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Abstract
The aim of this studywas to evaluate the protective effects of SeY (selenium-rich yeast) against Al (aluminum)-induced inflammation
and ionic imbalances. Male Kunming mice were treated with Al (10 mg/kg) and/or SeY (0.1 mg/kg) by oral gavage for 28 days. The
degree of inflammation was assessed by mRNA expression of inflammatory biomarkers. Ionic disorders were assessed by determin-
ing the Na+, K+, and Ca2+ content, as well as the alteration in ATP-modifying enzymes (ATPases), including Na+K+-ATPase, Ca2+-
ATPase, Mg2+-ATPase, Ca2+Mg2+-ATPase, and the mRNA levels of ATPase’s subunits in kidney. It was observed here that SeY
exhibited a significant protective effect on the kidney against theAl-induced upregulation of pro-inflammatory and downregulation of
anti-inflammatory cytokines. Furthermore, a significant effect of Al on the Na+, K+, Ca2+, and Mg2+ levels in kidney was observed,
and Al was observed to decrease the activities of Na+K+-ATPase, Mg2+-ATPase, and Ca2+Mg2+-ATPase. The mRNA expression of
the Na+K+-ATPase subunits and Ca2+-ATPase subunits was regulated significantly by Al. Notably, SeY modulated the Al-induced
alterations of ion concentrations, ATPase activity, and mRNA expression of their subunits. These results suggest that SeY prevents
renal toxicity caused by Al via regulation of inflammatory responses, ATPase activities, and transcription of their subunits.

Keywords Aluminum . Selenium-rich yeast . Inflammation . Ionic homeostasis . Mouse kidney

Introduction

Aluminum (Al) is the third most abundant element and is
known to have negative effects that exceed the beneficial ef-
fects. In trace amounts, Al presents a toxic risk potential [1].
Al enters into the human body through drinking water, food,
the use of utensils, deodorants, and as components of drugs
[2]. Aluminum has gained substantial interest due to its in-
creased bioavailability and negative effects on human health
[3]. The toxic consequences of Al exposure have been linked

to the dysregulation of other essential metals and ions as well
as through the deposition of insoluble Al precipitates in vul-
nerable tissues [4]. The toxic effects of Al to mammals (both
human and experimental animals) have been widely reported,
including increased lipid peroxidation (LPO), oxidative stress,
defective calcium homeostasis, and altered inflammatory re-
sponses [5, 6]. Although our understanding of the mecha-
nisms toxicological responses in critical organs to Al has im-
proved vastly, the mechanisms have not been completely elu-
cidated. The impacts of Al on the kidneys, particularly with
respect to disturbances in ionic homeostasis, are less clear.

Ionic pumps are essential for the maintenance of normal
cellular functioning. Proper ion concentrations are required for
transmembrane ionic balance, membrane potential, pH bal-
ance, and the maintenance of the volume of the cell to ensure
proper functioning of systems throughout the entire body.
ATPases are a group of membrane-bound enzymes responsi-
ble for the transport of cations across cellular membranes, the
maintenance of intracellular functions, and are widely used as
markers for ion regulatory changes [7, 8].

Aluminum toxicity has been attributed to its ability to alter
the cellular concentrations of some ions, and the balance of
others. It has been reported that Al inhibits the release of Ca2+
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from the sarcoplasmic reticulum in myocytes [9]. It has been
reported that increasing the concentration of Al resulted in
decreased Ca2+Mg2+ ATPase activities in frog muscle [10].
Furthermore, the activity of Na+K+-ATPase has been demon-
strated to be regulated by Al in Atlantic salmon [11]. Proper
ionic balance plays a critical role in kidney function, and the
renal toxicity of Al has been clearly established [12]. Previous
studies have also demonstrated that in an inflammatory envi-
ronment, Na+ and Ca2+ concentrations were abnormal [8].
However, the relationship between kidney ionic disorders
and Al-induced renal toxicity remains unclear.

