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Abstract
Binge drinking (BD) during adolescence is related to hypertension. There are, however, few studies concerning the effects of
BD on kidney function and osmotic balance in relation to arterial pressure. The mechanism by which BD affects kidney
function is related to oxidation and inflammation. Recently, Se, an essential trace element possessing antioxidant properties,
has also been shown to be related to renal Na+/K+-ATPase activity. This study examined the protective effects of 0.4 ppm
selenite administered to adolescent rats in an intermittent i.p. BD model. BD consumption depleted kidney and serum Se
deposits, decreased GPx activity, and increased biomolecule oxidation in these locations. In the kidneys, GPx1, GPx3,
GPx4, and NF-κB expression also decreased, coinciding with an increase in caspase-3 expression. BD decreased creatinine
clearance and fractional Na+ excretion (EFNa), increased transtubular K+ excretion (TTKG) and serum aldosterone (Aldo)
levels, and reduced relative Aldo clearance. These effects led to hypernatremia, low urinary flow, and high systolic blood
pressure. Se supplementation to BD rats significantly improved oxidative balance, and kidney GPx, NF-κB, and caspase-3
expression; slightly increased EFNa and slightly decreased TTKG and serum Aldo levels; and greatly increased relative
Aldo clearance. Se supplementation did not, however, modify creatinine clearance. In conclusion, BD triggers kidney
osmotic and ionic imbalances, which contribute to increasing systolic blood pressure. These disturbances could be related in
part to Se and selenoprotein GPxs, which decrease oxidative, inflammatory and apoptotic alterations in the kidneys. Se
supplementation prevents these changes, improves ionic disturbances, and decreases serum Aldo levels and systolic blood
pressure.
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Introduction

From both a clinical and a public point of view, intermittent
binge drinking (BD) during adolescence is the most
important alcohol consumption pattern [1]. The effects of
BD intoxication have been associated with an elevated risk
of hypertension (HTN), yet all of the mechanisms involved
have not been well elucidated [2].

HTN is closely related to renal dysfunction. The asso-
ciated mechanism involves the dysregulation of renal
sodium and water excretion, which is mainly related to a
shift in renal pressure natriuresis and/or an increase in
antinatriuretic hormones such as aldosterone (Aldo) and
angiotensin II [3]. These hormones also reduce renal
excretory capability, decrease glomerular filtration rate
(GFR), and constrict the peripheral vasculature. Recently,
the hormones have also been found to be related to the
genesis of vascular oxidative stress [4], initiating a sequence
of events that elevate blood pressure.

Ethanol has deleterious structural and functional effects
on the kidneys [5, 6]. Large amounts of consumed ethanol,
such as those in a BD ethanol consumption model, are
metabolized in the kidneys by the enzyme alcohol dehy-
drogenase and by the microsomal ethanol-oxidizing system,
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both of which are related to the generation of pro-oxidative
reactive oxygen species (ROS) [7–9]. Since renal lipids are
rich in long-chain polyunsaturated fatty acids [10]; the
kidneys are highly vulnerable to ROS-induced damage.

At present, oxidative stress is considered to be the pri-
mary route to ethanol-induced kidney injury, since ethanol
increases lipid oxidation by increasing ROS production and
decreasing the activity of antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), and glutathione reductase (GR) [7]. Lipid
oxidation of nephron epithelial cells leads to changes in
membrane composition, interfering with carrier functions
such as Na+/K+-ATPase activity, which is enhanced after
chronic alcohol exposure, and increasing sodium reab-
sorption and potassium excretion [8].

After acute ethanol administration, disturbances in renal
electrolyte excretion [11] and decreases in GFR have also
been described, implying increases in water retention [12].
High systemic ROS production is one of the mechanisms by
which acute ethanol [13] stimulates the sympathetic nervous
system (SNS), the hypothalamus–hypophysis–adrenal axis
(HHA), and the renin-angiotensin-aldosterone system
(RAAS), contributing to increased concentrations of anti-
natriuretic hormones and renal vasoconstriction, and lead-
ing to HTN [2].

Selenium (Se), an essential trace element, is the catalytic
center of 25 different selenoproteins, such as the antioxidant
proteins in the GPx family and the plasma Se transporter
selenoprotein P (SelP), which also has antioxidant proper-
ties [14]. Ojeda et al. [15] found that, during adolescence,
BD alters Se homeostasis and Se tissue distribution, and that
dietary Se supplementation is a good strategy against BD
liver damage, since Se decreases oxidative hepatic damage
by increasing GPx1 and GPx4 hepatic expression, thus
preventing NF-κB downregulation and apoptosis [16].

