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Selenium supplementation via modulation of
selenoproteins ameliorates binge drinking-
induced oxidative, energetic, metabolic, and
endocrine imbalance in adolescent rats’ skeletal
muscle

Inés Romero-Herrera, a Fátima Nogales, *a

María del Carmen Gallego-López, a Javier Díaz-Castro,b,c Olimpia Carreras a

and María Luisa Ojeda a

Adolescence is characterized by increased vulnerability to addiction and ethanol (EtOH) toxicity, particu-

larly through binge drinking (BD), a favored acute EtOH-ingestion pattern among teenagers. BD, highly

pro-oxidant, induces oxidative stress (OS), affecting skeletal muscle (SKM), where selenium (Se), an anti-

oxidant element and catalytic center of selenoproteins, is stored, among other tissues. Investigating the

effects of Se supplementation on SKM after BD exposure holds therapeutic promise. For this, we random-

ised 32 adolescent Wistar rats into 4 groups, exposed or not to intermittent i.p. BD [BD and control (C)]

(3 g EtOH per kg per day), and supplemented with selenite [BDSe and CSe] (0.4 ppm). In SKM, we exam-

ined the oxidative balance, energy status (AMPK, SIRT-1), protein turnover (IRS-1, Akt1, mTOR, IGF-1, NF-

κB p65, MAFbx, ULK1, pelF2α), serum myokines (myostatin, IL-6, FGF21, irisin, BDNF, IL-15, fractalkine,

FSTL-1, FABP-3), and selenoproteins (GPx1, GPx4, SelM, SelP). In the pancreas, we studied the oxidative

balance and SIRT-1 expression. Selenite supplementation mitigated BD-induced OS by enhancing the

expression of selenoproteins, which restored oxidative balance, notably stimulating protein synthesis and

normalizing the myokine profile, leading to improved SKM mass growth and metabolism, and reduced

inflammation and apoptosis (caspase-3). Selenite restoration of SelP’s receptor LRP1 expression, reduced

by BD, outlines the crucial role of SKM in the SelP cycle, linking Se levels to SKM development.

Furthermore, Se attenuated pancreatic OS, preserving insulin secretion. Se supplementation shows

potential for alleviating SKM damage from BD, with additional beneficial endocrine effects on the pan-

creas, adipose tissue, liver, heart and brain that position it as a broad-spectrum treatment for adolescent

alcohol consumption, preventing metabolic diseases in adulthood.

1. Introduction

Adolescence is a period marked by intense developmental,
endocrine, and metabolic changes, characterized by impulsive
behavior attributed to the immaturity of the prefrontal cortex.1

Therefore, addictive disorders related to substances and/or
behaviors typically begin during adolescence or early adult-

hood.2 Besides, this age group is especially susceptible to the
toxicity of ethanol (EtOH);3–8 in this context, binge drinking
(BD) is a pattern of acute EtOH consumption that has lately
been prominently favored by teenagers,9,10 consisting of reach-
ing a blood alcohol concentration of 0.08% or higher within
2 hours.11 The harmfulness of BD resides in its pronounced
pro-oxidant effect on DNA, proteins and lipids, as it greatly
induces the hepatic activity of cytochrome P450 2E1 (CYP2E1),
much more than chronic alcoholism.12 CYP2E1 generates a
large amount of reactive oxygen species (ROS) to metabolize
the excess of EtOH ingested, leading to oxidative stress (OS)
when the antioxidant defense capacity of the cell is
surpassed.13,14 NADPH oxidase 4 (NOX4) is another well-
known EtOH-induced source of ROS and OS, whose activity
increases serum hydrogen peroxide levels (H2O2).
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The adverse impact of BD on the central nervous system
(CNS) has been pervasively studied;16,17 however, its detrimen-
tal effects on other systems, such as the hepatic, renal or
cardiovascular systems, have also been demonstrated, promot-
ing the emergence of cardiometabolic diseases over
time.3,5,18,19 Moreover, in the three principal target organs for
insulin action, the liver, skeletal muscle (SKM) and adipose
tissue, adolescent rats after BD exposure exhibited dysregula-
tion of two crucial cellular energy sensors, AMP activated
protein kinase (AMPK) and NAD+-dependent deacetylase
sirtuin 1 (SIRT-1); this can be related to depletion in the
expression of the insulin receptor substrate 1 (IRS-1), which
was also found.5,7,8 This situation predisposes adolescents to
the development of insulin resistance (IR),20,21 which is a
factor in metabolic syndrome, that has lately become a highly
prevalent disease in adolescents.22,23

SKM is a tissue that stands out in this context for being the
primary site for glucose disposal in response to insulin or exer-
cise;24 it can also store glucose and serves as the reservoir of
major metabolic amino acid, to be used in case of energy
requirements. Regrettably, BD during adolescence has recently
been linked to impaired SKM protein turnover.7,25

Furthermore, OS in SKM leads to AMPKα stimulation,7,26

which induces a catabolic state that inhibits protein synthesis
routes, such as the IRS-1/PI3K/Akt pathway of the mammalian
target of rapamycin complex 1 (mTORC1); and activates the
degradation mechanisms, the ubiquitin-proteasome (UPS) and
autophagic-lysosomal systems, via stimulation of atrogin-1 (or
muscle atrophy F-box, MAFbx) and Unc-51-like autophagy acti-
vating kinase 1 (ULK1), respectively.7,25 Additionally, although
predominantly secreted by the liver, insulin-like growth factor
1 (IGF-1) can also be produced locally in SKM, where it
governs protein synthesis via stimulation of the mTOR
pathway.27

In the last decade, SKM has been identified as a secretory
organ. Thus, cytokines and other peptides produced,
expressed, or released by muscle fibers and exerting paracrine,
autocrine, or endocrine effects are classified as myokines. It is
crucial that SKM has been established with this role, as it pro-
vides us with a conceptual basis for understanding how it
communicates with other organs, such as adipose tissue, the
liver, pancreas, or the brain, to name but a few.28,29

Furthermore, disbalance of myokines has been related not
only to SKM pathology, but also to general metabolic diseases
and to OS.7,30,31

Given that it has been reported that OS partially mediates
the impairment caused by BD,7 an antioxidant treatment
appears to be a suitable therapeutic approach. Selenium (Se) is
an essential trace element with renowned antioxidant pro-
perties that is the catalytic center of selenoproteins, such as
the glutathione peroxidase family (GPx) or selenoprotein P
(SelP).32 Our research team has discovered through several
studies that during adolescence, BD alters Se homeostasis and
Se tissue distribution,19 and that dietary Se supplementation is
an effective strategy to mitigate BD-induced liver,5,33,34 kidney3

and cardiovascular damage;18 attributed to the ability of Se to

reduce oxidative imbalance by upregulating the expressions of
GPx1 and GPx4, and by modulating nuclear factor kappa B
(NF-κB) activation and apoptosis-related caspase-3 protein in
these organs. Selenoproteins differ with regard to their
location and function within cells. GPx1 and SelP are cytosolic;
GPx1 is involved in redox regulation, reducing H2O2 to water,
and is also related to IR;33 SelP also has antioxidant activity,
being mainly responsible for the plasmatic transport of Se
from the liver to target organs, thus indirectly controlling the
tissue expression of all selenoproteins. This transport is
mediated through receptors in each organ: e.g., LRP1 (low-
density lipoprotein receptor-related protein 1) mediates the
uptake of SelP in SKM.35 GPx4 has an essential role in mito-
chondria, preventing their oxidation, NF-κB inflammatory
response and apoptosis; this selenoprotein eliminates intra-
cellular lipid hydroperoxides, also being implicated in ferrop-
tosis, a regulated cell death characterized by iron-dependent
lipid peroxidation. Finally, we find endoplasmic reticulum
(ER)-resident selenoproteins, such as selenoprotein M (SelM),
which controls ER homeostasis, protecting it through scaven-
ging excessive ROS and suppressing apoptosis.36 In the ER,
excessive ROS produce ER stress, leading to the accumulation
of unfolded proteins and thus activating the unfolded protein
response (UPR).37

SKM harbors approximately half of the body’s total Se
content,38 serving as a reservoir for the body when there are
deficiencies, such as those produced by BD-induced OS.
Consequently, it could be crucial to explore Se dietary sup-
plementation in SKM after BD exposure. Therefore, the aim of
this study is to analyze the oxidative, metabolic, energetic, and
endocrine balance after BD exposure in the SKM of adolescent
rats receiving Se supplementation, exploring a possible mecha-
nism of action through selenoprotein modulation and synergic
activity.

