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Abstract

Alcohol is a myotoxin that disrupts skeletal muscle function and metabolism, but specific metabolic alternations following a binge
and the time course of recovery remain undefined. The purpose of this work was to determine the metabolic response to binge
alcohol, the role of corticosterone in this response, and whether nutrient availability mediates the response. Female mice
received saline (control) or alcohol (EtOH) (5 g/kg) via intraperitoneal injection at the start of the dark cycle. Whole body metabo-
lism was assessed for 5 days. In a separate cohort, gastrocnemius muscles and liver were collected every 4 h for 48 h following
intoxication. Metyrapone was administered before alcohol and gastrocnemius was collected 4 h later. Lastly, alcohol-treated
mice were compared with fed or fasted controls. Alcohol disrupted whole body metabolism for multiple days. Alcohol altered
the expression of genes and proteins in the gastrocnemius related to the promotion of fat oxidation (Ppara, Ppard/B, AMPK, and
Cd36) and protein breakdown (Murf1, KIf15, Bcat2). Changes to select metabolic genes in the liver did not parallel those in skele-
tal muscle. An alcohol-induced increase in circulating corticosterone was responsible for the initial change in protein breakdown
factors but not the induction of FoxOT1, Cebp, Ppara, and FoxO3. Alcohol led to a similar, but distinct metabolic response when
compared with fasting animals. Overall, these data show that an acute alcohol binge rapidly disrupts macronutrient metabolism
including sustained disruption to the metabolic gene signature of skeletal muscle in a manner similar to fasting at some time
points.

NEW & NOTEWORTHY Herein, we demonstrate that acute alcohol intoxication immediately alters whole body metabolism coin-
ciding with rapid changes in the skeletal muscle macronutrient gene signature for at least 48 h postbinge and that this response
diverges from hepatic effects and those of a fasted animal.

alcohol; ethanol; metabolism; skeletal muscle

INTRODUCTION

Binge drinking is a popular behavior with 17% of adults in
the United States reporting an average of ~53 binges a year
with ~7 drinks per binge (1, 2). Binge drinking is defined as
raising the blood alcohol concentration (BAC) to at least 0.08
g/dL in under 2 h, but higher levels are often achieved (3).
This level of alcohol intoxication alters the normal function-
ing of many organ systems, including the skeletal muscle
(4), which is central to metabolic function, movement, and
overall health (5). More specifically, skeletal muscle contrib-
utes to metabolic homeostasis as it serves as a glucose sink,
is the major storage site for amino acids, and participates in
fatty acid oxidation (5-8). Metabolic homeostasis is crucial
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for health. Long-term perturbations to metabolic function-
ing can lead to a variety of diseases, including metabolic syn-
drome and diabetes (9).

Alcohol use, including binge alcohol intoxication, alters
tissue metabolism as well as substrate utilization and gener-
ation throughout the body. For instance, it is known that
alcohol can lead to the inhibition of glucose utilization,
induction of transient insulin resistance, and suppression of
glycogen synthesis (10). Moreover, fat metabolism is modi-
fied by acute alcohol intake as low concentrations of alcohol
consumed with a high-fat meal promote postprandial lipe-
mia (11), whereas higher concentrations or chronic abuse of
alcohol can result in episodes of alcoholic ketoacidosis (12).
However, corresponding molecular changes within the
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skeletal muscle during what is termed “the hangover” period
that follows alcohol intoxication and its subsequent clear-
ance remain largely unknown. This is important because
acute alcohol intoxication causes hormonal changes that
could have longer-lasting effects on key metabolic tissues
such as skeletal muscle. For instance, acute alcohol intoxica-
tion stimulates the hypothalamic-pituitary axis leading to a
significant elevation in circulating glucocorticoids (corticos-
terone in rodents, cortisol in humans) (13). The acute release
of glucocorticoids may alter fuel metabolism in skeletal mus-
cle including decreased protein synthesis, induction of insu-
lin resistance, and changes in circulating triglycerides,
whereas longer lasting effects on skeletal muscle fuel metab-
olism may be induced by alterations to the metabolic gene
expression signature (14-17). Such a change in whole body
metabolism and the metabolic gene expression signature
may contribute to the sustained decrease in task or muscular
performance observed during the hangover period (18, 19).

Given the lack of information regarding metabolic shifts
throughout the hangover period, the objective of this study
was to define the metabolic aberrations during the hangover
period following acute intoxication and assess how they coin-
cide with sequential changes to transcription of metabolic
genes in skeletal muscle. In addition, we tested whether the
transient alcohol-induced rise in corticosterone is responsible
for the early changes in the metabolic gene expression signa-
ture in skeletal muscle. Herein, we show that an acute alcohol
binge shifts whole body metabolism in favor of fat oxidation
for up to 48 h after the binge episode. These changes in me-
tabolism coincided with a rapid change in the expression of
genes and proteins involved in fat oxidation, carbohydrate
utilization, and protein metabolism within the skeletal mus-
cle and somewhat mimicked changes observed in response to
food deprivation. Finally, we show that many of the early
transcriptional changes related to fatty acid and glucose oxi-
dation induced by alcohol are not mediated by corticosterone
release following intoxication, though signals related to pro-
tein breakdown are altered by this hormone.

METHODS

Experimental Design
Experiment 1: Indirect calorimetry.

Animals. Fifteen-week-old female (n = 8) C57BL6/Hsd
mice purchased from Envigo (Indianapolis, IN) were individ-
ually housed before the experiment in the vivarium at Florida
State University in a temperature-controlled (25°C) room in a
12-h:12-h light/dark cycle with ad libitum access to water and
chow (Lab Diet No. 5001). Due to their enhanced sensitivity to
alcoholic disease, only female mice were used (20-22).

Mice were randomly assigned to Control (saline; n = 4) or
Alcohol (EtOH; n = 4) while matching body weight between
groups and were placed into cages of the Comprehensive
Laboratory Animal Monitoring System (CLAMS; Columbus
Instruments, Columbus, OH) to determine indirect calorime-
try measurements. Oxygen consumption (Vo,; mL/kg/h), car-
bon dioxide production (Vco,; mL/kg/h), respiratory exchange
ratio (RER), heat (kcal/min), locomotor activity assessed via
number of beam breaks, food intake, and water consumption
were tracked for a total of 9 days, including 3 days of
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acclimation and 6 days of experimental data collection after
treatment. Alcohol was administered via an intraperitoneal
(IP) injection of either saline (CON) or alcohol (EtOH) at 5 g/kg
(diluted to 31.5% solution) at the start of the dark cycle. Mice
were briefly (1-2 min) removed from CLAMS cages for the
injection and immediately placed back into the CLAMS cage,
whereas data were continuously collected. Time points when
the mouse was removed from the cage were not included in
the final analysis. Food and water were provided ad libitum
for the duration of the study. Data were collected in 30-s inter-
vals representing an average value from that sampling period
as calculated via the Oxymax software (CLAX; Columbus
Instruments) from each cage (23). At the completion of the
testing period, all data were exported and then analyzed using
CLAX software. Vo, and Vco, were used to calculate RER
(Vco,/V0,), and carbohydrate oxidation and fat oxidation via
the following equations (24):

Carbohydrate oxidation: .
(4.585 x Vco,) — (3.226 x Vo,)

Fat oxidation: . ‘
(1.695 x V0,) — (1.701 x Vco,)

Data were averaged into 3-h blocks and used for analysis.

