1 (mTORC1) predominates
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(Ge and Chen, 2012) and a schematic of this pathway is presented in
Fig. 1. Signals from several metabolic processes including those result-
ing from changes in energy status [e.g., AMP-activated protein kinase
(AMPK); regulated in development and DNA damage-1 (REDD1)]
and the presence or absence of growth factors [insulin; insulin-like
growth factor (IGF)-I] converge at mTORC1 to ultimately modulate
the rate of protein synthesis. For example, activation of the IGF-I re-
ceptor initiates the PI3K signaling cascade resulting in Akt phosphor-
ylation at T308 by phosphoinositide-dependent kinase-1 (PDK1) and
S473 by mTORC2 (Guertin et al., 2006). Akt can then stimulate
mTOR activity via phosphorylation and inhibition of tuberous scler-
osis complex 1/2 (TSC1/2) leading to Rheb-GTP loading (Inoki et al.,
2002). Rheb-GTP subsequently binds to and activates mTORC1
(Avruch et al., 2009). Activation of mTORC1 leads to phosphoryl-
ation of ribosomal protein S6 kinase-1 (S6K1) and eukaryotic
initiation factor 4E-binding protein-1 (4E-BP1) which increases trans-
lation initiation (Hanrahan and Blenis, 2006). In rats, both acute and
chronic alcohol intake impair phosphorylation of several proteins
within themTORC1 pathway and decrease the rate of synthesis within

skeletal muscle (Steiner and Lang, 2015b), a response similar to that
seen in humans (Pacy et al., 1991).

REDD1 is a negative regulator of mTORC1 that is transcription-
ally upregulated by cellular stress and catabolic illness including acute
alcohol administration, glucocorticoids, starvation, AMPK activation,
sepsis, DNA damage, hypoxia and reactive oxygen species (Ellisen
et al., 2002; Brugarolas et al., 2004; Lang et al., 2008; McGhee
et al., 2009). The mechanism by which REDD1 suppresses
mTORC1 has not been fully elucidated, although it has been proposed
that a REDD1-induced increase in PP2A-mediated dephosphorylation
of Akt T308 decreases TSC2 phosphorylation, enhances Rheb-GTPase
activity (i.e., increased Rheb-GDP loading) and thereby inhibits
mTORC1 activity (Dennis et al., 2014). We have previously reported
that REDD1 mRNA and protein are both increased in skeletal muscle
by acute alcohol in male and female rats (Lang et al., 2008). However,
the impact of this increase on directing the concomitant reduction in
mTORC1 signaling and protein synthesis observed following acute
alcohol is unknown. To address this question, mice with a global de-
letion of REDD1 were used to test the hypothesis that lack of REDD1
would prevent or ameliorate the alcohol-induced inhibition of protein
synthesis in association with maintenance of mTORC1 signaling.

METHODS

Animals

Female 9–11 week old wild-type (WT; B6/129F1) or REDD1 knock-
out (REDD1−/−) micewere used and average bodyweights provided in
the Results. REDD1−/− mice were generated by Lexicon Genetics (The
Woodlands, TX, USA) specifically for Quark Pharmaceuticals,
Fremont, CA, USA (Brafman et al., 2004). The REDD1−/− mice
(and WT littermates) were bred in the Penn State College of Medicine
animal facility. All mice were housed in shoe-box cages with corn cob
bedding under controlled environmental conditions (12:12 light:dark;
22–24°C), and were provided Teklad Global no. 8604 diet (Harlan
Teklad, Boston, MA, USA) and water ad libitum until the start of
the experiment.

The current study did not control for the stage of estrous. While
ovariectomy with and without replacement of estradiol and progester-
one has demonstrated ovarian hormones can regulate skeletal muscle
protein synthesis in rodents (Toth et al., 2001), to our knowledge there
are no data that directly address the effect of endogenous cycling of
ovarian hormones on muscle protein synthesis. However, no differ-
ence in muscle protein synthesis was reported between women in the
follicular and luteal stage of the menstrual cycle (Miller et al., 2006).
Hence, while this random assignment of female mice regardless of
stage of estrous makes the current study less well controlled, it is
also more physiologically relevant.