The most important selenoprotein produced in rodent
kidney tissues is GPx3 [17]. GPx3 acts in plasma, reducing
hydrogen peroxide to water, but it also acts in the proximal
tubules of nephrons [18]. GPx4 is the second main sele-
noprotein synthesized in the kidneys [19]. It is the only GPx
member that reduces hydroperoxides in lipoproteins, com-
plex lipids, and phospholipids of biomembranes, and it
plays an essential antioxidant role in mitochondria, mod-
ulating the intrinsic apoptotic pathway, and activating the
transcription factor NF-κB [20]. SelP is also synthesized in
the kidneys at even higher levels than GPx1 and has anti-
oxidant cytosolic actions [19]. Importantly, Ojeda et al. [15]
found Se depletion in the kidneys of adolescent BD rats. A
previous study [21] also found that Se supplementation to
chronic ethanol-exposed pups improved kidney Se deposits
and renal development and decreased renal oxidation by
increasing GPx activity but did not improve GFR. Ozkol
et al. [22] described the protective effects of Se

supplementation against acute ethanol intoxication in rat
kidneys, which were mediated by the antioxidant
capacity of Se.

Given all of these findings, the main objective of this
study was to evaluate kidney selenoprotein balance in
adolescent BD-exposed rats and its relationship with oxi-
dative balance, apoptotic and inflammatory status, and
kidney function in relation to blood pressure control
(through analysis of GFR, electrolytes, and water reab-
sorption). To determine the potential of Se as a therapy
against kidney damage and HTN in adolescent BD con-
sumers, the same parameters were analyzed after Se sup-
plementation in this animal model.

Methods

Animals

Thirty-two adolescent male Wistar rats (Centre of Produc-
tion and Animal Experimentation, Vice-Rector’s Office for
Scientific Research, University of Seville) were used in
these experiments. The rats were received when they were
21 days old and were housed in groups of two rats per cage
for 1 week to acclimatize to the housing conditions and
handling. The experimental treatment was conducted over a
3-week period beginning when the rats reached postnatal
day (PND) 28 and ending at 47 days of age. This period
corresponds to adolescence in Wistar rats [23]. The animals
were kept at an automatically controlled temperature
(22–23 °C) under a 12-h light/dark cycle (light:
09:00–21:00). The animal care procedures and experimental
protocols were performed in accordance with EU regula-
tions (Council Directive 86/609/EEC, 24 November 1986)
and were approved by the Ethics Committee of the Uni-
versity of Seville.

On PND 28, when the adolescent period began, the rats
were randomly assigned into four groups (n= 8/group)
according to their treatments. The control (C) group rats
were given a control diet and drinking water ad libitum
and were given an isotonic saline solution (SSF) intra-
peritoneally (i.p.) on the indicated days. The BD group
rats were given a control diet and drinking water ad
libitum and were given an ethanol solution (20% v/v) in
isotonic saline (3 g/kg/d) i.p. on the indicated days. The
control selenium-supplemented (CSe) group rats were
given a control diet and Se-supplemented drinking water
ad libitum and injected with SSF on the indicated days.
The binge-drinking selenium-supplemented (BDSe) group
rats were given a control diet and drinking water sup-
plemented with Se ad libitum and were given an alcohol
solution (20% v/v) in isotonic saline (3 g/kg/d) i.p. on the
indicated days.
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A standard pellet diet (2014 Teklad Global 14% Protein
Rodent Maintenance Diet, Harlan Laboratories, Barcelona,
Spain) that contained 0.23 ppm Se was available ad libitum
to all the experimental groups. The Se-supplemented groups
(CSe and BDSe) received 0.14 ppm Se extra as anhydrous
sodium selenite (Panreac, Barcelona, Spain) in drinking
water during all experimental periods.

Nutritional control

Body weight and the amount of food consumed by the rats
were monitored daily until the end of the experimental
period. The amounts of food and drinking water ingested
every day were calculated; the amounts of food and water
were measured every morning, and the differences in the
amounts between consecutive days were defined as the
amounts consumed. Se intake was calculated by multiplying
the known Se concentration (ppm) in the diet and the
drinking water by the amounts of food and water ingested
every day. All measurements were taken at 9:00 a.m. to
avoid changes due to circadian rhythms.

Ethanol treatment

The alcohol-exposed groups (BD and BDSe) received i.p.
injections of alcohol (20% v/v) in SSF (3 g/kg/d). This
animal model is one of the most commonly used to repro-
duce repeated BD, since it easily ensures a blood alcohol
concentration of 80 mg/dL (the value established by the
NIAAA to reflect BD) [24]. The alcohol injections were
given starting at 7:00 p.m., when the dark cycle began, for 3
consecutive days each week for 3 weeks. No i.p. injections
were given during the remaining 4 days of each week [25].
The control groups (C and CSe) received i.p. injections of
equal volumes of SSF at the same time as when the alcohol-
exposed groups received alcohol injections.