Experiment 2: 0-24 h after acute alcohol intoxication.

Animals. The experimental design was previously described
(13). Briefly, female (n = 39) C57BL6/Hsd mice (15 wk old)
were purchased from Envigo (Indianapolis, IN) and
housed at Florida State University in a temperature-con-
trolled (25°C) room in a 12-h:12-h light/dark cycle with ad
libitum access to food and chow (Lab Diet No. 5001). Mice
were randomly assigned to one of three groups of equal
body weight: Baseline (n = 3), Control (CON; n = 18), or
Alcohol (EtOH; n = 18).

Experimental design. At the start of the dark cycle, gas-
trocnemius muscles (GAS) were collected from baseline
mice, whereas control and alcohol mice received a 5 g/kg ip
injection of saline or EtOH, respectively. The GAS muscle
was then collected from three CON and three EtOH-treated
mice every 4 h across a 24-h period. Gastrocnemius muscles
and livers were immediately excised and frozen in liquid
nitrogen until storage at —80°C for future analysis.

Blood was collected from an additional cohort of female
C57BL6/Hsd mice (CON; n = 11; EtOH; n = 17) using the identi-
cal protocol design as aforementioned. Mice were euthanized
under isoflurane at 30 min, 4 h, 8 h, and 12 h postinjection
(CON n =2-3; EtOH n = 3-5), and blood samples were collected.
An aliquot was stored at room temperature for 30-60 min to
allow for clotting and isolation of serum, whereas plasma ali-
quots were collected in EDTA-treated tubes and stored on ice
until centrifugation and further storage at —80°C for future
analysis. All procedures were approved by Animal Care and
Use Committee at Florida State University and conformed to
American Veterinary Medical Association (AVMA) guidelines.

Experiment 3: 24—-48 h after alcohol intoxication.

As previously described (13), a follow-up experiment was
conducted with female (n = 42) C57BL6/Hsd mice to extend
our data collection period to include 24-48 h postintoxica-
tion. The methodology was identical to those described in
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experiment 2, except that tissue collection began 24 h after
the injection of alcohol and continued every 4 h until 48 h
postinjection. All procedures were approved by Animal Care
and Use Committee at Florida State University and con-
formed to AVMA guidelines.

Experiment 4: Inhibition of corticosterone synthesis and
the effects of alcohol intoxication.

Female C57BL/6Hsd mice (15 wk old), purchased from
Envigo (Indianapolis, IN), were individually housed in the
Florida State University vivarium for at least 2 wk before test-
ing. Mice were then assigned to one of four groups matched
for body weight: Control (CON; n = 5), Control +
Metyrapone (Con-MET; n = 5), Alcohol (EtOH; n = 7), or
Alcohol + Metyrapone (EtOH-MET; n = 7). Mice received a
100 mg/kg body wt ip injection of metyrapone (VWR, Cat.
No. 101095-552) diluted in saline or saline alone (CON,
EtOH). Ninety minutes after metyrapone treatment and at
the start of the dark cycle, a 5 g/kg body wt ip injection of ei-
ther saline (control) or alcohol (EtOH) was administered. All
mice were euthanized 4 h later as aforementioned, and gas-
trocnemius muscles were collected and immediately frozen
in liquid nitrogen and stored at —80°C. Blood was collected
as aforementioned. All procedures were approved by Animal
Care and Use Commiittee at Florida State University and con-
formed to AVMA guidelines.

Experiment 5: Determination of the influence of fasting
on alcohol-induced changes in circulating substrates
and skeletal muscle gene expression.

Female C57/BL6Hsd mice were purchased from Envigo
(Indianapolis, IN) and were individually housed in the
Florida State University vivarium for >1 wk before experi-
mentation. Mice were then assigned to one of three groups
matched for body weight: Control-fed (CON, n = 17), Control-
Fasted (CON-FAST, n = 18), or Alcohol-fed (EtOH, n = 18). At
the beginning of the dark cycle, all mice received an intra-
peritoneal injection of either 0.9% sterile saline (Control) or
alcohol at a dose of 5 g/kg as described for experiments 1-4.
Control-fed and EtOH-fed mice were allowed free access to
chow and water ad libitum for the duration of the experi-
ment. Control-fasted mice had their food removed at the be-
ginning of the dark cycle at the time of injection and
remained fasted for the remainder of the experiment (up to
20 h of fasting). Before anesthetization, body temperature was
determined using a lubricated Thermocouple Thermometer
(ST2-34-1401, Harvard Apparatus, Holliston, MA) and blood
glucose was assessed using a Clarity blood glucose meter.
Blood was also collected for insulin in heparin-coated capil-
lary tubes before anesthetization. At 8, 12, 16, and 20 h after
intoxication, animals were euthanized via isoflurane overdose
and blood and gastrocnemius muscles were collected. Plasma
was isolated from blood collected in EDTA-treated tubes and
stored at —80°C. Glucose and insulin measurements at 4 h
were taken from mice that were later euthanized at 8 h.
Procedures for tissue collection during dark cycle times were
identical to those aforementioned.

RNA extraction, cDNA synthesis, and RT-PCR. RNA
extraction, cDNA synthesis, and RT-PCR protocols were pre-
viously described (13); briefly, the entire GAS was powdered
in liquid nitrogen with mortar and pestle. From that, 20 mg
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of powder was homogenized in 600 pL of TRI reagent (Zymo
Research, Irvine, CA). Similarly, a portion of the liver was ho-
mogenized in 600 pL of TRI reagent. RNA was isolated using
the Direct-zol RNA MiniPrep kit (Zymo Research, Irvine,
CA), and cDNA was synthesized using the High-capacity
cDNA Reverse Transcription kit according to the manufac-
turer’s instructions (Applied Biosystems, Foster City, CA).
Relative mRNA expression was measured via RT-PCR using
a QuantStudio3 and SYBR green master mix (Applied
Biosystems, No. A25776). A melt curve analysis was per-
formed for primer pairs to ensure a single product was
amplified, and the appropriate product size was determined
via gel electrophoresis. SYBR green primer sequences are ref-
erenced in Table 1. Measurement of Cullinl (Cull) (assay ID
MmO00516318), pyruvate dehydrogenase kinase 4 (Pdk4)
(assay ID MmO01166879), hexokinase 2 (Hk2) (assay ID
MmO00443385), and Krupple-like factor 15 (KIf15) (assay ID
MmO00517792) were quantified using TagMan predesigned
primer probes (Applied Biosystems) and TagMan fast
advanced master mix (Applied Biosystems, No. 4444557).
Results were analyzed using the AACT method and refer-
enced to either Rplpo or Rpl26, which did not change with
treatment or time.