All experimental procedures were performed in accordance with
the National Institutes of Health guidelines for the use of experimental
animals and were approved by the Institutional Animal Care and Use
Committee of Penn State College of Medicine.

Alcohol protocols

WT and REDD1−/− mice were randomly assigned to receive either al-
cohol (EtOH) or saline (Con) (WT-Con, n = 10; WT-EtOH, n = 15;
REDD1−/−-Con, n = 18; REDD1−/−-EtOH, n = 20). Mice were admi-
nistered alcohol (i.e., ethanol) at a dose of 3 g/kg or given an equal vol-
ume of 0.9% sterile saline (Control) via intraperitoneal (IP) injection
(Steiner and Lang, 2014). While injection of alcohol does provide a
nominal increase in caloric content, compared to saline, WT and

Fig. 1. Model for the role of REDD1 in the regulating muscle protein balance in

response to acute alcohol. In the present study, we tested the hypothesis that

alcohol, similar to other metabolic stressors, inhibits mTOR kinase activity,

mRNA translation and protein synthesis via increases in REDD1. Such

increases either directly or indirectly also may modulate protein degradation

by regulating autophagy (via ULK1) and/or the ubiquitin-proteasome

pathway (via atrogenes). Abbreviations used include: REDD1, regulated in

development and DNA damage responses 1; TSC, tuberous sclerosis

complex; Rheb, Ras homolog enriched in brain; S6K1, ribosomal protein S6

kinase-1; rpS6, ribosomal protein S6; 4E-BP1, eukaryotic protein initiation

factor 4E binding protein-1; ULK-1, Unc-51 like autophagy activating

kinase-1; AKT/PKB, protein kinase B.
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REDD1−/− mice both received the same dose of alcohol. As acute al-
cohol injection decreases muscle protein synthesis (Steiner and Lang,
2014), the difference in total caloric intake between control and
alcohol-treated mice is preferable to injecting an isocaloric substance
(e.g., maltodextrin) whichmight alter insulin levels and secondarily in-
crease muscle protein synthesis. One hour thereafter the gastrocne-
mius and plantaris muscles were excised and all subsequent analysis
was performed on a representative sample of this entire complex.
Experiments were performed between 08:00 (end of dark cycle) and
11:00 with animals allowed ab libitum access to food and water.
The majority of prior investigations have used animals fasted over-
night or fasted for several hours immediately prior to acute alcohol ad-
ministration. Fasting was avoided in the present experiment as it
increases REDD1, reduces mTOR activity and diminishes phosphor-
ylation of S6K1 and 4E-BP1 which could potentially mask further
alcohol-induced decreases (McGhee et al., 2009; Gordon et al.,
2015). Therefore, it was assumed and later confirmed that WT and
REDD1−/− mice consume the majority of their food during the dark
cycle and were therefore in a post-absorptive state at the time of the
experiment. Similar rates of alcohol absorption and clearance, based
on blood alcohol concentrations (BAC), are seen in rodents adminis-
tered alcohol via either IP injection or via oral gavage (Chen et al.,
2013). The experimental time point was specifically chosen to corres-
pond with the peak BAC which was shown to occur at 1 h post-IP
injection in mice (Livy et al., 2003).

A separate group of WT and REDD1−/− female mice (n = 8/geno-
type) were used to assess food consumption during the light and dark
cycle after a 1-week period of acclimation. Food consumption was de-
termined in a blinded manner at the end of the light and dark cycle
(08:00 and 20:00) for 4 consecutive days and the average is reported.