Blood pressure (mmHg) and heart rate (beats/min)

Systolic blood pressure (SBP) was monitored with a pres-
sure meter (NIPREM 645, CIBERTEC, Madrid, Spain)
using the indirect tail occlusion method. Measurements
were taken in adolescent rats 24 h after the last alcohol
exposure or the last injection with SSF. The signals were
collected via a data acquisition system coupled to the
pressure meter. The blood pressure of each animal was
measured times successively to calculate the arithmetic
mean, which was the value used.

Samples

At the end of the experimental period, the rats were fasted
for 12 h, and feces and urine samples were collected using

individual metabolic cages. Then, 24 h after the last alcohol
exposure or treatment with SSF, the adolescent rats were
anesthetized with an i.p. injection of 28% w/v urethane
(0.5 ml/100 g of body weight). Blood was obtained by heart
puncture and collected in tubes. Serum was prepared using
low-speed centrifugation for 15 min at 1300 × g. The
abdomen was opened with a midline incision, and the whole
kidneys were removed, debrided of adipose tissue, weighed,
frozen in liquid nitrogen and stored at −80 °C prior to
biochemical determinations.

Selenium analysis

Serum, urine, and kidney Se levels were determined by
graphite furnace atomic absorption spectrometry. We used a
PerkinElmer AAnalyst 800 high-performance atomic
absorption spectrometer with WinLab32 for AA software
equipped with a transversely heated graphite furnace, a
longitudinal Zeeman-effect background corrector, and an
AS furnace autosampler (PerkinElmer, Ueberlingen,
Germany). The sources of radiation were electrodeless Se
discharge lamps. The instrumental operating conditions and
the reagents were the same as those described by Ojeda
et al. [26]. After 72 h at a dry temperature of 100 °C, the
kidney samples were digested in a sand bath heater (Ovan)
for 72 h with nitric acid, and perchloric acid and chloridric
acid (6 N) were added. The serum samples were diluted
fivefold in 0.2% v/v HNO3 and 0.2% Triton X-100 solu-
tions, and the urine samples were diluted 1:2 v/v.

Antioxidant enzymes and oxidative stress markers

To measure the activity of antioxidant enzymes (SOD,
CAT, GPx, and GR), as well as the levels of lipid and
protein oxidation (as indicated by malondialdehyde and
carbonyl group levels, respectively), kidney tissue samples
were homogenized (100 × g for 1 min, 1:4 w/v) using a
Potter homogenizer (Pobel 245432, Madrid, Spain) in
sucrose buffer (15 mM Tris-HCl, pH 7.4, 250 mM sucrose,
1 mM EDTA and 1 mM dithiothreitol) in an ice bath. The
homogenate was centrifuged at 900 × g for 10 min at 4 °C.
The resulting supernatant was used for biochemical assays
according to techniques described by Ojeda et al. [21]. GPx
activity and lipid and protein oxidation were also deter-
mined in serum samples.

Immunoblotting assays

The expression of the selenoproteins GPx1, GPx3, GPx4,
and SelP as well as NF-κB p65 and caspase-3 was deter-
mined in the kidneys of adolescent rats. The samples uti-
lized contained 200 µg of protein. The proteins were
separated on polyacrylamide gels and transferred to a
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nitrocellulose membrane (Immobilon-P Transfer
Membranes, Millipore, Billerica, MA, USA) using a blot
system (Transblot, Bio-Rad, CA, USA). Nonspecific
membrane sites were blocked for 1 h with a blocking buffer
containing TTBS (50 mM Tris-HCl, 150 mM NaCl, 0.1%
(v/v) Tween 20, pH 7.5) and 3% milk powder (Bio-Rad);
thereafter, the membrane was probed overnight at 4 °C with
specific primary antibodies (rabbit polyclonal IgG, Santa
Cruz Biotechnology) against the following proteins: GPx1
(1:2000 dilution), GPx3 (1:2000 dilution), GPx4 (1:5000
dilution), SelP (1:2500 dilution), NF κB p-65, and cleaved
caspase-3 (1:1000 dilution). Secondary antibodies (anti-
rabbit IgG HRP conjugate, Santa Cruz Biotechnology) were
utilized at the following dilutions: 1:5000 for GPx1 and
GPx3, 1:10,000 for GPx4, 1:5000 for SelP, 1:2500 for NF
κB p-65, and caspase-3. Monoclonal mouse anti-β-actin
(IgG1 A5441, Sigma-Aldrich, Madrid, Spain) was used to
detect β-actin as a loading control at a dilution of 1:20,000,
and a secondary antibody, anti-mouse IgG peroxidase
conjugate (A9044, Sigma-Aldrich), was used at a dilution
of 1:8000. The membrane was incubated for 1 min with a
commercial developing solution, luminol ECL reagent (GE
Healthcare and Lumigen, Buckinghamshire, UK). The
quantification of the blots was performed by densitometry
with PCBAS 2.08e analysis software (Raytest, Strau-
benhardt, Germany). The results are expressed as percent
arbitrary units relative to the values in control animals,
which were defined as 100%.