Western blotting and analysis. Western blotting was
performed as previously described (13). Briefly, ~40 mg of
powdered GAS was homogenized in 10 volumes of buffer via
glass-on-glass homogenization. Muscle extracts were centri-
fuged, and the supernatant was collected and quantified via
Bradford method (Biorad, Cat. No. 5000006). Samples were
diluted to the same concentration in 2x sample buffer. Blots
were performed using either individual samples to deter-
mine changes at each time point or using samples from each
time point pooled together with equal amounts of protein
and volume to allow for the determination of overall circa-
dian expression patterns, as previously described (25, 26).
Proteins (25 ng) were fractioned on 4%-20% Biorad Criterion
precast gels (Hercules, CA), transferred to PVDF membranes,
and assessed for effective transfer and equal protein-loading
via Ponceau-S staining. Membranes were blocked in 5% non-
fat dried milk in Tris-buffered saline + 0.1% Tween20, and
membranes were then incubated overnight at 4°C with anti-
bodies against the following proteins from Cell Signaling
Technology each diluted to 1:1,000 for use: AMPKa Thrl72
(No. 2531), AMPKo (No. 2532), FOXO1 Ser256 (No. 9461),
FOXO1 (No. 2880), CREB (No. 9197), and CREB p65 (No.
9198). As well as the following antibodies from the indicated
company: GAPDH (Santa Cruz Biotech, No. sc-32233) diluted
1:40,000; PDK4 (Abcam, No. 214938) diluted 1:1,000; and
MCT1 (NOVUS Biologicals, No. NPB1-59656) diluted 1:1,000.
Appropriate secondary antibody was used at 1:10,000 (Bethyl
Laboratories; No. A120-101 and No. A90-116), and the antigen-
antibody complex was visualized by enhanced chemilumines-
cence using Clarity reagent (Bio-Rad) on a Bio-Rad ChemiDoc
Touch imaging system. ImageJ software (National Institutes
of Health, Bethesda, MD) was used to quantify images, includ-
ing corresponding Ponceau-S stains.

Plasma B-hydroxybutyrate concentrations. A Precision
Xtra monitoring system (Abbott, Columbus, OH) was used
with blood B-ketone test strips to measure B-hydroxybutyrate
levels from plasma samples taken from experiments 1, 2,
and 5.

E217

Downloaded from journals.physiology.org/journal/ajpendo at Florida State University Libraries (144.174.212.049) on September 9, 2024.


http://www.ajpendo.org

(}) BINGE ALCOHOL DISRUPTS METABOLISM OVER TIME

Table 1. Primer sequences and amplicon size (base pairs) for SYBR green primers used for RT-PCR

Gene Symbol Forward (5-3') Reverse (5'-3') Amplicon Size, bp
Bcat2 CAAGCCCTCCTGTACGTCAT GCCACAGTGGGTCCATAGTT 158
Bhd1 ACCGACTGAGAACCATCCAG ATGCTGGTGAACTCCACCTC 160
Cd36 AGTCCTGGCTGTGTTTGGAG TGGGTTTTGCACATCAAAGA 169
Cebph CAAGCTGAGCGACGAGTACA AGCTGCTCCACCTTCTTCTG 156
Dbt CTGCTTCTCTGGGACTCCTG GGACAATTAACCCCAGCTCA 129
Dgat2 CTGTCACCTGGCTCAACAGA TATCAGCCAGCAGTCTGTGC 143
Fasn TGGGTTCTAGCCAGCAGAGT ACCACCAGAGACCGTTATGC 158
Foxol TTTCTAAGTGGCCTGCGAGT GGTGGATACACCAGGGAATG 175
Foxo3a AGCCGTGTACTGTGGAGCTT TCTTGGCGGTATATGGGAAG 180
Gcek CGTGAAGACGAAACACCAGA AGGGAAGGAAGGGGTGAAGC 160
Hadh ACCAAACGGAAGACATCCTG AGCTCAGGGTCTTCTCCACA 126
Idht AGGTTCTGTGGTGGAGATGC TCTGCAGCATCTTTGGTGAC 165
Mafbx GTCGCAGCCAAGAAGAGAAAG ACTCAGGGATGTGAGCTGTGA 240
Murf1 AAGCAGGAGTGCTCCAGTCG AACAGCATGGAGATGCAGTTAC 217
Nadsyn GAGCCTTTGTCCAGTTTTGC GCCGAAGATGGAGAGTTCTG 164
Nampt AGTGGCCACAAATTCCAGAG CAATTCCCGCCACAGTATCT 194
Oxctl1 TGCCTTCTACACCAGCACAG GATGGCTTCCTCCAAAATGA 151
Pck1 GCAGAACACAAGGGCAAGAT CTTCCGGAACCAGTTGACAT 156
Pkfm GGAGTGCGTGCAGGTGACCAAA ATCACGGCCACTGTGTGCAACC 17
Ppara ATGCCAGTACTGCCGTTTTC CCGAATCTTTCAGGTCGTGT 140
PparS/B TGGAGCTCGATGACAGTGAC GTACTGGCTCTGAGGGTGGT 161
Rpl26 TGTTCGCGGACACTACAAAG CGGTCCTTGTCCAGCTTTAG 174
Rplpo CAACCCAGCTCTGGAGAAAC GTTCTGAGCTGGCACAGTGA 169
Sirt1 AGTTCCAGCCGTCTCTGTGT CTCCACGAACAGCTTCACAA 198

NAD + /NADH assay. The concentration of NAD + and
NADH in gastrocnemius at 16 and 20 h after intoxication was
determined using a commercially available kit (Abcam,
Cambridge, UK, ab65348) as per the manufacturers’ instruc-
tions. Briefly, powdered gastrocnemius (~10-15 mg) was ho-
mogenized in 400 pL of NADH/NAD extraction buffer on ice
using the glass-on-glass technique. Homogenates were then
centrifuged at 15,000 g for 5 min at 4°C, and ~300 pL of su-
pernatant was collected from each sample. The supernatant
was passed through 10 KD spin columns (Abcam Cat. No.
ab93349) by centrifugation at 15,000 g for 90 min at 4°C. The
resultant extract was the total NAD + sample, and from this
extract, 50 uL was placed on the heat block at 60°C for 30
min to produce the NAD + decomposition (NAD decomp)
product. The NAD + total samples were diluted at 1:30 and
the NAD decomp samples were diluted at 1:10 in NADH/
NAD + extraction buffer before initiating the final reaction
and reading plate at 450 nm every 10 min until all samples
fell within the standard curve. Data are presented as
means * standard deviation.