Protein synthesis

Mice were injected with L-[2,3,4,5,6-3H]phenylalanine [Phe;
150 mM, 30 µCi/ml; 0.5 ml] 15 min prior to tissue collection
(45 min post EtOH intoxication). Mice were then anesthetized with
isoflurane (3% in oxygen; Butler Schein Animal Health, Dublin,
OH, USA) and blood was collected in heparinized syringes from the
vena cava for measurement of plasma Phe concentration and radio-
activity. The entire gastrocnemius/plantaris muscle complex from
one leg was excised, homogenized, and used to assess the global rate
of [3H]Phe incorporation into protein within muscle exactly as
described (Vary and Lang, 2008).

Plasma alcohol and hormone concentrations

The plasma alcohol concentration was determined in all samples using
a rapid analyzer (Analox Instruments, Lunenburg,MA, USA). Plasma
concentrations of corticosterone and insulin were determined by
ELISA (ALPCO, Salem, NH, USA).

Western blotting

Freshmuscle (gastrocnemius/plantaris complex;∼50–90 mg) from the
contralateral limb was homogenized in 10 volumes of ice cold buffer
consisting of (in mmol/l): 50 HEPES, 0.1% Triton-X, 4 EGTA, 10
EDTA, 15 sodium pyrophosphate, 100 β-Glycerophosphate, 25 so-
dium fluoride, 5 sodium orthovanadate and Protease Inhibitor cock-
tail 10 µl/ml (P8340, Sigma Aldrich, St Louis, MO, USA). Protein
concentration was quantified using the Bio-Rad Protein Assay Dye re-
agent (Hercules, CA, USA) and SDS-PAGE was carried out using
equal amounts of total protein per sample loaded onto 4–20% gradi-
ent gels (Biorad, Hercules, CA, USA). Following washes in TBST,

membranes were blocked in 5% nonfat milk, and primary antibody
was added for overnight incubation at 4°C. Antibodies included
(Cell Signaling, Beverly, MA, USA, unless otherwise noted): REDD1
(ProteinTech, Chicago, IL, USA), S6K1, S6K1 phospho-T389, riboso-
mal protein S6 (rpS6), rpS6 phospho-S240/244, tuberous sclerosis
complex 2 (TSC2), TSC2 phospho-S939, Unc-51 Like Autophagy Ac-
tivating Kinase 1 (ULK1), ULK1 phospho-S757, p62, light chain-3B
(LC3B), Atg12, Atg7, Akt, phospho-Akt S473 and phospho-T308,
mTOR phospho-S2481, mTOR, 4E-BP1 phospho-S65, and 4E-BP1.
A FluorChem M Multifluor System (ProteinSimple, San Jose, CA,
USA) was used for visualization following exposure to ECL reagent
(Thermo Scientific, Waltham, MA, USA). Images were analyzed
using AlphaView (ProteinSimple) and ImageJ software (NIH, Bethes-
da, MD, USA).

Muscle mRNA content

Total RNAwas extracted using Tri-reagent (Molecular Research Cen-
ter, Cincinnati, OH, USA) and RNeasy mini kit (Qiagen, Valencia,
CA, USA) following the manufacturers’ protocols. Fresh muscle
(∼50–90 mg of gastrocnemius/plantaris) was homogenized in Tri-
reagent after chloroform extraction. An equal volume of 70% ethanol
was added to the aqueous phase, and the mixture was loaded on a
Qiagen mini spin column. The Qiagen mini kit protocol was followed
from this step onward, including the on-column DNase I treatment to
remove residual DNA contamination. RNA was eluted from the col-
umn with RNase-free water and an aliquot was used for quantitation
(NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA, USA).
The quality of the RNA was analyzed on a 1% agarose gel. Total
RNA was reverse transcribed using superscript III RT (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions. Real-
time quantitative PCR was performed with the reverse transcription
reaction in a QuantStudio™ 12K Flex Real-Time PCR System using
TaqMan gene expression assays (Applied Biosystems, Foster City,
CA, USA) for atrogin 1 (F-box protein 32) NM_026346.2, muscle
RING-finger 1 (MuRF1) NM_001039048.2; IGF-I Mn01233690_m1;
REDD1 Mm00512504_g1; and ribosomal protein L32 (Rpl32)
Mm02528467_g1. The comparative quantification method 2−ΔΔCq

was used in presenting gene expression of target genes in reference
to the endogenous control.