There are a number of potential mechanisms through which
selenium (Se) supplementation of feed may protect against
oxidative stress and inflammation, acting as the first line of
defense against oxidant [13–16]. Se was responsive to stress,
involved in cell immunity, a specific target for heavy metal
[17–19]. Furthermore, Se is likely effective in limiting mor-
bidity from chronic diseases, including common forms of re-
nal disease [20, 21]. These effects are not only dependent
upon the amount of Se, but the speciation of Se as well [22].
Selenium-enriched yeast (SeY) is a potential source of high-
quality organic Se for animals. Of the total Se found in SeY
products, 97–99% are organic Se. Studies have indicated that
the bioavailability of the Se contained in SeY is approximately
1.4–2-fold higher than that of inorganic forms of Se [22].
Experimental poultry models suggest that Se plays an impor-
tant role in the modulation of tissue damage resulting from
inflammation and can also regulate the activity of Na+K+ and
Ca2+Mg2+-ATPases [23, 24]. However, little is known about
the protective effects of SeY on renal function through the
maintenance of ionic equilibria or the reduction in inflamma-
tion during exposure to Al resulting in renal toxicity.

Therefore, the aims of the study were to determine the
protective efficacy of SeY on Al-induced renal inflammation
and to assess whether ion-transporting ATPases were involved
in these effects.

Materials and Methods

Compliance with Ethical Standards

All animal studies reported here were approved by the
Institutional Animal Care and Use Committee of the Foshan
University.

Animals and Experimental Design

A total of 40 four-week-old male Kunming mice (18–23 g)
were allowed a 7-day period for acclimation to their housing
prior to initiation of the study. The animals were housed at
constant temperature of 22 ± 2 °C, with a relative humidity of
50 ± 15%, and a 12-h light/dark cycle. Beginning at day 0,

body weights were measured daily, and the consumption of
drinking water and feed (provided ad libitum) were measured
daily. Mice were individually housed in polycarbonate cages.
SeY and Al were purchased from Angel Yeast Co., Ltd. and
Aladdin Chemical Co., Ltd. Prior to initiation of the experi-
ment, baseline levels of Se and Al were measured. The results
showed the contents of Se and Al were 0.102 and 0 mg/kg,
respectively. Previously, the study used 10 mg/kg/day as toxic
dosages [25]. Therefore, to study the effect of Al on mice, we
treated animals by administering Al at a dose of 10mg/kg/day.
The dosage of SeY is also from reference [26].

Mice were divided into four groups as follows:

Group 1: (C) autoclaved water twice daily
for 28 days (n = 8).
Group 2: (SeY) autoclaved water
with 0.1 mg/kg SeY for 28 days (n = 10).
Group 3: (Al) autoclaved water
with 10 mg/kg of Al for 28 days (n = 10).
Group 4: (SeY + Al) autoclaved
water with 10 mg/kg of Al and
0.1 mg/kg SeY for 28 days (n = 12).

The mice were monitored daily for clinical signs and total
body weight gain. At the end of the experiment, mice were
fasted before the day of sacrifice, and the kidneys were care-
fully dissected out, hold in − 80 °C after weighing.

Renal Ionic Concentration

On necropsy day, the kidneys were excised on an ice-cold
plate and were then immediately washed in physiological sa-
line solution. Concentrations of Na+, K+, Ca2+, and Mg2+ in
tissues were measured with detection kits.

Renal ATPase Activity Assays

The activities of the Na+K+-ATPase, Ca2+-ATPase, Mg2+-
ATPase, and Ca2+Mg2+-ATPase were measured using the ap-
propriate assay kits according to the manufacturer’s instruc-
tions. The activities of the Na+K+-ATPase, the Ca2+-ATPase,
and the Mg2+-ATPase were measured by quantifying the in-
organic phosphorus (Pi) production from the conversion of
ATP into ADP. We then expressed enzymatic activity as units
per milligram of protein.

qRT-PCR Analysis

Total RNA was extracted from vein tissues and cell samples,
and the complementary DNA was synthesized using a
RevertAid first strand cDNA synthesis kit. Gene expression
levels were measured by qRT-PCR using a Light Cycler®
480 System and the Fast Universal SYBR Green Master Mix.

468 Cao et al.



Primer Analysis Software was used to design target-specific
oligonucleotide primers. The primers were commercially syn-
thesized by the Beijing Genomics Institute Co., Ltd., China.
Primers used in the experiments are shown in Tab. S1. The
relative abundances of mRNA for each gene were calculated
using the 2−ΔΔCt method, accounting for gene-specific efficien-
cy, and was normalized to the mean expression of GAPDH.

Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software Inc., USA),
Microsoft Office Excel 2010, and SPSS 20 were used to test
the effects of the dietary SeY and Al levels on measures.
Multiple mean comparisons were performed using one-way
ANOVA. Data are presented as the means ± S.D. and values
were considered statistically significant if P < 0.05.