Plasma insulin. Plasma insulin concentrations from
experiment 5 were measured using the Ultra Sensitive Mouse
Insulin ELISA kit (Crystal Chem, Elk Grove Village, IL) as per
the manufacturers’ instructions. Data are presented as
means (Measure A,so — Measure Agzp) * standard deviation.

Free fatty acid assay. Plasma free fatty acids from
experiment 5 were determined via the Free Fatty Acid Assay
kit (Abcam, Ab65341) as per the manufacturers’ instructions
and using undiluted plasma samples. Free fatty acid concen-
trations were calculated via the equation: (amount of fatty
acid in sample calculated from standard curve/sample vol-
ume added in wells) x sample dilution factor. Data are pre-
sented as means * standard deviation.

Statistical analysis. Data are expressed as means *
standard deviations (SD), except for diurnal protein patterns,
which are expressed as single data points due to pooling of
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samples. A two-way ANOVA was used to analyze whole body
metabolism, mRNA expression, protein expression, and
plasma metabolites using EtOH and time as the two factors.
A two-way ANOVA (EtOH, Met) was used to analyze mRNA
and protein expression in the metyrapone study using alco-
hol and metyrapone as the two factors. In the event of a
significant interaction, differences between multiple com-
parisons were identified using Sidak’s post hoc correction,
otherwise, only main effects are reported. NAD +, NADH,
and NAD + /NADH ratio, as well as AMPK protein content
within each time point, were analyzed using Student’s
t test. For experiment 5, a one-way ANOVA with Tukey’s
post hoc test when appropriate was performed between
CON-FED, CON-FAST, and EtOH-FED at each time point
for the following variables: blood glucose, body tempera-
ture, plasma insulin, plasma free fatty acids, and gastro-
cnemius muscle gene expression. Significance was set to P
< 0.05 for all analyses. All analyses were performed using
GraphPad Prism Software (San Diego, CA).

RESULTS

Alcohol Alters Whole Body Fuel Metabolism for Several
Days following a Single Binge

RER (P < 0.0001), Vo, (P < 0.0001), heat (P < 0.0001), and
locomotor activity (P < 0.0001) were reduced within 4 h of
EtOH treatment (Fig. 1, A-D). RER remained lower in EtOH-
treated mice up to ~72 h post EtOH binge even though alco-
hol is completely cleared from circulation within ~12 h (13).
Coinciding with the reductions in RER, acute alcohol intoxi-
cation enhanced fat oxidation (P = 0.01) and suppressed car-
bohydrate oxidation (P < 0.0001) for at least 3 days following
intoxication (Fig. 1, E and F). Despite no main effect of alco-
hol intoxication being statistically detected, a reduction in
food and water intake was clearly evident immediately
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following the intoxication period (Fig. 1, G and H). Food macronutrient energy availability were probed. Despite little
intake did not return to normal levels until ~48 h after intox- change in AMPKa T172 phosphorylation following alcohol
ication (day 5), whereas rhythmic water intake was not nor- intoxication (Supplemental Fig. S1), the NAD + to NADH ra-
malized until ~72 h after intoxication (day 7). The lack of tio 16-20 h after intoxication was increased as was the
statistical significance was likely due to the high number of mRNA expression of Nampt (P = 0.002, 0-24 h; P < 0.0001,
comparisons performed to analyze the data over the 9-day 24-48 h) and NAD synthetase 1 (Nadsynl) starting 12 h after
collection period as well as the variability between animals intoxication (Fig. 2, A-C). The increase in NAD 4, which
following intoxication. serves as a cosubstrate for sirtuin-mediated deacetylation,
Binge Alcohol Increases NAD + /NADH in Skeletal was also in.line with an increase in Sirt1 mRNA expression at
Muscle and Levels of Circulating Ketones 12—2Q h (Fig. 2D). In contrast, mRNA expression of PPAR-Y
coactivator-1 o, a SIRT1 substrate, was unchanged following
To investigate the skeletal muscle metabolic response to alcohol intoxication (data not shown); however, acetylation
binge alcohol further, targets sensitive to changes in status of the protein was not assessed.
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When glucose levels are inadequate, ketones can be pro-
duced by the liver to be used as an alternative fuel source by
extrahepatic metabolic tissues like the skeletal muscle.
Presently, plasma B-hydroxybutyrate levels (P < 0.0001)
were increased at 4 h postbinge and remained elevated at 8
and 12 h as well (Fig. 2E). Two ketolytic genes, hydroxybuty-
rate dehydrogenase 1 (Bdhl) and oxoacid CoA-transferase 1
(Oxctl) were decreased from either 12-48 h (Bdhl) or 28-48 h
postintoxication (Fig. 2, F and G); however, monocarboxylate
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transporter 1 (MCT1) protein was unchanged with acute alco-
hol intoxication (Supplemental Fig. S2).

Binge Alcohol Results in a Rapid Change to the
Metabolic Gene Expression Signature in Skeletal Muscle
That is Consistent with Enhanced Fat Oxidation

The mRNA content of the fatty acid transporter, Cluster of
Differentiation 36 (Cd36) was markedly increased from 12—
44 h (P = 0.001, 0-24 h; P < 0.0001, 24-48 h) following
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alcohol intoxication (Fig. 3A), whereas lipoprotein lipase
(Lpl), which mediates the breakdown of fatty acids to fatty
acyl-CoA, was not altered by alcohol (data not shown).
Hydroxyacyl-coenzyme A dehydrogenase (Hadh), which cat-
alyzes the third step of p-oxidation in the mitochondria, was
also not significantly changed by alcohol intoxication de-
spite a nonsignificant increase 8-16 h after intoxication (Fig.
3B). Conversely, fatty acid synthase (Fasn), which converts
acetyl CoA and malonyl CoA to palmitate, was lower in alco-
hol-treated muscle compared with control for the entire 48-h
measurement period (P = 0.001, 0-24 h; P = 0.02, 24-48 h)
(Fig. 3C).