2. Materials and methods
2.1. Animals

Animal care procedures and experimental protocols were per-
formed in accordance with European Union regulations
(Directive 2010/63/UE) and with a Spanish Royal Decree (BOE
34/11 370, 2013), which establishes the basic rules applicable
for the protection of animals used in experimentation and
other scientific purposes. The experiments were also reviewed
and approved by the Ethics Committee of the University of
Seville (CEEA-US2019-4) and the Andalusian Regional
Government (05-04-2019-065). They were meticulously planned
and executed with the goal of minimizing unnecessary pain
and suffering, adhering to the principles of replacement,
reduction, and refinement wherever possible to decrease both
the total number of animals and their use.

In this experiment, 32 adolescent male Wistar rats (Centre
of Production and Animal experimentation, Vice-rector’s Office
for Scientific Research, University of Seville) were used. Rats
were received at 21 days of age and housed in groups of 2 rats
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per cage for 1 week, to acclimatize them to the housing con-
ditions and handling. The experimental treatment took place
during a 3-week period, starting at postnatal day (PND) 28 and
ending at PND 46 (sacrifice). This period corresponds to ado-
lescence in Wistar rats.39 The animals were kept at an auto-
matically controlled temperature (22–23 °C) and in a 12 : 12 h
light/dark photocycle (light: 07:00 a.m. to 19:00 p.m.).

On PND 28, when the adolescent period began, rats were
randomly assigned into 4 groups (n = 8 per group) according
to their treatment: control group (C), which received a stan-
dard pellet diet and drinking water ad libitum, and on the
corresponding days, an isotonic physiological saline solution
(PSS) intraperitoneally (i.p.); BD alcohol group (BD), which
received a standard pellet diet and drinking water ad libitum,
and on the corresponding days, an ethanol solution in PSS i.
p.; control Se group (CSe), which received a standard pellet
diet and Se supplementation in drinking water ad libitum, and
on the corresponding days an injection of PSS i.p.; and BD
alcohol Se group (BDSe), which received a standard pellet diet
and drinking water supplemented with Se ad libitum, and on
the corresponding days, an alcohol solution in PSS i.p.

The standard pellet diet (2014 Teklad Global 14% Protein
Rodent Maintenance Diet, Harlan Laboratories, Barcelona,
Spain) contained 0.23 ppm of Se. The Se-supplemented groups
(CSe and BDSe) received 0.14 ppm of extra Se as anhydrous
sodium selenite (PanReac, Barcelona, Spain) in drinking water
over the whole experimental period.

2.2. Nutritional control

Body weight and the amount of food consumed by the rats
were monitored daily until the end of the experimental period.
The amount of food ingested every day was calculated by
measuring this parameter every morning and the next day; the
difference between them was the amount consumed. Total Se
intake was calculated by multiplying the known Se concen-
tration in the diet (0.23 ppm) and in the drinking water
(0.14 ppm for CSe and BDSe groups) by the amounts of food
and water ingested every day. All measurements were taken at
9:00 to avoid changes due to circadian rhythms.

2.3. Ethanol treatment

Alcohol BD-exposed groups (BD and BDSe) received an i.p.
injection of alcohol in PSS (20% v/v) with a dose of 3 g/ kg−1

day−1. Alcohol injections were given starting at 19:00, when the
dark cycle began, for 3 consecutive days each week for 3 weeks
(a total of 9 injections for each rat). No i.p. injections were
given during the remaining 4 days of each week. This BD
model is one of the most commonly used since it easily
ensures a blood alcohol concentration of 80 mg dL−1, the
value established by the NIAAA for BD.11 In addition, this
method of alcoholization in adolescent rats has previously
been used by this research group, registering a blood alcohol
concentration of almost 125.0 mg dL−1 1 h after the last injec-
tion.12 The control groups (C and CSe) received an i.p. injec-
tion of an equal volume of PSS at the same time as the injec-
tions to the alcohol BD-exposed group.

2.4. Samples

At the end of the experimental period (PND 46), the rats were
fasted for 12 h (from 07:00 to 19:00). Then, 24 h after their last
EtOH exposure or treatment with saline solution (last injec-
tion: PND 45, 19:00), the adolescent rats were anesthetized
with an i.p. injection of 28% w/v urethane (0.5 ml per 100 g of
body weight) and sacrificed (PND 46, 19:00). The blood was
obtained by heart puncture and collected in tubes. The serum
was prepared using low-speed centrifugation for 15 min at
1300g. The abdomen was opened by a midline incision to
extract the pancreas; SKM gastrocnemius was obtained from
the right leg. Once removed, both organs were immediately
frozen in liquid nitrogen and stored at −80 °C.

2.5. Biochemical measurements in serum

In serum, the creatinine, creatine phosphokinase (CPK) and
insulin were measured with an automated analyzer (Technicon
RA-1000, Bayer Diagnostics, Leverkusen, Germany).

2.6. Antioxidant enzyme activity and oxidative stress markers

In order to measure the activity of the antioxidant enzymes
superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx), as well as the lipid and protein oxidation,
pancreas and SKM tissue samples were homogenized (25 000
rpm for 1 min, 1 : 4 w/v) using the homogenizer Fisherbrand™
850 (Thermo Fisher Scientific Inc., Waltham, MA, USA) in a
sucrose buffer (15 mM Tris/HCl, pH 7.4, 250 mM sucrose,
1 mM EDTA, and 1 mM dithiothreitol) in an ice bath. The
homogenates were centrifuged at 900g for 20 min at 4 °C, and
the final supernatant was aliquoted and frozen at −80 °C until
analysis. The activity of SOD (U mg−1 protein) was determined
by the Fridovich method (1985),40 which is based on the
ability of SOD to inhibit the reduction of cytochrome c
induced by the xanthine–xanthine oxidase system; it is
measured by the absorbance increase at 550 nm for 3 min,
due to the reduction of cytochrome c by adding xanthine
oxidase. CAT activity (U mg−1 protein) was determined using
H2O2 as substrate by the assay of Beers and Sizer (1952),41

where the disappearance of H2O2 was followed spectrophoto-
metrically at 240 nm for 3 min. The GPx activity (mU mg−1)
was determined using the method described by Lawrence and
Burk (1976).42 In this assay, the oxidized glutathione (GSSG)
formed by the action of GPx is coupled to the reaction that cat-
alyzes the glutathione reductase (GR) enzyme, measuring the
absorbance decrease at 340 nm for 3 min due to the oxidation
of nicotinamide adenine dinucleotide phosphate (NADPH). In
order to measure lipid peroxidation in the pancreas and SKM,
we quantified the malondialdehyde (MDA) levels (mol mg−1

protein), the end-product of the oxidative degradation of
lipids, using a colorimetric reaction with thiobarbituric acid
(TBA) at 535 nm, as described by Draper and Hadley (1990).43

The protein oxidation in SKM was measured by the detection
of carbonyl groups (CG) (nmol mg−1 protein) at 366 nm by the
method described by Reznick and Packer (1994).44 where the
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reaction of 2,4-dinitrophenylhydrazine (DNPH) with CG takes
place.

Hydrogen peroxide (H2O2) concentration was also deter-
mined (µM), this molecule being a reactive oxygen metabolic
by-product. For this, we used an H2O2 colorimetric detection
kit (catalog number KA1017, Abnova, Taipei, Taiwan). The kit
has a color reagent that contains a dye, xylenol orange, in an
acidic solution with sorbitol and ammonium iron sulfate that
reacts to produce a purple color proportional to the concen-
tration of H2O2 in the sample. The optical density was
measured at 550 nm, using a plate reader.