Statistical analysis

Data were analyzed on commercial statistic software (SigmaPlot,
Systat, San Jose, CA, USA) using a two-way ANOVA (genotype ×
alcohol) with Student-Newman-Keuls post hoc test when appropriate.
Data are presented as mean ± SE and considered significant when
P < 0.05.

RESULTS

An initial study indicated there was no effect of genotype on food
consumption during the dark phase between WT (2.74 ± 0.13 Kcal/
12 h/10 g body weight) and REDD1−/− (2.64 ± 0.16 Kcal/12 h/10 g)
mice, or during the light phase (WT = 1.42 ± 0.09 Kcal/12 h/10 g;
REDD1−/− = 1.49 ± 0.11 Kcal/12 h/10 g). On average, both groups
consumed 66%of total calories during the dark phase and the remain-
ing calories during the light phase. These data suggest little overt
difference in the feeding behavior between WT and REDD1−/− mice.

Body weight did not differ among the four groups at the time of
sacrifice (Table 1). Also, the BAC determined 1 h after acute alcohol
administration did not differ between WT and REDD1−/− mice
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(Table 1). This is equivalent to ∼267 mg/dl (0.27%) and is similar to
levels we have previously reported in male mice using a comparable
protocol (Steiner and Lang, 2014).

Changes in circulating concentrations of catabolic and anabolic
hormones can also impact REDD1 expression and/or protein synthe-
sis. For example, alcohol can increase circulating glucocorticoids, a
major stress hormone, which may indirectly regulate REDD1 and
mTOR.However, the plasma corticosterone concentration did not dif-
fer statistically among the four groups (Table 1). Conversely, if dele-
tion of REDD1 alters the plasma concentration of insulin, a major
anabolic hormone, this might indirectly regulate protein balance.
The insulin concentration in WT-alcohol mice was 3.5-fold higher
than in WT-control mice (Table 1); however, this alcohol-induced
increase was absent in REDD1−/−- alcohol-treated mice.

Expression of REDD1 within the muscle was first assessed to con-
firm all mice were of the appropriate genotype. As illustrated in Fig. 2,
the REDD1 gene (aka DDIT4) was not detected in the muscle from
REDD1−/− mice (Fig. 2A). A trend for an increase in REDD1
mRNA expression was detected in WT mice treated with alcohol (P =
0.08).

No effect of genotypewas observed for the rate of protein synthesis
in muscle under control conditions. Alcohol decreased muscle protein
synthesis ∼30% in WT mice and ∼20% in REDD1−/− mice so values
in alcohol-treated WT and REDD1−/− mice did not differ (Fig. 2B).

Elimination of the REDD1 gene increased the phosphorylation of
mTOR on both S2481 and S2448 in control mice (compared with WT)
(Fig. 3A and data not shown, respectively). No change in the phos-
phorylation of these sites was detected after alcohol in WTmice; how-
ever, phosphorylation of mTOR S2481 was reduced by alcohol in
REDD1−/− mice. Phosphorylation of S6K1 T389 and 4E-BP1 S65

and T37/46 did not differ between genotypes and was not altered by
alcohol (Fig. 3B and C and data not shown). In contrast, phosphoryl-
ation of rpS6 S240/244, an S6K1 substrate, was decreased in WT
alcohol-treated mice but not REDD1−/− mice (Fig. 3D).

Previous in vitro data highlighted a role for Akt signaling in the
regulation of mTOR by REDD1 (Dennis et al., 2014). While IGF-I
mRNA content did not differ between the genotypes under basal con-
ditions, alcohol reduced expression in REDD1−/− mice by 33% result-
ing in levels lower than those observed in WT-EtOH mice (Fig. 4A).
A trend (P = 0.1) for a decrease in IGF-I mRNA expression (20%)
with alcohol was also observed in WT mice. Phosphorylation of Akt
on its regulatory sites T308 and S473 was lower in REDD1−/− mice
compared with WT mice under control conditions (Fig. 4B and C).
WT mice showed a significant reduction in Akt phosphorylation at
each site after acute alcohol but this alcohol-induced decrease was
not evident in REDD1−/− mice. Lastly, a main effect of genotype
was detected for the phosphorylation of TSC2 on S939, including a
decrease under basal conditions in REDD1−/− mice (Fig. 4D).