Peroxisome proliferator-activated receptor delta/beta (Ppars/
B) mRNA, which can enhance Cd36 as well as fatty acid

oxidation, was rapidly induced and remained elevated
throughout most of the sampling period (P < 0.0001, 0-24 h;
P < 0.0001, 24-48 h) (Fig. 3D). Similarly, Pparo. mRNA was
increased at 4 and 8 h after intoxication before being
decreased at 32 h (P = 0.003, 0-24 h; P = 0.02, 24-48 h) (Fig.
3E). Ppard/B can enhance the expression of Forkhead box O1
(Fox0O1), a transcription factor central to macronutrient me-
tabolism, especially under conditions of metabolic dysfunc-
tion (27, 28). FoxO1 mRNA expression was increased in the
first 16 h after alcohol intoxication (P < 0.001, 0-24 h; P =
0.19, 24-48 h) (Fig. 3F), whereas FOXO1 Ser256 phosphoryla-
tion was suppressed over the entire 48-h period indicative of
enhancement of FOXOL1 activity which can increase lipid oxi-
dation via LPL and CD36 (Fig. 3, G and H).
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Figure 3. The effects of acute alcohol intoxication on genes involved in lipid metabolism including Cd36 (A), Hadh (B), Fasn (C), Ppard/B (D), Ppara. (E),
FoxO1 (F), FOXO1 Ser256/FOXO1 total (G and H) from experiment 2 (0—-24 h) and experiment 3 (24—48 h) for gastrocnemius. The vertical dotted line rep-
resents the division of the two experiments, and gray shading shows the dark cycle (0—12 h, 24-36 h), whereas white boxes indicate the light cycle (12—
24 h, 36-48 h). The 0-h time point is the time of injection and baseline tissue collection (n = 3). The black spheres represent control (n = 3), and the open
red spheres represent EtOH (n = 3). Data are presented as means + SD for each time point. Main effects and interactions were determined by two-way
ANOVA (Time, EtOH) where P < 0.05, and the main effect of alcohol is displayed on the graph as ME:EtOH. When there is a significant interaction
between Time and EtOH, differences between Control and EtOH are indicated by (*). Western blots are labeled above with the hour and then treatment
(C for control and E for alcohol) corresponding to the band below it. BL stands for baseline.
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Binge Alcohol Results in a Rapid Change to the
Metabolic Gene Expression Signature in Skeletal Muscle
That is Consistent with Decreased Carbohydrate
Oxidation

Expression of hexokinase (Hk2), a rate-limiting enzyme of
glycolysis that phosphorylates glucose to glucose-6-phos-
phate, was not changed by alcohol intoxication (Fig. 4A).
Similarly, expression of phosphofructokinase, muscle (Pfkm),
the rate-limiting enzyme responsible for the conversion of
fructose-6 phosphate to fructose-1,6-bisphosphate during gly-
colysis, was unchanged in the first 24 h after alcohol, before
being decreased throughout the second dark cycle (28-36 h)
(P =0.40, 0-24 h; P = 0.001, 24-48 h) (Fig. 4B). Conversely,
pyruvate dehydrogenase 4 (Pdk4) mRNA expression, whose
mRNA expression is regulated in part by PPARq as well as
PPARS/B and CD36 (29, 30), was markedly increased from 8 to

20 h (P < 0.0001, 0-24 h; P = 0.06, 24-48 h). This change in
Pdk4 mRNA coincided with a rapid and sustained eleva-
tion in PDK4 protein, indicating inhibition of pyruvate de-
hydrogenase activity and subsequent glucose oxidation, as
PDK4 suppresses the activity of the pyruvate dehydrogen-
ase complex and limits the conversion of pyruvate to ace-
tyl CoA (Fig. 4, C, D, and G). Similarly, the expression of
phosphoenolpyruvate carboxykinase 1 (Pckl or PEPCK),
which regulates the conversion of oxaloacetate (OAA) to
phosphoenolpyruvate (PEP), was enhanced by alcohol
intoxication between 4 and 12 h, with no changes at 24-48 h
(P=0.001, 0-24 h; P=0.39, 24-48 h) (Fig. 4E). The increase in
Pckl mRNA likely occurred in part by increased transcrip-
tional activity of one of its regulators, cCAMP-response ele-
ment-binding protein (CREB), whose phosphorylation on the
Ser133 activation site was elevated at similar time points (Fig.
4, F and G).
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Figure 4. The effects of acute alcohol intoxication on glycolytic genes and proteins including Hk2 (A), Pfkm (B), Pdk4 (C), PDK4/Ponceau (D and G), Pck1
(E), and CREB Ser133/CREB total (F and G), from experiment 2 (0—24 h) and experiment 3 (24—48 h) for gastrocnemius. The vertical dotted line repre-
sents the division of the two experiments, and gray shading shows the dark cycle (0-12 h, 24—-36 h), whereas white boxes indicate the light cycle (12—-24
h, 36—48 h). The 0-h time point is the time of injection and baseline tissue collection (n = 3). The black spheres represent control (n = 3), and the open
red spheres represent EtOH (n = 3). Data are presented as means + SD for each time point. Main effects and interactions were determined by two-way
ANOVA (Time, EtOH) where P < 0.05, and the main effect of alcohol is displayed on the graph as ME:EtOH. When there is a significant interaction
between Time and EtOH, differences between Control and EtOH are indicated by (*). Western blots are labeled above with the hour and then treatment
(C for control and E for alcohol) corresponding to the band below it. BL stands for baseline.
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Alcohol Intoxication Promotes Markers of Skeletal
Muscle Protein Catabolism Favoring Amino Acid
Release

Under catabolic conditions, protein breakdown is enhanced
to provide amino acids for gluconeogenesis and a similar
effect is stimulated by acute alcohol intoxication. Acute
alcohol intoxication increased Muscle RING finger protein
1 (Murfl) mRNA (P < 0.001, 0-24 h; P = 0.01, 24-48 h),
including a ~35-fold increase compared with control at
12 h and 16 h postbinge (Fig. 5A). Muscle atrophy F-box
(MAFbx) and its binding partner, Cullinl (Cull), exhibited
increased mRNA expression following acute alcohol intox-
ication, with Mafbx increasing from 12 to 36 h (P < 0.0001,
0-24 h; P = 0.0001, 24-48 h) and Cull increasing from 20
to 44 h (P = 0.003, 0-24 h; P < 0.0001, 24-48 h) (Fig. 5, B
and C). Furthermore, CCAAT enhancer-binding protein B
(Cebpp), known to enhance Mafbx mRNA expression, was
increased with alcohol intoxication (P = 0.22, 0-24 h; P =
0.004, 24-48 h) (Fig. 5D). Finally, overall protein ubiquiti-
nation was increased 16-48 h after acute alcohol intoxica-
tion (Supplemental Fig. S3).