2.7. Protein immunoblotting assays

To this end, tissue samples were homogenized (25 000 rpm for
1 min, 1 : 10 w/v) in 50 mm phosphate buffer [K2HPO4 50 mm,
KH2PO4 50 mm, EDTA 0.01 mm, protease inhibitor 1 : 10
(Complete Protease Inhibitor Cocktail Tablets, Roche,
Mannheim, Germany), phosphatase inhibitor 1 : 10 (PhosSTOP
Phosphatase Inhibitor Cocktail Tablets, Roche, Mannheim,
Germany)] using the homogenizer Fisherbrand™ 850 (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Then, the homo-
genates were centrifuged at 500g at 4 °C for 10 min, and the
final supernatant was aliquoted and frozen at −80 °C until
analysis.

The protein expression measurements in our adolescent
rats were conducted using western blot, a protein immunode-
tection technique. In the pancreas, we evaluated the
expression of GPx1 and SIRT-1; in SKM, we quantified the
expression of Akt1, total-AMPKα (tAMPKα), phospho-AMPKα
(Thr172) (pAMPKα), atrogin-1/MAFbx, cleaved caspase-3,
phospho-eukaryotic initiation factor 2α (Ser51) (pelF2α), GPx1,
GPx4, IGF-1, IRS-1, LRP1, mTOR, phospho-mTOR (Ser2448)
(pmTOR), NF-κB p65, NOX4, SelM, SelP, SIRT-1 and UKL1.
β-Actin was used as load control for the pancreas and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) for SKM. The
protein content of the samples was analyzed by the method of
Lowry et al. (1951)45 and the samples utilized contained 100 or
60 μg of protein for the pancreas or SKM, respectively. The cal-
culated appropriate volumes for those protein quantities were
mixed with an equal volume of a sample buffer (Laemmli 2×
Concentrate, Sigma-Aldrich, Burlington, MA, USA), plus 5%
2-mercaptoethanol (BioRad, CA, USA). After that, the samples
were heated at 95 °C for 5 min, to denature the proteins. The
proteins were then separated with SDS-polyacrylamide gel elec-
trophoresis (PAGE) using acrylamide gels (6%, 7%, 9%, 10% or
12%, depending on the protein) over 1 h at 150 V; then, they
were transferred onto a nitrocellulose membrane (BioRad, CA,
USA) using a blot system (Transblot; BioRad, CA, USA) for 2 h
at 100 V. Nonspecific membrane sites were blocked for 1 h
with a blocking buffer, TBS-M: TBS (50 mM TrisHCl, 150 mM
NaCl, 0.1% (v/v) Tween 20, pH 7.5) and milk powder 5%
(BioRad, CA, USA); thereafter, they were probed overnight at
4 °C with the specific primary antibodies diluted in TBS-M.

The antibodies were all mouse monoclonal IgG from Santa
Cruz Biotechnology (Santa Cruz, CA, USA), except pAMPKα
and pelF2α, rabbit monoclonal and polyclonal antibodies,

respectively from Cell Signaling Technology (Beverly, MA,
USA). The primary antibodies diluted in TBS-M were: Akt1
(dilution 1 : 750; catalogue number sc-5298); AMPKα1/2
(1 : 2000; sc-74461); pAMPKα (Thr172) (1 : 4000; #2535);
atrogin-1/MAFbx (1 : 750; sc-166806); cleaved caspase-3
(1 : 1000; sc-7272); pelF2α (Ser51) (1 : 750; #9721); GPx1/2
(1 : 1000; sc-133160); GPx4 (1 : 1000; sc-166570); IGF-1 (1 : 750;
sc-518040); IRS-1 (1 : 500; sc-8038); LRP1 (1 : 750; sc-57353);
mTOR (1 : 1000; sc-517464); pmTOR (Ser2448) (1 : 500; sc-
293133); NF-κB p65 (1 : 1000; sc-8008); NOX4 (1 : 1000; sc-
518092); SelM (1 : 1000; sc-514952); SelP (1 : 1000; sc-376858);
SIRT-1 (1 : 500; sc-74465); and ULK1 (1 : 500; sc-390904). As
loading controls, monoclonal mouse anti β-actin (1 : 10000 in
TBS-M; IgG1A5441, Sigma-Aldrich, Burlington, MA, USA) and
monoclonal mouse anti GAPDH (1 : 1000 in TBS-M; sc-32233,
Santa Cruz, CA, USA) were used to detect β-actin or GAPDH for
the pancreas or SKM, respectively.

After 48 h incubation of the primary antibodies, the mem-
branes were washed 5 times (5 minutes for each wash) with
TBST (TBS + 0.1% Tween 20, PanReac, Barcelona, Spain), and
then incubated again, this time with the corresponding sec-
ondary antibody (Goat Anti-Mouse IgG (H + L) Horseradish
Peroxidase Conjugate, catalogue number 170-6516, BioRad,
CA, USA; or Goat Anti-Rabbit IgG (H + L) Horseradish
Peroxidase Conjugate, 170-6515, BioRad, CA, USA) diluted in
TBS-M. After a 1 h probe, the membranes were washed again 5
times with TBST (5 minutes for each wash). Finally, to reveal
the results, we added the commercial developer solution
Luminol ECL reagent (GE Healthcare and Lumigen,
Buckinghamshire, UK) and introduced the membranes into
the image analyzer Amersham Imager 600 (GE Healthcare,
Buckinghamshire, UK). Then, quantification of the blots was
performed by densitometry with the ImageJ program (National
Institutes of Health, Bethesda, Maryland, USA). The results
were expressed as percent arbitrary relative units, referring to
values in control animals which were defined as 100%.

2.8. Determination of myokines

Serum levels of the following myokines were measured: inter-
leukin 6 (IL-6), myostatin, interleukin 15 (IL-15), fractalkine
(CX3CL1), fibroblast growth factor 21 (FGF21), irisin, brain-
derived neurotrophic factor (BDNF), follistatin-like protein 1
(FSTL-1) and fatty acid binding protein 3 (FABP-3). For this, we
used a MILLIPLEX® Rat Myokine Panel (Millipore Corp.,
St Charles, MO, USA), based on immunoassays on the surface
of fluorescent-coded beads (microspheres), following the man-
ufacturer’s specifications (50 events per bead, 50 μL sample,
gate settings of 8000–15000, time out of 60 seconds, melatonin
bead set of 34). The plate was read on a LABScan 100 analyzer
(Luminex Corp., Austin, TX, USA) with xPONENT software for
data acquisition. Average values for each set of duplicate
samples or standards were within 15% of the mean. Myokine
concentrations in plasma samples were determined by com-
paring the mean of duplicate samples with the standard curve
for each assay. Serum samples were not diluted for this
analysis.
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2.9. Statistical analysis

The results were expressed as the mean ± SD (standard devi-
ation) and analyzed using Prism version 8.0.2 (GraphPad
Software Inc., San Diego, CA, USA) statistical analysis software.
Statistical differences were assessed using the ordinary two-
way analysis of variance (two-way ANOVA). When ANOVA
resulted in differences, Tukey’s multiple comparisons post hoc
test was conducted to analyze the differences between the
means of groups using all possible combinations. The sample
size per group was 8 (n = 8 per group). Statistical differences
were expressed as p-values, with p < 0.05 considered statisti-
cally significant. Throughout the text, p-values are illustrated
as follows: vs. C: *p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe:
●p < 0.05, ●●p < 0.01, ●●●p < 0.001.