Protein breakdown, which also contributes to the overall protein
balance within skeletal muscle, is modulated by two major pathways
including ubiquitin-mediated proteolysis and autophagy (Sandri et al.,
2013). Disruption of the REDD1 gene did not appear to alter autop-
hagy as assessed by several surrogate autophagic markers including
ULK1, p62, LC3, beclin-1, Atg-7 and Atg12 (Fig. 5A–F). In contrast,
acute alcohol decreased protein content of p62 and ULK1 S757 phos-
phorylation inWTandREDD1−/−mice, possibly suggesting enhanced
autophagy within the muscle. However, alcohol did not significantly
alter the protein content for LC3B, beclin1, Atg7 or Atg12 in either
genotype. Similarly, alcohol did not change the mRNA content of the
atrogenes, MuRF1 and atrogin-1, in either genotype despite a trend in
the REDD1−/− mice for an increase in MuRF1 mRNA (P = 0.068)
(Fig. 6A and B). Lastly, MuRF1 and atrogin-1 mRNAs were increased
in REDD1−/− muscle compared with WT in mice after acute alcohol.

Fig. 2. REDD1 mRNA expression and in vivo-determined protein synthesis in

muscle from wild-type (WT) mice and REDD1−/− mice. Horizontal bars

indicate statistical differences between groups (P < 0.05). ND signifies that

REDD1 mRNA was not detected in REDD1−/− animals. Dashed line indicates

a trend for differences and the corresponding P-value is listed. WT-Con,

n = 10; WT-EtOH, n = 15; REDD1−/−-Con, n = 18; REDD1−/−-EtOH, n = 20. Values

are expressed as means ± SE.

Table 1. Body weight, and blood alcohol, corticosterone and insulin concentrations

Control Alcohol

WT REDD1−/− WT REDD1−/−

Body weight, g 21.5 ± 0.7 20.9 ± 0.3 21.7 ± 0.4 21.2 ± 0.3
Blood alcohol, mmol/l ND ND 59 ± 4 59 ± 7
Corticosterone, ng/ml 88 ± 5 92 ± 11 95 ± 6 94 ± 9
Insulin, ng/ml 0.74 ± 0.11a 0.54 ± 0.07a 2.81 ± 0.39b 0.69 ± 0.05a

Values are means ± SE; where n = 10, 18, 15 and 20, respectively. ND signifies below detection of the analyzer. Values with different superscript letters (a,b) are
statistically different (P < 0.05).
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DISCUSSION

Previous work has shown REDD1 is elevated by acute alcohol admin-
istration in muscle from male and female rats and this change was as-
sociated with impaired mTORC1 signaling and protein synthesis
(Lang et al., 2008); however, causality has not been verified. Presently,
utilizing mice globally lacking REDD1 expression, we show that the
alcohol-induced decrease in protein synthesis is independent of
REDD1 and modulation of mTORC1 signaling. Moreover, the
alcohol-induced hyperinsulinemia seen in WT mice was absent in
REDD1−/− mice.