In further support of enhanced protein breakdown was
the observed increase in mRNA content of KIf15 (P = 0.005,
0-24 h; P = 0.29, 24-48 h) and its target, branched-chain
amino acid (BCAA) transaminase 2 (Bcat2), which catalyzes
the breakdown of BCAASs to branch chain keto acids (BCKAS)
(P=0.001, 0-24 h; P=0.0003, 24-48 h) (Fig. 5, E and F). The
conversion of BCAAs to BCKAs requires the donation of a
ketoacid group, usually from a-ketoglutarate produced from
isocitrate. This reaction is catalyzed by isocitrate dehydro-
genase 1 (Idh1), which was increased by alcohol in the first 24

h before decreasing at 24-48 h (P = 0.0003, 0-24 h; P <
0.0001, 24-48 h) (Fig. 5G). The E2 ligase dihydrolipoamide
branched chain transacylase E2 (Dbt) is a key component of
the BCKA dehydrogenase (BCKDH) enzyme complex, a
group of ubiquitin ligases involved in the breakdown of
BCKAs to NADH, acyl-CoA, and CO,. Accordingly, acute
alcohol increased Dbt mRNA from 16 to 48 h following intox-
ication (P = 0.0002, 0-24 h; P < 0.0001, 24-48 h) (Fig. 5H).

Alcohol-Induced Elevation in Serum Corticosterone
Enhances Catabolic Signals but Not the Expression of
Genes Associated with Fatty Acid Oxidation

The rapid elevation in serum corticosterone levels that
occurs in response to acute alcohol intoxication coincided
with the rapid change in expression of genes that promote
fatty acid oxidation, including genes that are well-defined
targets of the glucocorticoid receptor (31). Although metyr-
apone effectively prevented the alcohol-mediated increase
in serum corticosterone (13), KIf15 mRNA was still induced
by alcohol intoxication albeit to a lesser extent (Fig. 6A,
Supplementary Fig. S4). The expression of other putative
glucocorticoid target genes, Cebp 8, Ppara, and FoxO1, was
increased by alcohol independent of the release of corti-
costerone (Fig. 6, B-D, Supplemental Fig. S4). Similarly,
phosphorylation of FOXO1 Ser256 was not recovered with
metyrapone treatment; however, metyrapone adminis-
tered to control mice also decreased phosphorylation on
this site precluding definitive conclusions from being
drawn (Fig. 6E, Supplemental Figs. S4 and S5). In contrast,
the alcohol-mediated increase in FoxO3a and Murfl
mRNA expression was prevented by metyrapone (Fig. 6, F
and G).
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Figure 5. The effects of acute alcohol intoxication on catabolic components Murf1 (A), Mafbx (B), Cull (C), Cebp B (D), KIf15 (E), Bcat2 (F), Idh1(G), and Dbt
(H) from experiment 2 (0—24 h) and experiment 3 (24—-48 h) for gastrocnemius. The vertical dotted line represents the division of the two experiments,
and gray shading shows the dark cycle (0—12 h, 24-36 h), whereas white boxes indicate the light cycle (12-24 h, 36—48 h). The 0-h time point is the time
of injection and baseline tissue collection (n = 3). The black spheres represent control (n = 3), and the open red spheres represent EtOH (n = 3). Data are
presented as means + SD for each time point. Main effects and interactions were determined by two-way ANOVA (Time, EtOH) where P < 0.05, and the
main effect of alcohol is displayed on the graph as ME:EtOH. When there is a significant interaction between Time and EtOH, differences between

Control and EtOH are indicated by (*).
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Figure 6. The effects of metyrapone treatment with acute alcohol intoxication on gastrocnemius Kif15 (A), Cebp (B), Ppara. (C), Foxol (D), Foxo3a (E),
Murf1 (F), and FOXO1 Ser256/GAPDH (G) from experiment 4. Data from EtOH and EtOH-Met are normalized to the control group not receiving metyra-
pone. Black circles represent control (n = 5), black squares are control + metyrapone (n =5), red open circles are ethanol (n = 7), and red open squares
indicate ethanol 4+ metyrapone (n = 7). Data are presented as means + SD for each time point. Main effects and interactions were determined by two-
way ANOVA (EtOH, Metyrapone) where P < 0.05, and the main effect of alcohol is displayed on the graph as ME:EtOH. When there is a significant inter-
action between Time and EtOH, differences between Control and EtOH are indicated by (*).

Fasting Induces a Similar, yet Distinct Metabolic
Phenotype to Acute Alcohol Intoxication

As the rapid shift in the preferential use of lipids in
response to alcohol intoxication observed in experiment 1 is
similar to the skeletal muscle’s metabolic response to fasting
despite the presence of significant energy from alcohol (7
kcal/g), additional experiments were performed to determine
the possible role of reduced food intake on the response to
alcohol intoxication. A cohort of time-matched fasted animals
was included for comparison to alcohol-treated mice. Core
body temperature was decreased by alcohol at 4 h and 8 h
compared with control-fed and control-fasted mice but had
normalized by 12 h after intoxication corresponding with the
clearance of alcohol and a return of BAC to zero (data not
shown) (Fig. 7A). Blood glucose was decreased by fasting (P =
0.03) and alcohol (P = 0.003) at 4 h and further reduced by
alcohol at 8 h after binge (P < 0.0001) (Fig. 7B). At 12 h, blood
glucose in alcohol-treated mice was not different than con-
trol-fed or control-fasted mice (Fig. 7B). At 16 and 20 h after
intoxication, control-fasted had significantly lower blood glu-
cose than control-fed and alcohol-treated mice (Fig. 7B).
Plasma insulin concentrations were reduced at 4 h, 12 h, and
20 h posttreatment in control-fasted (P = 0.001, 0.003, 0.02)
and alcohol-treated (P = 0.01, 0.01, 0.04) mice compared with
control-fed animals (Fig. 7C). Plasma FFA concentrations
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were increased at 8 h postbinge with alcohol (P = 0.01) and at
16 h into fasting (P = 0.01) compared with control-fed mice
(Fig. 7D). Finally, plasma B-hydroxybutyrate was increased in
control-fasted mice at 4 h (P < 0.0001), 8 h (P = 0.0002), 16 h
(P=0.02), and 20 h (P = 0.01), whereas alcohol only increased
ketones at 4 h (P < 0.0001) and 8 h (P < 0.0001) compared
with fed controls (Fig. 7E). By 20 h, the fasting-induced
increase in B-hydroxybutyrate was significantly greater than
levels in alcohol-treated mice (P = 0.04) (Fig. 7E).