3. Results

Table 1 shows that total solid intake was similar among
groups, while liquid intake was significantly increased in BD
rats with respect to C (p < 0.01) and BDSe groups (p < 0.05). In
this context, the supplemented groups consumed double the
amount of Se compared to the non-supplemented groups (p <
0.001). However, BD and BDSe groups had a lower increased
body weight at the end of the experiment than the control
groups (p < 0.01). Accordingly, the alcohol groups also pre-
sented a lower final body weight (p < 0.05 vs. C; p < 0.01 BDSe
vs. CSe). BD rats also presented a lower SKM weight and
protein content than C (p < 0.001, p < 0.01) or BDSe rats (p <
0.01, p < 0.001); however, BDSe rats had increased protein
content vs. CSe (p < 0.01) and slightly decreased SKM weight
against the C group (p < 0.05). Serum CPK and creatinine
levels were similar between groups. Even though the pancreas
relative mass was similar in the 4 groups studied, in this
tissue, BD exposure increased the protein content in both the
BD and BDSe groups (p < 0.001).

Fig. 1 shows that BD rats had significantly higher SOD (p <
0.001) and CAT (p < 0.001) activities, lower GPx activity (p <
0.001) and higher levels of MDA (p < 0.001), CG (p < 0.001),

NOX4 expression (p < 0.001) and H2O2 (p < 0.001). Se sup-
plementation to BD rats significantly decreased SOD activity (p
< 0.001), and increased CAT (p < 0.01) and GPx (p < 0.001)
activities; it also decreased MDA levels (p < 0.001), H2O2 con-
centration (p < 0.01) and NOX4 expression (p < 0.001) in SKM.
BDSe rats had the highest CAT activity among groups, being
higher than in C or CSe (p < 0.001) animals; CG levels and
NOX4 expression in BDSe rats were also higher than in C or
CSe ones (CAT p < 0.001; NOX4 p < 0.001 vs. C and p < 0.01 vs.
CSe). In addition, MDA levels were slightly reduced in the
BDSe animals (p < 0.05). The effects of selenium supplemen-
tation to C rats were more discrete, it only increased GPx
activity (p < 0.001) and NOX4 expression (p < 0.01) vs. C
animals.

Rats exposed to BD had in SKM significantly lower levels of
IRS-1 (p < 0.001), Akt1 (p < 0.01), mTOR (p < 0.001), pmTOR (p
< 0.001) and IGF-1 (p < 0.001) expressions than control
animals (Fig. 2). Se supplementation to BD rats significantly
enhanced all these parameters: IRS-1 (p < 0. 0.001), Akt1 (p <
0.001), mTOR (p < 0.001), pmTOR (p < 0.001) and IGF-1 (p <
0.001). BDSe rats had significant higher levels of Akt1 (p <
0.001) and IGF-1 (p < 0.001) than C or CSe rats, being the most
elevated group in these proteins. CSe rats presented increased
expressions of IRS-1 (p < 0.001), mTOR (p < 0.001) and pmTOR
(p < 0.001) vs. C or BDSe groups, having the highest expression
amongst the groups.

Fig. 3hows that BD-exposed animals presented in SKM sig-
nificantly lower expression of tAMPKα (p < 0.001), and higher
expression of pAMPKα (p < 0.001), pAMPK/tAMPK ratio (p <
0.001), SIRT-1 (p < 0.001), NF-κB p65 (p < 0.001), atrogin-1/
MAFbx (p < 0.01), ULK1 (p < 0.01) and myostatin (p < 0.01)
than control animals. Se supplementation to BD rats signifi-
cantly increased tAMPKα levels (p < 0.001), and decreased
pAMPKα (p < 0.001), pAMPK/tAMPK ratio (p < 0.001) and NF-
κB p65 (p < 0.01); however, it increased SIRT-1 expression
levels even more (p < 0.001). BDSe rats also had higher levels
of tAMPKα (p < 0.01), pAMPKα (p < 0.001), pAMPK/tAMPK
ratio (p < 0.01), SIRT-1 (p < 0.001), NF-κB p65 (p < 0.001),
atrogin-1/MAFbx (p < 0.01) and ULK1 (p < 0.001) than control

Table 1 Nutritional and morphologic parameters; skeletal muscle (SKM) and pancreas profile

Parameters C BD CSe BDSe

Final body weight (g) 159.2 ± 6.0 143.3 ± 17.2* 159.5 ± 11.0●● 142.1 ± 10.7*
Increased body weight (g day−1) 5.83 ± 0.33 4.85 ± 1.12** 5.85 ± 0.86●● 4.73 ± 0.57**
Solid intake (mg day−1) 15.9 ± 2.0 14.3 ± 1.6 16.3 ± 1.9 14.5 ± 2.5
Liquid intake (mL day−1) 21.4 ± 2.4 24.9 ± 1.6**,● 22.8 ± 2.8 22.4 ± 3.3
Total Se intake (µg day−1) 3.49 ± 0.29 3.35 ± 0.08●●● 6.38 ± 0.73*** 6.48 ± 0.79***
SKM weight (g) 0.99 ± 0.04 0.77 ± 0.06***,●● 0.95 ± 0.12 0.89 ± 0.07*
Proteins in SKM (mg g−1 wet tissue) 43.3 ± 3.4 37.6 ± 4.3**,●●● 41.6 ± 2.8●● 47.2 ± 4.7
CPK (UI L−1) 2215 ± 122 2292 ± 272 2095 ± 285 2481 ± 393
Creatinine (mg dL−1) 0.45 ± 0.03 0.47 ± 0.03 0.44 ± 0.06 0.51 ± 0.09
Pancreas weight (g) 1.01 ± 0.09 1.06 ± 0.07 1.11 ± 0.09 1.04 ± 0.13
Proteins in pancreas (mg g−1 wet tissue) 159 ± 35 284 ± 57*** 161 ± 31●●● 285 ± 28***

CPK: creatine phosphokinase. The results are expressed as mean ± SD and analyzed through two-way ANOVA, followed by Tukey’s test. The
number of animals in each group is 8. Groups: C: control group, BD: binge drinking group, CSe: control selenium group, and BDSe: binge
drinking selenium group. Statistic difference between groups is expressed as p-value: vs. C: *p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05,
●●p < 0.01, ●●●p < 0.001.
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animals. In addition, CSe rats had lower pAMPKα (p < 0.05),
SIRT-1 (p < 0.001), NF-κB p65 (p < 0.001), atrogin-1/MAFbx (p <
0.01) and ULK1 (p < 0.01) expressions than BDSe rats; and
slightly increased expressions of tAMPKα, pAMPKα and SIRT-1
(p < 0.05) against C animals.

In Fig. 4, BD depleted the expressions of all selenoproteins
in SKM as compared to C rats: GPx1 (p < 0.001), GPx4 (p <
0.001), SelM (p < 0.001), and SelP (p < 0.001), and the
expression of SelP’s receptor LRP1 (p < 0.001). Conversely, the
expressions of caspase-3 (p < 0.001) and pelF2α (p < 0.001)

Fig. 1 Skeletal muscle oxidative balance in adolescent rats after binge drinking exposure and selenium supplementation. Superoxide dismutase
(SOD) activity (A); catalase (CAT) activity (B); glutathione peroxidase (GPx) activity (C); malondialdehyde levels (MDA), showing lipid peroxidation (D);
carbonyl group (CG), showing protein oxidation (E); NADPH oxidase 4 (NOX4) western blot expression and image with GAPDH as load control (F);
and hydrogen peroxide (H2O2) concentration, a reactive oxygen species (ROS) (G). The results are expressed as mean ± SD and analyzed through
two-way ANOVA, followed by Tukey’s test. The number of animals in each group is 8. Groups: C: control group, BD: binge drinking group, CSe:
control selenium group, and BDSe: binge drinking selenium group. Statistical difference between groups is expressed as p-value: vs. C: *p < 0.05,
**p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05, ●●p < 0.01, ●●●p < 0.001.
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were elevated in the BD rats. After Se supplementation to
BD rats, the expression of selenoproteins significantly
increased (GPx p < 0.001; GPx4 p < 0.001; SelM p < 0.01;
and SelP p < 0.01), including LRP1 (p < 0.001); while
caspase-3 and pelF2α were reduced (p < 0.01 and p < 0.001,
respectively). BDSe rats vs. C animals also presented higher
levels of GPx1 (p < 0.05), GPx4 (p < 0.01) and caspase-3 (p
< 0.01), and lower of SelP (p < 0.01). As regards the CSe
group, GPx1 (p < 0.01) and GPx4 (p < 0.001) expressions
were higher with respect to C. Of note, in the CSe rats,

GPx4 and SelP expressions were elevated (p < 0.05) vs. BDSe,
while caspase-3 was reduced (p < 0.001).