Clearance measurement

The creatinine, albumin, urea, Na+, and K+ levels in serum
and urine were determined at Valme University Hospital by
routine clinical biochemistry tests with a Cobas 6000
module (Roche Diagnostics GmbH), according to the
manufacturer’s specifications and using proprietary
reagents. The instrument was calibrated against appropriate
proprietary reference standard material and verified with the
use of proprietary quality controls. Aldo levels in both
serum and urine were determined using an Aldosterone
ELISA Kit (Enzo Life Sciences, Switzerland) based on the
binding of Aldo to a specific antibody that was immobilized
on the walls of a 96-well plate. Urine and plasma osmolality
were determined by the vapor pressure technique in a model
5100C osmometer (Wescor, USA).

Na+, K+, Se, urea, Aldo, and creatinine clearances were
calculated from the standard formula clearance (CL)=U ×
V/P, where U is the level of the substance to be cleared in
urine, V is the volume of urine collected in 24 h, and P is the
level of the substance in plasma. The relative clearances of
Na+, K+, Se, urea, and Aldo were calculated as CLx/CL
creatinine × 100, where x is the substance to be compared.
The fractional excretion of sodium (FENa) and the

transtubular potassium gradient (TTKG) were calculated by
the standard formulae FENa=UNa+ × PCr/PNa+ ×UCr
and TTKG= (POsm ×UK+)/(PK+ ×UOsm), where U is
the level of the substance in urine, P is the level of the
substance in plasma, and Osm is the osmolality.

Statistical analysis

The results are expressed as the mean ± standard error of the
mean. The data were analyzed using a statistical program
(GraphPad InStat 3, CA, USA) by analysis of variance
(one-way ANOVA). Statistical significance was established
at p < 0.05. When ANOVA resulted in differences, multiple
comparisons between means were conducted with the
Tukey–Kramer test.

Results

Intermittent i.p. exposure to BD did not alter total kcal
intake or weight gain (Table 1). However, it significantly
altered liquid homeostasis, since BD rats consumed less
water (p < 0.05) and had extremely significantly lower
urinary flow (p < 0.001) than control rats. Se supplementa-
tion to BD rats prevented the reduction in water intake but
did not change the low urinary flow. The relative kidney
weight and protein content were similar among the four
experimental groups. However, Se kidney deposits were
significantly lower in BD rats than in C rats (p < 0.01). Se
supplementation significantly increased Se kidney deposits
in control and ethanol-exposed rats.

In the kidneys, BD exposure significantly increased
SOD, CAT, and GR antioxidant activity and decreased GPx
activity. Protein and lipid oxidation did, however, take place
(Fig. 1). Se supplementation to these animals mainly
increased the activity of the selenoprotein GPx and
decreased the activity of GR, modulating the activity of this
pair of enzymes and decreasing kidney lipid oxidation. In
Se-supplemented control rats, an increase in SOD and GPx
activity was observed that did not affect biomolecule
oxidation.

Binge ethanol consumption decreased the expression of
the selenoproteins GPx1, GPx3, and GPx4 (Fig. 2). Con-
sistent with the reduction in the antioxidant protein
expression found, NF-κB levels also decreased and caspase-
3 levels increased in BD rats. Se supplementation prevented
these effects by increasing GPx and NF-κB expression and
reducing caspase-3 expression. Se supplementation to
control rats significantly increased GPx1, GPx3, and SelP
expression compared to no supplementation, yet it did not
modify NF-κB and caspase-3 expression.