A select set of fasting-sensitive genes was also measured
in the gastrocnemius to determine whether alcohol and fast-
ing induced similar molecular changes. Sirt1 mRNA was
increased by fasting (P = 0.03, 0.005, 0.03) at 12, 16, and 20 h,
and from alcohol at 12 and 16 h postbinge (P = 0.002, 0.04)
compared with control-fed mice (Fig. 8A). Furthermore,
Foxol mRNA expression was enhanced with fasting (P = 0.01,
0.02) and alcohol (P = 0.002, 0.01) at 8 and 12 h compared
with control-fed mice, whereas fasting alone increased Foxol
mRNA expression at 20 h (P = 0.01) compared with control-
fed mice (Fig. 8B). Pdk4 mRNA expression was increased
with alcohol (P = 0.0002) compared with control-fed mice at
8 h postbinge. Fasting further increased Pdk4 expression at 8
h compared with control-fed (P < 0.0001) and alcohol-
treated (P = 0.003) mice. From 12 to 16-h posttreatment,
Pdk4 mRNA was increased with both fasting (P = 0.0001,
0.001) and alcohol (P < 0.0001, 0.02) compared with control
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fed; however, at 20 h, Pdk4 was only increased in control-
fasted muscle (P = 0.04) (Fig. 8C). Murfl mRNA expression
was increased by fasting or alcohol at 8, 12, 16, and 20 h,
whereas at 16 h, expression was lower in alcohol-treated
mice compared with control-fasted mice (P = 0.002) (Fig.
8D). Mafbx was also increased with fasting and alcohol treat-
ment at 8 h (P = 0.001, 0.03), 12 h (P < 0.0001, < 0.0001), 16
h (P < 0.0001, 0.01), and 20 h (P = 0.01, 0.01). However, fast-
ing levels of Mafbx were significantly increased compared
with alcohol mice at 8 h (P = 0.03) and 16 h (P = 0.01) post-
treatment (Fig. 8E). Fasting increased Cebplg at 8 h (P =
0.001), 12 h (P < 0.0001), 16 h (P = 0.001), and 20 h (P <
0.0001) compared with control-fed mice, whereas alcohol-
treatment resulted in increased Cebpi1p at 8 h (P = 0.0004),
12 h (P < 0.0001),16 h (P =0.01), and 20 h (P = 0.01). At20 h
into the fasting treatment, Cebpl mMRNA levels were
increased relative to alcohol mice (P = 0.01) (Fig. 8F).

Alcohol Differentially Affects Hepatic Expression of Key
Metabolic Genes Compared with Skeletal Muscle

Finally, as alcohol is most significantly metabolized in the
liver, we assessed whether acute alcohol intoxication led to
consistent changes in the hepatic expression of the key met-
abolic genes altered in the skeletal muscle. Interestingly,
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Figure 7. Determination of the potential
influence of fasting on alcohol induced
changes in body temperature (A) and cir-
culating substrates, including blood glu-
cose (B), plasma insulin (C), plasma free
] fatty acids (D), and plasma B-hydroxybuty-
i rate (E). The black spheres represent con-
trol-fed (CON FED; n = 3—4), the gray open
squares are control-fasted (CON FAST;
n =4), and the red open spheres are alco-
hol-fed (EtOH FED; n = 4-5). Data are pre-
sented as means + SD for each time point.
One-way ANOVA was performed to deter-
mine differences between groups at each
time point where P < 0.05. *Significant
difference between groups connected by
horizontal lines.

acute alcohol intoxication had opposing effects on the
expression of genes central to the induction of fat metabo-
lism in the liver as the expression of Ppars and Ppars/B was
decreased, whereas CD36 was unchanged in the liver by
acute alcohol intoxication (Fig. 9, A- C). Likewise, the
change or lack of change, in expression in hepatic glucose
regulatory genes (Pck1 and Gck), was also not consistent with
what was observed in muscle (Fig. 9, D and E). However, the
substantial induction of Pdk4 mRNA in response to acute
alcohol intoxication was conserved in both the liver and
muscle (Fig. 9F). Therefore, alcohol-induced changes in a
subset of metabolic genes differ across these two metabolic
tissues in the first 24 h after alcohol intoxication.

DISCUSSION

In this study, we show that an acute alcohol binge rapidly
increases whole body fat oxidation and suppresses glucose
oxidation, an effect that lasts for several days. These changes
in whole body metabolism coincided with a rapid change in
the molecular signature in the skeletal muscle that was con-
sistent with increased fat oxidation and suppressed carbohy-
drate oxidation (Fig. 10). Although many of the genes that
were rapidly altered in the muscle in response to acute

E225

Downloaded from journals.physiology.org/journal/ajpendo at Florida State University Libraries (144.174.212.049) on September 9, 2024.


http://www.ajpendo.org

(}) BINGE ALCOHOL DISRUPTS METABOLISM OVER TIME

A B
4 + CONFED 15+ «
< * ° o CONFAST < 1
g — * P4 -
¥ 34 ° | M o EtOH FED o *
£ * * 7 E 4o * —
£ TE e 3 SEEE
@ 2] ! €
£ i 2
® 14 O o o1® D =1
= T AT
Time post-treatment (hr)
Figure 8. Determination of the potential
influence of fasting on alcohol induced C D *
changes in skeletal muscle gene expres- 80 40 —
sion, including Sirt1 (A), Foxol (B), Pdk4 (C), < §
Murfl (D), Mafbx (E), and CebplR (F. The & 60 , ° 2 30-
black spheres represent control-fed (CON E — P * -
FED; n = 3—4), the gray open squares con- § 40 |1| S I ] E 204
trol-fasted (CON FAST; n = 4), and the red ° ,LI H i ! =
open spheres alcohol-fed (EtOH FED; n = 2 * * g
4-5). Data are presented as means + SD for % 20 ﬁ 3 107
each time point. One-way ANOVA was per- & I i . o
formed to determine differences between 0-
groups at each time point where P < 0.05. 8 12 16 20
*Significant  difference between groups Time post-treatment (hr)
connected by horizontal lines.
E F
<
<
z z
€ £
x 2
8
= QU
g 3
f S
= =]
g 2

Time post-treatment (hr)

alcohol intoxication were putative glucocorticoid target
genes, the alcohol-mediated increase in circulating corticos-
terone levels did not mediate a change in expression of
many of those genes indicating alternative mechanisms
were contributing. Finally, as many of the fasting-sensitive
metabolic targets and metabolites returned to baseline fol-
lowing the clearance of alcohol, alcohol is believed to be
inducing distinct effects within the muscle beyond those
induced by fasting alone.