When the BD group is compared to the C one, it increased
serum IL-6 levels (p < 0.01); however, it decreased the secretion
of several myokines: FGF21 (p < 0.01), irisin (p < 0.001), BDNF
(p < 0.05), CX3CL1 (p < 0.001) and FSTL-1 (p < 0.01) (Fig. 5).
When BD rats were supplemented with Se, compared to BD
rats they presented higher serum levels of FGF21 (p < 0.05),
irisin (p < 0.001), BDNF (p < 0.01), IL-15 (p < 0.01), CX3CL1 (p
< 0.01) and FSTL-1 (p < 0.01), and lower levels of FABP-3 (p <

Fig. 2 Expression of proteins related to protein synthesis in the skeletal muscle of adolescent rats after binge drinking exposure and selenium sup-
plementation. Insulin receptor substrate 1 (IRS-1) (A); Akt1 (B); mammalian target of rapamycin 1 (mTOR) (C); phospho-mTOR (Ser2448) (pmTOR)
(D); insulin-like growth factor 1 (IGF-1) (E); and western blot expression images with GAPDH as load control (F). The results are expressed as mean ±
SD and analyzed through two-way ANOVA, followed by Tukey’s test. The number of animals in each group is 8. Groups: C: control group, BD: binge
drinking group, CSe: control selenium group, and BDSe: binge drinking selenium group. Statistical difference between groups is expressed as
p-value: vs. C: *p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05, ●●p < 0.01, ●●●p < 0.001.
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Fig. 3 Expression of proteins related to proteolysis in the skeletal muscle of adolescent rats after binge drinking exposure and selenium supplemen-
tation. Total AMP-activated protein kinase α (AMPKα) (A); phospho-AMPKα (Thr172) (pAMPKα) (B); NAD+-dependent deacetylase sirtuin 1 (SIRT-1)
(C); ratio tAMPK/pAMPK (D); nuclear factor kappa B (NF-κB p65) (E); muscle atrophy F-box (atrogin-1/MAFbx) (F); Unc-51-like autophagy activating
kinase 1 (ULK1) (G); western blot expression images with GAPDH as load control (H) and serum myokine myostatin concentration (I). The results are
expressed as mean ± SD and analyzed through two-way ANOVA, followed by Tukey’s test. The number of animals in each group is 8. Groups: C:
control group, BD: binge drinking group, CSe: control selenium group, and BDSe: binge drinking selenium group. Statistical difference between
groups is expressed as p-value: vs. C: *p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05, ●●p < 0.01, ●●●p < 0.001.
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Fig. 4 Selenoprotein expression in the skeletal muscle of adolescent rats after binge drinking exposure and selenium supplementation. Western
blot expression images with GAPDH as load control (A); glutathione peroxidase 1 (GPx1) (B); glutathione peroxidase 4 (GPx4) (C); cleaved caspase-3
(D); selenoprotein M (SelM) (E); phospho-eukaryotic initiation factor 2α (Ser51) (pelF2α) (F); selenoprotein P (SelP) (G); and low-density lipoprotein
receptor-related protein 1 (LRP1) (H). The results are expressed as mean ± SD and analyzed through two-way ANOVA, followed by Tukey’s test. The
number of animals in each group is 8. Groups: C: control group, BD: binge drinking group, CSe: control selenium group, and BDSe: binge drinking
selenium group. Statistical difference between groups is expressed as p-value: vs. C: *p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05, ●●p <
0.01, ●●●p < 0.001.
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Fig. 5 The concentration of serum myokine in adolescent rats after binge drinking exposure and selenium supplementation (A–H); table of its main
known functions (I); graphic summary of the significant effects found in the BD and BDSe groups vs. the C group (J). The results are expressed as
mean ± SD and analyzed through two-way ANOVA, followed by Tukey’s test. The number of animals in each group is 8. Groups: C: control group,
BD: binge drinking group, CSe: control selenium group, and BDSe: binge drinking selenium group. Statistic difference between groups is expressed
as p-value: vs. C: *p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05, ●●p < 0.01, ●●●p < 0.001. The main functions (I) were extracted from the
following revisions:28,30,31,46–48 FA: fatty acid; AT: adipose tissue; SKM: skeletal muscle; IR: insulin resistance. In(I) and (J), the symbol “↑” indicates
increase and “↓” indicates decrease; additionally, myokines written in red are clearly implicated in muscle atrophy, and green ones are related to
hypertrophy. For (J), on the left, in a pale red color, we represent the BD group effects; on the right, in yellow, the BDSe results; in the middle, the
effects in which both groups coincide.
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0.001). When BDSe rats were compared to C animals, they pre-
sented higher levels of IL-6 and IL-15 (p < 0.01, p < 0.001), and
lower levels of CX3CL1 (p < 0.001) and FABP-3 (p < 0.01). CSe
rats had higher levels of IL-6 and IL-15 (p < 0.01, p < 0.001),
and lower levels of CX3CL1 (p < 0.001) vs. C rats; and signifi-
cantly the highest levels of FGF21, FSTL-1 and FABP-3 of all
groups (p < 0.001).

BD exposure in the pancreas increased SOD activity (p <
0.05) and decreased CAT (p < 0.05) and GPx (p < 0.01) activi-

ties, so the MDA levels increased (p < 0.01) (Fig. 6A–D). Se sup-
plementation to BD rats, drastically increased CAT activity (p <
0.001) and GPx activity (p < 0.001), decreasing serum MDA
levels (p < 0.01). The increase in CAT activity found in BDSe
rats was significantly higher than in C or CSe rats (p < 0.001; p
< 0.01). Se supplementation to C rats significantly increased
the three antioxidant enzymes activities vs. C rats (p < 0.001),
and SOD and GPx activities vs. BDSe (p < 0.001). Pancreas
GPx1 expression was decreased in BD-exposed rats (p < 0.01)

Fig. 6 Pancreas oxidative balance, serum insulin concentration and SIRT-1 pancreas expression in adolescent rats after binge drinking exposure
and selenium supplementation. Superoxide dismutase (SOD) activity (A); catalase (CAT) activity (B); glutathione peroxidase (GPx) activity (C); malon-
dialdehyde levels (MDA), showing lipid peroxidation (D); GPx1 western blot expression (E) and image (F) with β-actin as load control; serum insulin
concentration (G); and SIRT-1 western blot expression (H) and image (I) with β-actin as load control. The results are expressed as mean ± SD and
analyzed through two-way ANOVA, followed by Tukey’s test. The number of animals in each group is 8. Groups: C: control group, BD: binge drinking
group, CSe: control selenium group, and BDSe: binge drinking selenium group. Statistical difference between groups is expressed as p-value: vs. C:
*p < 0.05, **p < 0.01, ***p < 0.001; vs. BDSe: ●p < 0.05, ●●p < 0.01, ●●●p < 0.001.
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vs. C rats (Fig. 6E), and significantly increased in supplemented
groups vs. their counterparts (p < 0.001); CSe rats also had higher
GPx1 expression levels than BDSe rats (p < 0.01). In addition, rats’
exposure to BD had an elevated level of serum insulin concen-
tration vs. C rats (p < 0.01) (Fig. 6G) and a particularly boosted
pancreatic SIRT1 expression (p < 0.001) (Fig. 6H). Se supplemen-
tation to these BD rats did not affect serum insulin levels and
decreased SIRT-1 expression (p < 0.01); besides, in these BDSe
rats, serum insulin and SIRT-1 expression were higher than in C
rats (p < 0.05 and p < 0.001, respectively). CSe rats vs. C ones pre-
sented significantly higher levels of serum insulin values (p <
0.001); additionally, CSe rats exhibited augmented serum insulin
levels vs. BDSe animals (p < 0.001) and decreased pancreatic
SIRT-1 expression (p < 0.001).