Results

Effect of SeY and/or Al on the Body and Kidney
Weights

The body and kidney weights of the Al-treated animals were
reduced but were observed to have increased in the SeY-
treated group, compared to the C group (P < 0.05).Whenmice
were treated with SeY +Al, the body and kidneyweights were
observed to be similar to those of control animals (Table 1).

Effect of SeY and/or Al on the mRNA Expression
of Mediators of Inflammation

To determine whether Al and/or SeY affect the inflammation
processes, mRNA expression of ten mediators of inflamma-
tion was assessed. As presented in Fig. 1, the relative abun-
dances of the mRNA of inflammation mediators (IL-1β, IL-6,
TNF-α, TNF-R1, TNF-R2, COX-2, NF-κB, HO-1, and Nrf2)
were significantly increased (P < 0.05) in the Al group com-
pared to the C group. Expression of Keap1 decreased 18.6%
(P < 0.05) in the Al group compared to the C group.
Interestingly, dietary supplementation with SeY alone did
not result in a measurable effect. In contrast, in animals receiv-
ing both SeY + Al, the addition of SeY resulted in marked

improvements to the inflammatory responses caused by Al,
restoring the mRNA expression of the mediators of inflamma-
tion to normal levels.

Effect of SeY and/or Al on Na+, K+ Concentrations,
Na+K+-ATPase Activity, and mRNA Expression
of ATPase Subunits

As presented in Fig. 2, the concentration of Na+ was signifi-
cantly increased in the Al group, which was restored to normal
levels in the SeY + Al group. Similarly, K+ concentrations
decreased in the Al group and were restored to normal levels
in animals receiving both SeY + Al (P < 0.05). The concen-
trations of Na+ and K+ were not significantly altered in ani-
mals receiving Se alone. The activity of Na+K+-ATPase was
significantly increased in both the Al and SeY + Al groups
(P < 0.05). The mRNA levels of Na+K+-ATPase subunits (1a1
and 1b1) were significantly increased in the Al group com-
pared with the C group. However, in the SeY + Al group, a
moderation in the activity was observed, albeit at a higher
level than in the C group (P < 0.05). These results indicate
that the transcription of Na+K+-ATPase subunits may be reg-
ulated by the SeY pretreatment, thus attenuating the Al-
induced effects on Na+K+-ATPase.

Effect of SeY and/or Al on Ca2+ Concentrations,
Ca2+-ATPase Activity, and mRNA Expression
of ATPase’s Subunits

As presented in Fig. 3, the concentrations of Ca2+ ions were
significantly increased in the Al group. Pretreatment with SeY
was able to return the Ca2+levels to within normal ranges,
compared with the C group. In the present study, alterations
in the activity of renal Ca2+-ATPase following SeY and/or Al
exposure were observed. A statistically significant decrease in
the activity of Ca2+-ATPase was observed after animals were
fed a diet supplemented with Al (P < 0.05).

The expression of Ca2+-ATPase subunits (2a3, 2b1, and
2b2) mRNA was significantly reduced in Al-exposed mice,
and the transcriptions of 2c1 were significantly increased in
the Al group (P < 0.05). When the mice were provided a diet
supplemented with SeY, the expression of Ca2+-ATPase (2a3,
2b1, 2b2, and 2c1) subunit mRNAs remained at basal levels.

Effect of SeY and/or Al on Mg 2+ Ion Concentrations
and the Activity of Mg2+-ATPase
and Ca2+Mg2+-ATPase

As presented in Fig. 4, the concentrations of Mg2+ ions,
Mg2+ATPase, and Ca2+Mg2+ATPase activities were signifi-
cantly decreased in the Al group, whereas the same parameters
were maintained at normal levels in the SeY + Al group.
These results suggest that the addition of dietary SeY is able

Table 1 Summary weights of renal in mice

Group Body weight (g) Renal weight (mg) Relative weight (mg/g)

C 37.333 ± 1.155 344.5 ± 28.6 9.219 ± 0.781

Se 41.026 ± 2.265 406.5 ± 41.7 9.915 ± 1.017

Al 36.852 ± 1.588 346.2 ± 33.3 8.836 ± 0.169

Se + Al 38.333 ± 2.599 342.2 ± 32.6 8.927 ± 0.656
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to maintain the activities of Ca2+Mg2+-ATPase and Mg2+-
ATPase which could be altered by the toxic effects of Al.