SBP was increased in BD rats; BD rats also presented
reduced serum GPx activity and elevated serum lipid
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Table 1 Nutritional and
morphological parameters
kidney in adolescent rats

Parameters C BD CSe BDSe

Weight gain (g/day) 5.45 ± 0.24 5.10 ± 0.31 5.38 ± 0.35 5.30 ± 0.35

Solid intake (g/day) 14.02 ± 1.0 12.79 ± 0.9 14.4 ± 1.2 13.3 ± 1.0

Total kilocaries intake (kcal/day) 53.71 ± 3.22 49.44 ± 2.96 55.67 ± 3.34 46.37 ± 2.78

Liquid intake (mL/day) 23.82 ± 1.1 20.14 ± 1.2* 24.3 ± 1.3 21.4 ± 1.1

Se in kidney (µg/g dry weight) 0.46 ± 0.02 0.37 ± 0.01**, aaa 0.57 ± 0.01cc 0.64 ± 0.01

RSI (g/g body weight (%)) 0.962 ± 0.033 0.984 ± 0.026 1.025 ± 0.035 1.014 ± 0.058

Kidney proteins (mg prot/mL) 15.32 ± 0.70 15.99 ± 1.07 15.39 ± 0.42 16.87 ± 0.73

Urinary flow (mL/day) 22.43 ± 1.05 16.00 ± 0.71*** 21.28 ± 0.32 18.47 ± 0.71••

The results are expressed as mean ± SEM and analyzed by a multifactorial analysis of variance (one-way
ANOVA) followed by the Tukey's test. The number of animals in each group is 8. Statistic difference
between groups was expressed as p value and was indicated as * when C versus BD groups were compared;
as a when BD versus BDSe groups were compared; and c when C versus CSe groups were compared; and ●

when CSe versus BDSe groups were compared
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Fig. 1 Oxidative balance in the
kidneys: SOD activity (a), CAT
activity (b), GPx activity (c), GR
activity (d), lipid (e), and protein
(f) oxidation. The results are
expressed as the mean ± SEM
and were analyzed by
multifactorial analysis of
variance (one-way ANOVA)
followed by Tukey’s test. The
number of animals in each group
was 8. Groups: C, control group;
BD, binge-drinking group; CSe,
control selenium-supplemented
group; BDSe, binge-drinking
selenium-supplemented group.
Significant differences between
groups are expressed as p values
and are indicated by the asterisk
for comparisons between the C
and BD groups, by the
superscript ‘a' for comparisons
between the BD and BDSe
groups, by the superscript ‘c' for
comparisons between the C and
CSe groups, and by the
superscripted solid circle for
comparisons between the CSe
and BDSe groups
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oxidation values (Fig. 3). Se supplementation to these ani-
mals partially decreased SBP, increased serum GPx activity
and partially reduced serum lipid oxidation. Se supple-
mentation to control animals increased serum GPx activity
but did not increase SBP or lipid oxidation.

Creatinine, Na+, K+, urea, and Se levels in serum and
urine were measured together with their relative renal
clearance values (Table 2). BD increased serum Na+ and
decreased serum K+ and Se concentrations. Se supple-
mentation slightly decreased Na+ serum values and greatly
increased Se concentrations. BD decreased Se concentra-
tions in urine, while Se supplementation decreased urea
concentration and increased Se elimination via urine. With
respect to relative clearances, BD significantly decreased
Na+ and Se clearance and increased K+ clearance. Se
supplementation did not modify Na+ or K+ relative

clearance, but it did increase the CLSe/CL creatinine ratio.
Se supplementation to control animals only modified Se
parameters; all of these parameters were increased in Se-
supplemented control animals compared to non-
supplemented control animals.

Renal functional parameters were greatly affected by
exposure to BD (Fig. 4). BD decreased creatinine clearance
and FENa and increased TTKG and serum Aldo levels; it
also drastically reduced relative Aldo clearance. The albu-
min/creatinine ratio remained, however, unaltered. Se sup-
plementation to BD animals slightly increased EFNa and
decreased TTKG and serum Aldo levels. While it did not
modify creatinine clearance, Se supplementation also
greatly increased relative Aldo clearance. Se supplementa-
tion to control animals only partially decreased TTKG
values from their control levels.

Fig. 2 Expression of selenoproteins (a GPx1; b GPx3; c GPx4; and
d SelP), NF-κB (e), and caspase (f) in the kidneys of adolescent rats.
Representative western blots of these proteins (normalized to β-actin)
are shown (g). The results are expressed as the mean ± SEM and were
analyzed by multifactorial analysis of variance (one-way ANOVA)
followed by Tukey’s test. The number of animals in each group was 8.
Groups: C, control group; BD, binge-drinking group; CSe, control

selenium-supplemented group; BDSe, binge-drinking selenium-sup-
plemented group. Significant differences between groups are expressed
as p values and are indicated by the asterisk for comparisons between
the C and BD groups, by the superscript ‘a' for comparisons between
the BD and BDSe groups, by the superscript ‘c' for comparisons
between the C and CSe groups, and by the superscripted solid circle
for comparisons between the CSe and BDSe groups
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Discussion