4. Discussion
4.1. Selenite supplementation improved the compromised
SKM mass and protein content induced by BD

In Table 1, we observe that the repetitive BD model used in
these adolescent rats did not affect their solid intake; however,
it led to a lower final body weight, which also appeared after
Se supplementation. This fact indicates that there is an imbal-
ance in growth and metabolic processes towards catabolism.
Regarding liquid intake, it was significantly enhanced in BD
rats, probably due to the well-known dehydrating properties of
alcohol.49 Despite BD-exposed rats having underdeveloped
SKM and a lower protein content, selenite supplementation
prevented this situation in part, enhancing SKM weight and
protein content. These effects on protein turnover balance
should not only be due to the pro-oxidant effects of BD in
SKM,7 but also to a depletion of Se in this tissue, as demon-
strated by the lower GPx1 expression values found (Fig. 4B) in
the SKM of BD rats. GPx1 is one of the lowest selenoproteins
in the “hierarchy of selenoproteins”; it is highly responsive to
Se levels and its expression decreases dramatically in the case
of Se deficiency.50 Moreover, Se-deficiency status specifically
affects SKM function51 since, as mentioned in the introduc-
tion, this tissue is one of the main Se reservoirs which releases
Se into the blood when required, such as during periods of
generalized OS, triggered by exposure to certain factors like
BD.7,36 It has been well described that Se deficiency in SKM
contributes not only to generating OS, but also to reducing the
expression of cell differentiation factors such as myogenin,
MyoD, and myosin heavy chain (MyHC).52 The selenite sup-
plementation used in this study was efficient since it enhanced
GPx1 expression in SKM, improving oxidative balance and
SKM growth in BD rats.

4.2. Selenite supplementation by improving oxidative
balance contributed to modulate protein turnover in the SKM
of adolescents BD exposed rats, mainly by increasing the
protein synthesis process

As we have revealed, the effects on SKM mass and protein turn-
over from the treatments used in this study should be due in

part to the pro-oxidant effects of BD exposure, also recently
seen in Romero-Herrera et al.,7 and to the antioxidant activity
of Se. Therefore, BD clearly disrupted oxidative balance
towards an oxidative process in SKM (Fig. 1); even though BD
increased the activities of SOD, which generates H2O2, and
CAT, which decomposes H2O2, GPX activity was decreased.
GPx did not properly eliminate the H2O2 generated by SOD,
leading to oxidative damage in proteins (Fig. 1E) and lipids
(Fig. 1D). Moreover, in these rats, NOX4 expression, one of the
primary NOXs expressed in SKM53 with the ability to directly
produce both O2

•− and mainly H2O2,
54 was enhanced, and con-

sequently the measured concentration of H2O2 was elevated.
Se supplementation to BD rats partially decreased NOX4
expression, decreased SOD activity, and increased CAT and
GPx expression, collaborating to partially decrease H2O2 levels
and avoid lipid peroxidation; however, protein oxidation
remained active. The effect of Se supplementation in GPx
activity was expected since this enzyme is Se dependent, conse-
quently affecting the activity of the other antioxidant endogen-
ous enzymes, SOD and CAT.

Interestingly, a physiological relationship has been
described among NOX4, GPx1 and the insulin signaling
process in SKM.55 To trigger the insulin signaling cascade, a
basal amount of H2O2 is required, so over-activity of the H2O2-
detoxifying selenoprotein GPx1 could lead to IR. In this
context, BDSe vs. BD rats presented enhanced levels of GPx1
activity and expression (Fig. 1C and 4B) and slightly lower
levels of NOX4, but these NOX4 levels were higher than in C
rats (Fig. 1F) collaborating to maintain a basal amount of
H2O2. Besides, the expressions of IRS-1 (Fig. 2A) and pmTOR
(Fig. 2D) were enhanced, indicating that insulin sensitivity is
increased, and that equilibrium in this redox axis (NOX4–
GPx1) is necessary for a correct insulin process.55 Besides, Se
supplementation to C adolescent rats also affected GPx1
activity and expression, NOX4 regulation, and IRS-1 expression,
revealing that this axis function is dependent on Se levels.

SKM is a highly plastic organ, able to modify its mass and
functional properties in response to several stimuli, such as
energetic imbalance and OS.56 SKM mass is influenced by the
balance between protein synthesis and breakdown: the protein
turnover. Protein synthesis relies on Akt/mTOR signaling,
which is usually activated by the hormones insulin and IGF-1;
whereas protein breakdown hinges on the UPS, autophagy and
mitophagy processes. The appearance of ROS and OS in SKM
has been linked to disruption of insulin signaling,57,58 and it
has recently been described that BD-induced OS specifically
decreased IRS-1 and pmTOR expressions, altering protein syn-
thesis.7 The present study found that, most probably, OS
caused by BD reduced the expressions of IRS-1, IGF-1, Akt1,
mTOR, and pmTOR (Fig. 2), showing a significant alteration in
protein synthesis. These results are consistent with the lower
SKM protein content and mass found (Table 1). Se treatment
to BD adolescent rats increased the expressions of all the
protein synthesis related factors analyzed, outlining the
enhanced expression of IGF-1. SKM-derived IGF-1 is recog-
nized as an important factor in muscle hypertrophy.59 The
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upregulation of these proteins is in consonance with the
higher SKM mass and protein content found in BDSe rats.
Finally, Se supplementation to control rats greatly increased
IRS-1, mTOR and pmTOR expressions; nevertheless, SKM
mass and protein content were similar to those of control rats.
Therefore, more mechanisms should be analyzed. In any case,
once again, this evidence demonstrates that Se is deeply con-
nected to insulin function.

To fully understand protein turnover, it is necessary to also
investigate the mechanisms involved in protein degradation;
these are typically triggered by energy sensors like AMPK or
SIRT-1 when cells require energy, as well as by the OS
process.7,60 Consequently, exposure to BD would likely
enhance these so-called mechanisms. In Fig. 3, our results
show how BD mainly enhanced the ratio pAMPK/tAMPK,
which is especially sensible to OS in SKM,26 which is also an
inductor of the overexpression of protein ULK1, implicated in
autophagy and mitophagy processes.27,61 Moreover, pAMPK
indirectly increased atrogin-1/MAFbx expression, which acti-
vates the UPS, contributing to the breakdown of proteins.62 BD
also increased SIRT-1 expression; this energy sensor specifi-
cally stimulates, via forkhead box protein O (FoxO) transcrip-
tion factors, the atrogin-1/MAFbx route and autophagy–lyso-
some pathways.63 Finally, BD exposure enhanced NF-κB p65
expression and serum myostatin levels, both being protein
UPS inductors. NF-κB is a protein complex that controls DNA
transcription, involved in the cellular response to harmful
stimuli such as OS, playing a key role in regulating the
immune response. Relative to protein breakdown, it promotes
the expression of UPS proteins, such as MuRF1.63 As regards
myostatin, it is a well-known myokine that is produced and
released by myocytes and acts on muscle cells, playing a key
role in SKM regulation, and leading to atrophy through the
Smad signaling pathway, which also stimulates the UPS.64 For
all this, it is clear that BD exposure contributed to an alteration
of protein turnover, increasing proteolysis and decreasing
protein synthesis.