As a negative regulator of mTORC1, it was hypothesized that de-
letion of the REDD1 genewould ameliorate the acute alcohol-induced
decrease in muscle protein synthesis. Instead, our data indicate the
acute decrease in muscle protein synthesis observed 1 h after alcohol
did not differ in WT and REDD1−/− mice. Further, the phosphoryl-
ation of the mTORC1 substrates S6K1 and 4E-BP1 did not differ be-
tween WT and REDD1−/− mice after a bolus injection of alcohol.
REDD1−/− mice are phenotypically similar to their littermates, and
in agreement with the present findings no change in protein synthesis

or mTORC1 signaling has been previously reported in female REDD1
knockout mice (Britto et al., 2014). However, REDD1 deletion did de-
crease phosphorylation of Akt (both S473 and T308) and TSC2 under
basal conditions compared toWT controls. A reduction in Akt activity
when REDD1 is deleted corroborates previous work showing male
REDD1−/− mice to have impaired insulin signaling (Britto et al.,
2014; Dungan et al., 2014; Williamson et al., 2014). For example,
REDD1 contributes to the maximal insulin-stimulated phosphoryl-
ation of IRS1 and Akt S473 in muscle and as Akt S473 phosphorylation
is necessary for optimal phosphorylation of Akt T308, a lack of
REDD1 could therefore decrease Akt phosphorylation (Dungan
et al., 2014).

The majority of research investigating the acute and chronic effects
of alcohol on skeletal muscle protein balance has been performed in
rats and shows mTOR activity and protein synthesis to be consistently
impaired, while changes in protein breakdown are less definitive
(Steiner and Lang, 2015b). In contrast, we show that phosphorylation
of mTOR and its direct substrates S6K1 and 4E-BP1 is unchanged by
acute alcohol inWTand REDD1−/−mice. Despite the apparent lack of
effect on mTOR kinase activity, acute alcohol did decrease rpS6

Fig. 3. Phosphorylation of mTOR and its substrates was measured in response to acute alcohol intoxication in wild-type (WT) and REDD1−/− mice. Bar graphs

represent the quantification of western blot images for phosphorylated proteins relative to the total amount of the respective protein for mTOR S2481(A), 4E-BP1

S65 (B), S6K1 T389 (C) and rpS6 S240/244 (D). Gray bars represent WT mice and black bars correspond to REDD1−/− mice. Lanes shown in the representative image

correspond to the order in the graph. All values are expressed relative to Control-WTwhich was set to 100%. Horizontal bars indicate statistical differences between

groups (P < 0.05). WT-Con, n = 10; WT-EtOH, n = 15; REDD1−/−-Con, n = 18; REDD1−/−-EtOH, n = 20. Values are expressed as means ± SE.

246 Alcohol and Alcoholism, 2016, Vol. 51, No. 3



phosphorylation, a known substrate of S6K1. Such internally incon-
sistent results have been reported in the mouse model of acute intoxi-
cation in relation to modulation of this signaling pathway (Lang et al.,
2010). Although this observation is consistent with data from in vitro
studies demonstrating mTOR-independent phosphorylation of rpS6
(Rosner and Hengstschlager, 2010), we cannot exclude the possibility
that these discordant results may stem from temporal differences in the
activation/inactivation of mTOR and S6K1 kinase activity after
alcohol.

The lack of increase in REDD1 mRNA following acute alcohol in-
toxication in WT mice contrasts with that reported in rats and may
therefore contribute to the lack of an acute alcohol-mediated change
in mTORC1 signaling. In support of a species-specific effect of alco-
hol, there was no increase in REDD1 protein inmuscle frommalemice
5 h after an acute alcohol challenge (3 g/kg BW) (Steiner and Lang,
2015a). We also cannot exclude the possibility that genotype/strain
and/or nutritional status of the animal may influence the effects of al-
cohol on skeletal muscle signaling. This is the first report of acute al-
cohol intoxication in female mice, although male and female rats were
previously shown to respond similarly to an acute dose of alcohol in-
dependent of nutritional status andmode of administration (gavage or