Despite the fact that BD rats consumed the same amount of
Se as control rats and that they exhibited reabsorption of Se

from urine, which decreased Se clearance, serum Se values
and kidney deposits were significantly decreased in BD rats
compared to control rats, confirming the fact that repeated
acute ethanol exposure drastically reduces Se
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Fig. 3 Systolic blood pressure
(a) and oxidative balance in
serum [GPx activity (b) and
lipid (c) and protein (d)
oxidation]. The results are
expressed as the mean ± SEM
and were analyzed by
multifactorial analysis of
variance (one-way ANOVA)
followed by Tukey’s test. The
number of animals in each group
was 8. Groups: C, control group;
BD: binge-drinking group; CSe,
control selenium-supplemented
group; BDSe, binge-drinking
selenium-supplemented group.
Significant differences between
groups are expressed as p values
and are indicated by the asterisk
for comparisons between the C
and BD groups, by the
superscript ‘a’ for comparisons
between the BD and BDSe
groups, by the superscript c for
comparisons between the C and
CSe groups, and by the
superscripted solid circle for
comparisons between the CSe
and BDSe groups

Table 2 Creatinnine, Na+, K+, Urea, and Selenium in serum and urine and their relative clearances

Parameters C BD CSe BDSe

Serum Creatinine (mg/dL) 0.25 ± 0.015 0.26 ± 0.005 0.22 ± 0.015 0.28 ± 0.020

Na+ (mmol/L) 139.25 ± 1.32 150.5 ± 1.02*** 138 ± 1 146.8 ± 1.08•••

K+ (mmol/L) 6.37 ± 0.14 5.53 ± 0.23* 6.25 ± 0.18 5.75 ± 0.09

Urea (mmol/L) 41.17 ± 1.81 36.77 ± 1.76 38.17 ± 0.90 34.52 ± 1.65

Selenium (µg/L) 205.35 ± 6.8 178.70 ± 5.7**, aaa 335.32 ± 8.0cc 235.26 ± 6.4•••

Urine Creatinine (mg/dL) 15.09 ± 1.29 18.39 ± 1.75 13.34 ± 0.73 15 ± 1.31

Na+ (mmol/L) 26.83 ± 1.30 17.75 ± 2.8 25.5 ± 1.24 18.75 ± 1.28

K+ (mmol/L) 46.88 ± 4.99 47.61 ± 3.33 39.25 ± 1.82 41.47 ± 2.20

Urea (mmol/L) 625.7 ± 33.6 749.4 ± 35.7a 610.9 ± 35.7 603.5 ± 18.9

Selenium (ng/day) 440 ± 24 180 ± 10*** 540 ± 20ccc 150 ± 10•••

Clearances (CL) CL Na+/CL creatinine 0.0031 ± 1.59 × 10−4 0.0015 ± 9.52 × 10−5*** 0.0029 ± 1.425 × 10−4 0.0017 ± 1.25 × 10−4•••

CL K+/CL creatinine 0.113 ± 5.8 × 10−3 0.151 ± 6 × 10−3*** 0.11 ± 5.8 × 10−3 0.14 ± 6 × 10−3••

CL Urea/CL creatinine 0.23 ± 0.01 0.25 ± 0.01 0.24 ± 0.01 0.25 ± 0.01

CL Se/CL creatinine 0.019 ± 8.6 × 10−4 0.008 ± 2.8 × 10−4***, aa 0.028 ± 1.1 × 10−3ccc 0.012 ± 4.1 × 10−4•••

The results are expressed as mean ± SEM and analysed by a multifactorial analysis of variance (one-way ANOVA) followed by the Tukey's test.
The number of animals in each group is 8. Statistical difference between groups is expressed as p value and is indicated by * when C versus BD
groups were compared; by ● when CSe versus BDSe groups were compared; by a when BD versus BDSe groups were compared; and by c when C
versus CSe groups were compared

C control group, BD binge drinking group, CSe control selenium supplemented group, BDSe binge drinking selenium supplemented group
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bioavailability. This effect could be due to the use of this
element by the body to synthetize active GPx selenoprotein
to fight against acute ethanol-induced oxidative stress. This
explanation is consistent with the lower GPx activity and
higher oxidation in the serum and kidneys and with the
lower GPx-1, GPx-3, and GPx-4 expression in the kidneys
of BD animals than in control animals (Fig. 5). Moreover,
given that the activity of the rest of the antioxidant enzymes
was increased in the kidneys, Se and GPx seem to play
important, specifically antioxidant, roles after BD exposure.
This exclusive GPx alteration is not observed in other
oxidative stress-related renal conditions, such as renal
insufficiency, in which CAT [27] and SOD activity is
decreased [28] while GPx activity remained unaltered. It is
known that intermittent BD during adolescence specifically
reduces the hepatic levels of glutathione (GSH), which is
necessary for GPx to function correctly [15]. Moreover,
previous studies measuring hepatic antioxidant enzyme

activity have observed only GPx activity to be decreased
[25]. In this study, kidney GR activity in BD rats was
markedly increased, implying increased GSH generation.
GPx decreased significantly, however, pointing to kidney
Se depletion as a key factor in the dysregulation of GPx
activity and oxidative balance.