After Se administration to BD rats, the pAMPK/tAMPK ratio
and NF-κB p65 expression were decreased; however, myostatin,
atrogin-1/MAFbx and ULK1 levels were almost unaffected by
Se. Remarkably, the expression of SIRT-1 was even more
enhanced. This effect could seem deleterious, but it is impor-
tant to bear in mind that SIRT-1, apart from being an energy
sensor, has important antioxidant activity and is related to
autophagy in a survival context.65 In fact, the crosstalk
between cellular energy metabolism (AMPK/SIRT-1) and survi-
val versus growth and repair of SKM (mTOR) has been well
studied,65 since longevity is also associated with reduced
mTOR signaling when it occurs alongside oxidative stress (OS)
and mitochondrial catabolism.66–68 Furthermore, setting aside
its negative regulation of mTOR, SIRT-1 appeared fundamental
in negatively modulating acute69 or prolonged70 IGF-I incre-
ments, which could induce cell death, since SIRT-1 is crucial
in maintaining survival. This could be the circumstance in the
SKM of BDSe rats, where IGF-1 expression was greatly
increased, leading to an overexpression of SIRT-1 to counteract

the effects of IGF-1 in cell survival. In summary, the beneficial
effects of Se supplementation to BD rats on protein turnover
relied primarily on enhancement in protein synthesis, indu-
cing an endocrine response via insulin and IGF-1, which was
counteracted by SIRT-1 overexpression.

4.3. BD exposure during adolescence compromised the
expression and functions of SKM selenoproteins. Selenite
supplementation counteracted this situation, avoiding
mitochondrial apoptosis and ER stress

Recently Jing et al.36 reported that OS in SKM affects seleno-
genes related to growth retardation, mitochondrial dysfunc-
tion, ER stress, and protein and lipid metabolism disorders.
Supplementation with Se increased muscular Se deposition,
exhibited protective effects against ROS levels, enhanced anti-
oxidant capacity in SKM, and mitigated mitochondrial dys-
function and ER stress; moreover, selenoproteins improved
protein biosynthesis by regulating the Akt/mTOR/S6K1 signal-
ing pathway. Among them, GPx4 in mitochondria and SelM in
ER play a unique role during this protection. For these
reasons, knowing that BD exposure during adolescence led to
general OS,7 we have determined for the first time some of
these selenoproteins in the SKM of BD adolescent rats. After
BD exposure, adolescent rats presented a depletion of the 4
selenoproteins measured (Fig. 4): GPx1, GPx4, SelM and SelP.
These results are in agreement with the previously mentioned
fact that SKM is one of the main Se reservoirs which release Se
into the blood when needed; such is the case after BD
exposure, when deep OS occurs.

Therefore, as previously discussed, the expression and
activity of the cytosolic GPx1, a selenoprotein very sensitive to
Se status, is decreased; contributing to generating the OS
detected in the SKM of BD rats. Moreover, GPx4, which ranks
high in the hierarchical system of selenoprotein transcripts,71

is also decreased, indicating that Se depletion in SKM after BD
exposure has an important magnitude (around 15–20% of
depletion). GPx4 is specifically implicated in the protection of
cell membranes and organelles, especially in mitochondria
lipidic antioxidant defense. GPx4 is also an important modu-
lator of ferroptosis and mitochondria-derived apoptosis, cell
death that is ultimately activated by caspase-3. In addition, the
inflammatory NF-κB pathway is negatively modulated by GPx4;
therefore, it reduces the production of proinflammatory
mediators.72,73 Consequently, our results are in agreement
since BD rats presented lower GPx4 (Fig. 4C) and higher NF-κB
p65 (Fig. 3E) and cleaved caspase-3 (Fig. 4D) expression levels
in SKM, indicating that mitochondrial function was
compromised.

SelM is one of the most important selenoproteins resident
in the ER; apart from its mentioned role in ER protection, it
also participates in other fundamental SKM functions. ER
functions as a quality-control organelle for proteins, allowing
only normal proteins to persist in vesicles. Excessive ROS
impairs protein homeostasis (proteostasis), causing stress in
the ER, which induces the accumulation of unfolded proteins
in the ER, thus triggering the unfolded protein response
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(UPR). The consequences of UPR include inhibition of protein
synthesis, modulation of gene expression, and decisions about
the fate of a cell like apoptosis. Three ER-localized transmem-
brane sensors mediate the UPR, protein kinase RNA-like ER
kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activat-
ing transcription factor 6 (ATF6); these are used as UPR
markers. When an unfolded protein binds to PERK, confor-
mational changes that phosphorylate the eukaryotic trans-
lation initiation factor 2α (peIF2α) are produced; peIF2α
reduces global protein synthesis and protein load. In this
context, BD exposure reduces SelM expression, decreasing ER
antioxidant defense, and activating UPR, as evidenced by the
higher expression of the UPR marker pelF2α (Fig. 4F). This
clearly contributes to the disbalance in protein turnover found
in BD-exposed rats. Besides, SelM has also been directly
related to the protein synthesis indicators Akt and mTOR, both
decreased in BD rats (Fig. 2).

Finally, SelP expression was also inhibited by BD in the
SKM of adolescent rats. SelP has 10 selenocysteine residues
instead of one, as in the rest of the selenoproteins, being a
perfect plasmatic transporter of Se from the liver to tissues
with antioxidant functions.35 It plays a pivotal role in recycling
and storing Se in essential organs, especially under conditions
of limited Se supply via the SelP cycle.74 The correct SelP cycle
depends on tissue SelP receptors from the lipoprotein receptor
family (LRPs). Three kinds of LRPs have been identified as
SelP receptors, namely, apolipoprotein E receptor 2 (ApoER2/
LRP8), associated with SelP uptake in the brain, testes, and
bone; megalin (LRP2), expressed in the kidney and brain; and
LRP1, located only in SKM.75 The SelP–LRP1 axis is considered
the main pathway implicated in the different effects that SelP
provokes in SKM.35 In BD-exposed rats, SelP levels were
decreased in SKM, together with the expression of LRP1
(Fig. 4H). This implies that the SelP cycle may be deriving Se
to protect the brain and endocrine glands, at the expense of
SKM. The idea that SKM acts as Se reservoir tissue which deli-
vers Se to the blood when bodily circumstances need it is
reinforced in the EtOH-exposure case. Similar effects of SKM
as an Se reservoir were found in dams chronically exposed to
alcohol.76

Selenite supplementation to BD adolescent rats signifi-
cantly increased the 4 selenoproteins studied, contributing to
a better cytosolic, mitochondrial and ER oxidative balance.
These effects not only have repercussions in OS, but also in
SKM structure and function since the increase in GPx4 with
selenite reduces endogenous apoptosis and inflammation, as
demonstrated by the lower expression levels of cleaved
caspase-3 and NF-κB p65, respectively, found in BDSe rats.
Moreover, the increase in SelM avoids ER stress and UPR, as
indicated by the decreased levels of pelF2α found in these rats,
having counteracted the BD-induced alterations in proteosta-
sis. Additionally, SelM has been directly correlated to an
increase in Akt and mTOR protein synthesis signaling, both of
which increased in BDSe rats compared to BD ones. Finally,
thanks to the additional Se supplied in this study, the SelP
cycle seems to be well balanced, allowing Se to be deposited in

SKM via SelP-LRP1, expressions of which were both increased
in SKM.

4.4. Selenite supplementation improved the autocrine/
paracrine regulation of metabolism in SKM as well as in the
endocrine regulation of other tissues, by modulating serum
myokine levels after BD exposure

This study reconfirmed that BD exposure alters the myokine
secretion profile (Fig. 5), not only impacting SKM function and
structure, but also collaborating to promote whole-body meta-
bolic and energetic imbalance. Most importantly, this experi-
mental design demonstrated for the first time that selenite
supplementation to BD adolescent rats is an effective therapy
for restoring the serum myokine profile toward a more physio-
logical state.

The selenite treatment used restored several myokines to
serum control levels, such as FSTL-1, the atrophic myostatin,
and the hypertrophic FGF21, irisin, and BDNF, deeply altered
by BD exposure. Moreover, selenite increased serum levels of
IL-5, which is implicated in myoblast differentiation and
muscle mass development and facilitates glucose uptake and
fat metabolism in SKM.47 Therefore, this myokine is clearly
contributing to the increase in protein synthesis found in
BDSe rats compared to BD rats. Se-supplementation also recov-
ered serum FSTL-1 levels, and decreased FABP-3 ones.
However, it was not able to prevent the increase in atrophic
IL-6 or the decrease in hypertrophic CX3CL1 serum levels
caused by BD exposure.