IP injection) (Lang et al., 2008). Further, previous investigations using
acute alcohol in mice were performed on animals of the C57BL/6
background. However, female mice on a B6/129F1 background
were used in the current study and therefore this difference may
have contributed to the differential metabolic response to alcohol.
Lastly, the majority of previous work has been performed following
a short fast (1–5 h) or an overnight fast to standardize the nutrition-
al/energy status of the animals. Fasting not only elevates REDD1 but
also suppresses phosphorylation of S6K1 and 4E-BP1 which makes it
difficult to detect additional alcohol-related changes in these proteins
(McGhee et al., 2009; Gordon et al., 2015). Therefore, herein we used
animals in a freely fed, basal, post-absorptive state; however, this
led to increased variability between animals and treatment groups
and could potentially be a reason for the smaller than anticipated
effect of acute alcohol on mTOR signaling. Finally, although glu-
cocorticoids can transcriptionally regulate REDD1 and pretreat-
ment with the glucocorticoid receptor antagonist RU486 can block
dexamethasone-induced increases in REDD1 (Wang et al., 2006;
Lang et al., 2008), such a mechanism does not appear operational
in the current study as the circulating corticosterone concentration
did not differ with genotype or alcohol treatment.

Fig. 4. Disruption of the REDD1 gene reduced Akt and TSC2 phosphorylation independent of alcohol intoxication. IGF-I mRNA is shown in (A) while the remaining

bar graphs correspond to the quantification of western blot images for the phosphorylated and total amount of Akt S473(B), Akt T308 (C), and TSC2 S939 (D). Gray bars

represent wild-type (WT) mice and black bars correspond to REDD1−/− mice. Lanes shown in the representative image correspond to the order in the graph. All

values are expressed relative to Control-WT which was set to 100%. Horizontal bars indicate statistical differences between groups (P < 0.05) and dashed line

indicate a trend for differences with the corresponding P-value listed above. WT-Con, n = 10; WT-EtOH, n = 15; REDD1−/−-Con, n = 18; REDD1−/−-EtOH, n = 20.

Values are expressed as means ± SE.
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Protein degradation also regulates skeletal muscle mass and while
a decrease in the protein content of the autophagic markers p62 and
ULK1 would be suggestive of increased autophagy with acute alcohol,
the lack of changes in other key proteins in this pathway precludes us
from reaching a definitive conclusion. Previously, prolonged (6 weeks)

alcohol feeding increased the mRNA content for LC3B and Beclin1
while decreasing p62 indicating chronic alcohol feeding increased
muscle autophagy (Thapaliya et al., 2014). As WT and REDD1−/−

mice exhibited similar reductions in p62 and ULK in response to
acute alcohol, any alcohol-induced change in autophagy signaling

Fig. 5.Markers of autophagy were assessed in wild-type (WT) and REDD1−/− mice after acute alcohol intoxication. Indicators of autophagy including p62 (A), ULK-1

S757 (B), LC3B (C), beclin1 (D), Atg7 (E) and Atg12 (F) were quantified from western blot images and are expressed relative to the total amount of the respective

protein when available. Where the corresponding total protein was not measured, Ponceau S stain was used to verify loading. Gray bars represent WT and

black bars correspond to REDD1−/− mice. Lanes shown in the representative image correspond to the order in the graph. All values are expressed relative to

control-WT which was set to 100%. Horizontal bars indicate statistical differences between groups (P < 0.05). WT-Con, n = 10; WT-EtOH, n = 15; REDD1−/−-Con,

n = 18; REDD1−/−-EtOH, n = 20. Values are expressed as means ± SE.
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appears to be REDD1-independent despite ULK1 being a downstream
target of mTOR. In contrast, the mRNA content of the atrogenes
MuRF1 and atrogin1 was not responsive to acute alcohol in WT
mice, but tended to be increased in REDD1−/− mice. Therefore,
REDD1 may play a yet to be recognized role in ubiquitin-mediated
proteolysis during catabolic conditions.

In summary, acute alcohol administration decreased the rate of
protein synthesis while protein breakdown appeared to be largely un-
altered in skeletal muscle of female mice. These effects were independ-
ent of REDD1 as the response to acute alcohol did not differ between
WT and REDD1−/− mice. A more in-depth appreciation of potential
modulating factors (e.g., species, mouse strain, nutritional status) is
central to establishing the most appropriate preclinical research
model for future alcohol-related projects, and to help formulate the
appropriate design of future clinical studies.
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