When extra Se was supplied to BD rats, serum Se levels
and kidney deposits increased. Therefore, GPx activity in
these locations completely prevented lipid and protein
oxidation in the kidneys and partially prevented lipid oxi-
dation in serum. This finding demonstrates that Se home-
ostasis is of great importance for combatting the oxidative
stress generated by BD exposure, especially in the kidneys.

Se supplementation also increased the kidney expression
of GPx-1, GPx-3, and GPx-4, with GPx-3 having the
greatest upregulation (Figs. 2 and 5). It is worth noting that
this GPx is mainly synthetized in kidney tissue and that it
acts against ROS in the kidneys [18] and in plasma [17].
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Fig. 4 Renal function
parameters: creatinine clearance
(a), albumin/creatinine ratio (b),
fractional excretion of Na+

(FENa) (c), transtubular K+

excretion (TTKG) (d), serum
aldosterone levels (e), and
aldosterone clearance (f). The
results are expressed as the
mean ± SEM and were analyzed
by multifactorial analysis of
variance (one-way ANOVA)
followed by Tukey’s test. The
number of animals in each group
was 8. Groups: C, control group;
BD, binge-drinking group; CSe,
control selenium-supplemented
group; BDSe, binge-drinking
selenium-supplemented group.
Significant differences between
groups are expressed as p values
and are indicated by the asterisk
for comparisons between the C
and BD groups, by the
superscript ‘a’ for comparisons
between the BD and BDSe
groups, by the superscript ‘c’ for
comparisons between the C and
CSe groups, and by the
superscripted solid circle for
comparisons between the CSe
and BDSe groups
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The increased expression of this selenoprotein is essential to
prevent biomolecule oxidation in the above tissues. As
expected, Se supplementation increased the activity of the
GPxs, which had decreased in the kidneys and serum after
exposure to BD. The increased GPx activity found in the
kidneys of Se-supplemented BD rats could also be due in
part to the increase in GPx1 expression.

With regard to GPx4 expression, it is important to
remember that this is the only selenoprotein associated with
the protection of biomembranes and therefore, mitochondria
[29], from oxidative insults. It has been shown in studies
with transgenic mice that GPx4 inhibits oxidative-stress-
induced cyt. c release from mitochondria and the induction
of apoptosis [30]. Moreover, there seems to be a relation-
ship between GPx4 and NF-κB in different cell cultures
[31–33]. NF-κB plays a crucial role in the decision between
life and death in cells. NF-κB activation exerts an anti-
apoptotic effect by which it protects cells from apoptosis
during tissue injury. When NF-κB activation decreases,
however, apoptosis is activated [31]. In the liver of ado-
lescent rats, it has been observed that intermittent BD
exposure downregulates GPx4 and NF-κB expression and
upregulates caspase-3 expression and apoptosis [16].

Similar to the case in the liver, in this study, both GPx4
and NF-κB expression was decreased and caspase-3

expression was increased in adolescent BD rat kidneys
(Figs. 2 and 5). Only a few studies have analyzed inflam-
matory and apoptotic effects in the kidneys after ethanol
exposure. Lu et al. [34] found that acute ethanol exposure in
in vitro podocyte cultures only generated oxidative stress in
these renal cells if the increase in H2O2 was very high because
podocytes have a very efficient antioxidant system against this
particular ROS. The authors found that in these cells, ethanol-
induced apoptosis via Ca2+ influx through the transient
receptor potential canonical channel 6, which affected mito-
chondria and the intrinsic apoptotic pathway via caspase-9
[35]. Ethanol, however, induces oxidative kidney injury
mainly in tubular epithelial cells [36]. Latchoumycandane
et al. [37] also found that chronic ethanol intake in rats mainly
increases apoptosis in tubular epithelial cells, especially in the
distal tubular wall, through a mechanism related to oxidative
stress and caspase-3 activity. This effect probably occurs by
the intrinsic apoptosis pathway, which is related to the release
of cyt.c into the cytosol by mitochondrial oxidation. Latch-
oumycandane et al. [36] also found a decrease in GFR after
ethanol exposure and explained that this reduction mainly
compromised renal filtration rate through neutrophilic
inflammation caused by ethanol, since neutrophil infiltration
and activation lead to myeloperoxidase-dependent oxidation
and damage to kidney function more than to direct oxidative

Fig. 5 Schema of the events that occur in the kidney antioxidant defense system in response to binge drinking and Se supplementation
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effects on podocytes [37]. Until now, however, little has been
known about BD exposure, kidney inflammation, or NF-κB
expression.