Apart from their autocrine/paracrine effects on SKM, the
myokines FGF21, irisin and FSTL-1 play an important endo-
crine role in promoting insulin sensitivity by different
mechanisms.28,46,77 Their reduction after BD exposure indi-
cates that a general IR process was probably taking place; and
that selenite supplementation by increasing FGF21, irisin and
FSTL-1 contributed to improving insulin sensitivity. Moreover,
FSTL-1 promotes endothelial cell function and revasculariza-
tion, maintains cardiac growth and development, and protects
the liver from fibrosis.30 In fact, previous studies obtained in
similar BD experimental models, demonstrated that BD led to
OS, inflammation and apoptosis in hepatocytes5,33 and cardiac
myocytes,18 increasing endothelial markers and blood
pressure. Therefore, selenite supplementation improved not
only SKM mass, but also endocrine, liver and cardiac function,
positioning itself as a broad-spectrum therapy against alcohol
consumption during adolescence.

Additionally, the myokine BDNF also has important endo-
crine effects on neurogenesis, protecting neurons from OS and
apoptosis, and promoting synaptic plasticity and memory and
learning processes.47 The normalization of serum BDNF levels
produced after selenite supplementation to BD adolescent rats
will probably counteract the well-known neurotoxic effects of
EtOH.78 Interestingly, a direct relationship between SIRT-1
expression and BNDF secretion has been described;79 this cor-
relation was also present in BDSe rats. With regard to serum
FABP-3 levels, Se supplementation to BD rats decreased them.
FABP-3 is a cytoplasmic fatty acid carrier that facilitates the
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transport of lipophilic substances from sarcolemma to cellular
compartments,80 supplying energy to SKM cells; importantly,
it also contributes to increasing ER stress in SKM.48 Se sup-
plementation to BD rats by increasing SelM decreased ER
stress, which is also confirmed by the lower serum FABP-3
levels found in BDSe adolescent rats; this is consistent with an
appropriate proteostasis.

Finally, relative to selenite supplementation in control rats,
it should be noted that it resulted in a very significant
enhancement in FGF21 and FSTL-1 serum levels, which have
beneficial actions on hepatic metabolism.28,30 This beneficial
role of selenite supplementation during adolescence had been
previously reported, pointing to selenite as an important

source of Se supplementation to act specifically on the
liver.33,81

4.5. BD led to OS in the pancreas of adolescent rats, affecting
insulin secretion

In order to understand whether the lower SKM protein syn-
thesis found after BD exposure is related to the amount of
insulin secreted by the pancreas, we also needed to study this
endocrine organ. In our results, it seems quite clear that BD
affected the pancreas exocrine/endocrine physiology, because
it increased protein concentration (Table 1) and lipid peroxi-
dation (Fig. 6D), which are indicative of protein plug formation
and the progression of exocrine pancreatic damage;82 and it

Fig. 7 Summary of results in the skeletal muscle of adolescent rats after binge drinking exposure and selenium supplementation. After BD exposure,
firstly, cytoplasmatic reactive oxygen species (ROS) are generated, leading to oxidative stress (OS) in this space. Besides, ROS appeared in the mito-
chondria, affecting their function, and collaborating to generate mitochondrial OS, apoptosis (via caspase-3 stimulation) and inflammation (via NF-
κB activation), but also probably to ferroptosis. ROS also emerged in the endoplasmic reticulum (ER), generating OS there and accumulation of
unfolded proteins, which activates the unfolded protein response (UPR) via pelF2α stimulation. All these situations generated by BD lead to a stimu-
lation of proteolytic proteins (AMPK, SIRT-1, MAFbx, ULK1, myostatin, IL-6, NF-κB p65, caspase-3 and pelF2α), and to an inhibition of protein syn-
thesis factors (IRS-1, Akt1, pmTOR, IGF-1, FGF21, irisin, BDNF, IL-15 and CX3CL1). The imbalance produced promotes retardation of SKM growth.
Supplementation with the antioxidant Se increases the expression of selenoproteins in the cytoplasm (GPx1 and Selenoprotein P), mitochondria
(GPx4) and ER (Selenoprotein M), reducing ROS, OS, and their related damage. In the BDSe rats, there is inhibition of the so-called atrophic proteins,
and a more profound and significant stimulation of the pro-anabolism proteins mentioned. Consequently, selenite facilitates normal SKM growth.
Dashed lines indicate inhibition, while continuous lines indicate stimulation. The wider arrow above the anabolic proteins after Se supplementation
indicates a stronger stimulatory effect.
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also affected insulin secretion (Fig. 6G). In a previous recent
paper,8 we confirmed that BD exposure during adolescence led
to hyperglycemia and hyperinsulinemia, which were compati-
ble with a general IR process.

BD altered all antioxidant enzyme activities (Fig. 6), which
resulted in lipid peroxidation in the pancreas. However, pan-
creatic β-cells, being especially sensitive to OS,83 were appar-
ently functional since serum insulin levels were increased.
This could be due to the protective action of the energy sensor
SIRT-1, overexpressed in our BD rats. SIRT-1 is also involved in
the prevention of inflammatory and oxidative processes, being
essential for the formation and maintenance of pancreatic
β-cells.84–87 Therefore, the impaired SKM insulin function
found could be due to a disruption of the insulin signaling
cascade in this tissue, and not to reduced pancreatic insulin
secretion.

Se supplementation to BD rats avoided lipid peroxidation
by increasing the activity of the selenoprotein GPx and the
antioxidant CAT. This enhanced CAT activity is important
since this enzyme is crucial to eliminating H2O2 in the
pancreas.88,89 BDSe rats also presented high SIRT-1 levels in
the pancreas, collaborating with an appropriate pancreatic
function; therefore, serum insulin levels were not affected in
this group of rats. This fact and the proper SKM IRS-1
expression shown (Fig. 2A), indicate that the insulin signaling
pathway is functioning properly and that protein biosynthesis
is being actively maintained by this route, counteracting BD-
exposure effects.

Eventually, CS rats presented higher activities of the three
antioxidant enzymes; these increases were proportional, avoid-
ing lipid peroxidation. It has been shown that an increase in
the three enzymes and their combined action is very effective
in stimulating the function of pancreatic β-cells.90 Therefore,
serum insulin levels were greatly increased; however, since
IRS-1 expression in SKM and in other insulin target tissues of
rats exposed to the same amount of selenite such as the liver
were increased, and serum glucose levels were unaffected,5 a
general IR process is not taking place in CSe rats.
Nevertheless, it is quite clear that Se is a potent element to
induce insulin secretion and enhance insulin response to con-
sider when required.

5. Conclusions

Based on the results obtained, it has been confirmed that BD
exposure during adolescence leads to oxidation and catabo-
lism in SKM and the pancreas. Despite the increased serum
insulin levels, its anabolic effects on SKM were decreased.
Interestingly, it has been established for the first time that BD
exposure during adolescence specifically decreases the
expression of selenoproteins in SKM (GPx1, GPx4, SelP and
SelM). This points to SKM as an important tissue in the SelP
cycle after EtOH insults, since LRP1 expression was clearly
decreased in BD rats, and links Se status to SKM development.
Therefore, the selenite supplementation used in BD-exposed

adolescent rats enhanced LRP1 and expression of selenopro-
teins, thereby improving SKM functions by modulating oxi-
dative balance, energy-status, proteostasis, inflammation,
apoptosis and ER homeostasis (Fig. 7). Besides, selenite not
only adjusted the serum myokine profile toward a more ana-
bolic one in SKM, but Se also had beneficial endocrine reper-
cussions in the pancreas, WAT, liver, heart and brain, which
positions it as a broad-spectrum therapy against alcohol con-
sumption during adolescence. Furthermore, Se also decreased
lipid peroxidation in the pancreas, contributing to normal
serum insulin secretion.
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