The overarching metabolic perturbations caused by
acute intoxication included a switch to increased fat me-
tabolism and reduced carbohydrate oxidation (whole
body), which coincided with rapid changes in metabolic
gene expression specifically within skeletal muscle similar
to perturbations induced by fasting. For example, muscle-
specific increases in NAD ¥ /NADH and Sirtl mRNA, Foxol
and CebpB mRNA expression, Pckl mRNA and PDK4 pro-
tein, and promotion of catabolic pathways are all charac-
teristics of the skeletal muscle response to fasting (32-35).
In support of the induction of a fasting-like phenotype
induced by alcohol intoxication were decreases in blood
glucose and increases in free fatty acids and ketones
beyond that of fasted animals at 4 and 8 h after intoxica-
tion. Upon clearance of alcohol (by 12 h), blood glucose,
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Time post-treatment (hr)

free fatty acids, and ketones all normalized to control ad
libitum fed levels indicating a recovery of metabolic ho-
meostasis. However, despite this recovery of circulating
metabolites, normalization of genes sensitive to both alco-
hol and fasting was slower within the muscle as Mafbx,
Cebp1p, and Murfl remained elevated above control-fed
levels at the 20-h time point. Overall, acute alcohol intoxi-
cation appears to cause a long-lasting energetic stress
response in the muscle that mimics the effects of fasting
despite normalization of circulating factors that would be
indicative of a fasted state (i.e., blood glucose, corticoster-
one, FFA, ketones) (13). Resolution of these fasting-like
effects appears to occur during the second 24 h following
intoxication, although variability between subjects and
their individual behaviors likely dictates this response.
Skeletal muscle serves as the primary amino acid stor-
age site, whereas amino acid release activated in part by
increasing glucocorticoid levels assists in the production
of metabolic intermediates including acetyl-CoA and
NADPH. Presently, the alcohol-mediated increase in
Bcat2, Idhl, and Dbt mRNA expression may lead to the
release of amino acids for production of additional sub-
strate for entry into the TCA cycle. As Dbt and Bcat2 are
also increased in alcohol-treated C2C12 myotubes, this is a
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Figure 9. The effects of acute alcohol intoxication on selected metabolic
genes within the liver including Ppard/B (A), Pparoa. (B), CD36 (C), Pck1 (D),
Gck (E), and Pdk4 (F). The gray shading shows the dark cycle (0-12 h, 24—
36 h), whereas white boxes indicate the light cycle (12-24 h, 36-48 h).
The 0-h time point is the time of injection and baseline tissue collection
(n = 3). The black spheres represent control (n = 3), and the open red
spheres represent EtOH (n = 3). Data are presented as means + SD for
each time point. Main effects and interactions were determined by two-
way ANOVA (Time, EtOH) where P < 0.05, and the main effect of alcohol
is displayed on the graph as ME:EtOH. When there is a significant interac-
tion between Time and EtOH, differences between Control and EtOH are
indicated by (*).

muscle-specific and not circulation- or metabolite-de-
pendent effect (36). The components of the branched-
chain a-keto acid dehydrogenase (BCKDH) complex, which
uses available branched-chain a-keto acids synthesized from
branched-chain amino acid catabolism, are regulated by
KLF15, PGCla, PPARS, and CEBPa (37) and accordingly, KIf15,
Ppara, and Ppard/B were increased at multiple time points
throughout the 48-h posttreatment period providing a point of
intersection between the regulation of carbohydrate and fat
metabolism and resulting amino acid flux. Klifi5, Ppara, and
Ppard/B are also glucocorticoid receptor target genes along
with Murfl, Mafbx, and Cebpp (31). Although the alcohol-
induced increase in Kif-15, FoxO3a, and Murfl mRNA was
mediated by corticosterone, the induction of Ppar, Cebp, and
Foxol mRNA was not. This was unexpected, as CEBPp is
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upregulated by exogenous glucocorticoid administration and
sensitive to corticosterone inhibition, whereas the FOXO tran-
scription factors are also highly sensitive to glucocorticoid ele-
vations and are under at least partial control of KLF15 (31, 32,
38). Altogether, these findings suggest that glucocorticoids are
not the only catalyst of the initial transcriptional and transla-
tional changes in metabolic factors induced by acute alcohol
intoxication in the skeletal muscle.

Whole body measurements, levels of circulating metabo-
lites, and the skeletal muscle molecular signature support an
alcohol-induced enhancement in fat oxidation and suppres-
sion of carbohydrate metabolism following intoxication.
This includes the enhancement of plasma free fatty acids
and B-hydroxybutyrate at 8 h after intoxication which may
have had inhibitory effects on glycolysis or glucose uptake
and metabolism (39-41). The sustained decrease in carbohy-
drate oxidation is most evident from the prolonged enhance-
ment in PDK4, whereas genes indicative of $-oxidation were
increased by alcohol including Ppara, Ppard/B, and Cd36
(42). However, how the increase in fat metabolism compared
with the decrease in carbohydrate metabolism influenced
citric acid cycle activity and thereby NAD + levels require
further investigation. Previous in vitro findings showed that
alcohol decreased pyruvate and all TCA cycle intermediates
except for succinate in C2C12 myotubes (43), potentially
explaining some of the increase in NAD+ presently
observed. Furthermore, as alcohol is well known to enhance
liver NADH levels, this finding, along with the differing gene
expression profiles observed presently in the liver, indicates
that despite the metabolic nature of these two tissues, skele-
tal muscle and liver have divergent responses to binge alco-
hol intoxication. The capacity to metabolize alcohol may be
a contributing factor to this effect as the abundance of alco-
hol dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH) that generates NADH from NAD + when converting
alcohol to acetate is higher in the liver than skeletal muscle.
Therefore, changes in substrate metabolism are tissue-spe-
cific and time-specific, despite whole body metabolic effects
supporting an increase in fat oxidation and decrease in car-
bohydrate use.

A few questions remain related to the metabolic effects
of acute alcohol intoxication. First, only female mice were
used presently despite their lower prevalence of binge
drinking, as they are more prone to hangover symptoms
and are sensitive to alcoholic disease and related health
consequences (20-22, 44, 45). Therefore, it is critical that
follow-up experiments also assess the metabolic response
to alcohol intoxication in males. In addition, manipulation
of alcohol dose, intoxication time and route, as well as
number of lifetime binges, will be required to better char-
acterize this response and assess any longer-term implica-
tions of this acute metabolic disruption. Finally, whether
repeated binge episodes would induce other pathological
effects within the muscle, similar to the effects of chronic
consumption in the liver, and potentially contribute to
future insulin resistance or metabolic dysfunction similar
to that observed during chronic alcohol consumption
remains to be determined (46).

Overall, these data indicate that an acute alcohol binge
leads to significant alterations in skeletal muscle metabo-
lism, including a prolonged shift in lipid oxidation and
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