Se supplementation to BD rats increased the kidney
expression of NF-κB p65 to values similar to control values,
probably leading to an apoptotic balance. These results
coincide with elevated GPx4 expression that could reduce
oxidative stress in kidney mitochondria, favoring mito-
chondrial survival and decreasing the levels of cyt. c
released from mitochondria into the cytosol, therefore pre-
venting apoptosis. Similar results were found in liver tissues
of BD-exposed Se-supplemented rats [16].

The observed changes in oxidative balance and GPx, NF-
κB p65, and cleaved caspase-3 expression after BD could be
related to kidney functional alterations. BD reduced GFR, as
demonstrated by reduced creatinine clearance and urinary
flow; this reduction in GFR indicates a water reabsorption
process. Moreover, BD exposure caused hypernatremia,
hypokalemia and hyperaldosteronemia together with high
renal Na+ reabsorption, high urinary K+ secretion, and even a
reduction in urinary Aldo excretion associated with a reduc-
tion in relative Aldo clearance (Figs. 4 and 5). It has been
demonstrated that the neural circuits involved in the control of
both ethanol and Na+ consumption behaviors share common
pathways and neurochemical systems [38] and that high
systemic ROS production caused by BD exposure stimulates
the SNS, HHA, and RAAS, contributing to increases in the
levels of the antinatriuretic hormone Aldo [2]. For all of these
reasons, in this study, BD consumption during adolescence (at
which time the RAAS is especially active [39]) led to an
important osmotic and ionic disturbance that, together with
systemic oxidative stress, caused an increase in SBP. There-
fore, it is clear that the kidneys play an important role in the
genesis of HTN in BD animals.

By increasing GPx expression and activity mainly in the
kidneys, the antioxidant Se improved inflammatory status
and alleviated apoptosis in BD animal kidneys, improving
some of their functions—mainly those related to electrolyte
balance, since Se partially decreased Na+ and serum Aldo
levels by partially increasing renal function, thus improving
FENa and TTKG, and increasing Aldo clearance. It is
known that lipid oxidation leads to changes in membrane
composition, interfering with carrier functions such as Na+/
K+-ATPase activity and increasing Na+ reabsorption and
K+ excretion [8], especially in renal papillary collecting
duct cells [40]. Moreover, Rodrigo and Rivera [10] suggest
that ethanol treatment enhances the upregulation of Na+K+-
ATPase activity both by lipid oxidation and by Aldo. In this
study, Se supplementation reduced lipid renal oxidation and
serum Aldo levels, improving electrolyte balance. Se
reduced serum Aldo levels by increasing its renal excretion.
Although this mechanism is not understood, supplementa-
tion of chronic ethanol-exposed rats with other antioxidants,

such as folic acid, has previously been observed to produce
the same effect [41]. Since Se partially reduces systemic
oxidative stress produced by BD exposure, Se could
decrease the stimulation of the SNS and RAAS and there-
fore decrease serum Aldo levels, contributing to improving
electrolyte balance and SBP. Moreover, the lack of renal
Aldo clearance could have a hepatic origin, since Aldo must
be metabolized in the liver in order to be soluble for
excretion in urine. Aldo hepatic metabolism first requires
cytochrome P450 and then GSH. Both of these compounds
are consumed in great quantities through hepatic oxidative
metabolism [42]. Se improves hepatic oxidative balance and
AST levels after BD exposure [16], contributing to
improving hepatic Aldo metabolism and therefore improv-
ing renal Aldo clearance. However, functions related to
water reabsorption and filtration processes were not
improved by Se supplementation. This could be because the
oxidative stress generated by BD exposure seems mainly to
affect distal tubular epithelial cells and not glomerular
podocytes and because the reduction in GFR is mainly
related to inflammatory processes [37].

In summary, BD exposure triggers kidney osmotic and
ionic imbalances, which contribute to increasing SBP.
These disturbances could be related in part to Se and sele-
noprotein GPxs, which contribute to reducing systemic
oxidative stress and oxidative, inflammatory and apoptotic
alterations in the kidneys. Se supplementation is indicated
as a good strategy for preventing total lipid and protein
oxidation in the kidneys via GPx activity, for increasing
hepatic expression of NF-κB (a factor intimately related to
apoptosis and immune function) and for decreasing caspase-
3 activation, which improves ionic disturbances. In turn,
these effects improve serum Aldo levels and SBP. How-
ever, Se supplementation does not improve the low GFR or
low urinary flow caused by BD exposure, probably because
glomeruli are affected less by oxidative stress than by
neutrophilic infiltration.
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