Discussion

In the present study, exposure to Al disturbed the mRNA
expression of mediators of inflammation, including IL-1β,
IL-6, TNF-α, TNF-R1, TNF-R2, COX-2, NF-κB, HO-1,
Keap1, and Nrf2. In addition, Al exposure also interfered
with the activities of Na+, K+, Ca2+, and Mg2+ATPase;
altered the concentrations of Na+, K+, Ca2+, and Mg2+;
and altered the expression of mRNA ion-ATPase subunits.
Dietary supplementation with SeY returned all these bio-
chemical parameters to baseline levels after exposure to
Al. These results indicated that Al exposure results in
renal dysfunction, promotes inflammation, and alters ion
metabolism. In contrast, dietary supplementation with
SeY relieved these pathologies. However, the mechanism

through which SeY affords the chemopreventive character-
istics against Al exposure remains elusive.

The kidneys are responsible for the elimination of drugs
and metabolites from the bloodstream. It has been demonstrat-
ed that organ toxicity induced by chemical agents is one con-
sequence of the accumulation of certain metabolites in the
kidneys. It has been reported that the renal damage caused
by Al occurs through mechanisms such as oxidative stress
and ATPase metabolism dysregulation [27, 28]. Studies in
human Jurkat and lung carcinoma cells have shown that Se
supplementation of macrophages decreases the expression of
COX-2 via the inactivation of NF-κB. Furthermore, previous
studies have also demonstrated the anti-inflammatory effects
of Se [29, 30]. In the present study, the changes in biochemical
indicators including markers of inflammation, ion concentra-
tions, ATPase activities, and the mRNA expression of ATPase
subunits were observed in Al-exposed and SeY-treated mice.

According to previous studies, Al can induce inflammatory
responses in multiple tissues and cell lines [6, 31, 32].
Additionally, accumulation of Al was detected in kidneys

Fig. 2 Effects of SeY and Al on
the Na+ content, K+ content,
Na+K+-ATPase activity, and
mRNA expression of Na+K+-
ATPase’s subunits in kidney.
Values were expressed as mean ±
S.D. Symbol for the significance
of differences between the treated
groups and C group: *P < 0.05

Fig. 1 mRNA levels of
inflammation cytokines (IL-1α,
IL-6, TNF-a, TNF-R1, TNF-R2,
COX-2, NF-kB, HO-1, Keap1,
and Nrf2) in the different treated
groups. The data were expressed
as the means
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[33], suggesting that the organ is likely involved in the me-
tabolism of Al. In the present study, our results demonstrated a
pronounced inflammatory response in mice exposed to Al.
The inflammation observed in Al-exposed mice was mitigated
when the mice diets were concurrently supplemented with
SeY. It has been reported that exposure to Al causes an inflam-
matory reaction by regulating inflammatory factors [34]. In
this study, the data showed that Al caused the dysregulation
of pro-inflammatory (TNF-α, IL-6, COX-2, and IL-1β) me-
diators. Moreover, we demonstrated that SeY had a protective
role against Al-induced inflammation in mouse kidneys.
These observations recorded here were similar to the previ-
ously published research [34, 35]. Therefore, it can be

hypothesized that Al-induced kidney injury occurs though
the activation of pro-inflammatory pathways.

Proper ionic balance is crucial for a number of physio-
logical processes and is vital to ensure correct functioning of
the entire body, especially the kidney. Therefore, the kidneys
have been identified as target organs for Al-induced ionic
disorders. Functioning of Na+-K+-ATPase, Mg2+-ATPase,
and Ca2+-ATPase has been determined to be powerful
markers of cellular impairment during toxic exposure [36].
In the kidneys, ATPases are widely distributed, but predom-
inantly located in the basement membrane of renal tubular
epithelial cells, and aid in the transport of sodium, potassi-
um, calcium, amino acids, and other substances. ATPase is

Fig. 3 Effects of SeY and Al on
the Ca2+ content, Ca2+-ATPase
activity, and mRNA expression of
Ca2+-ATPase’s subunits in
kidney. Values were expressed as
mean ± S.D. Symbol for the
significance of differences
between the treated groups and C
group: *P < 0.05

Fig. 4 Effects of SeY and Al on
the Mg2+ content, Mg2+-ATPase
activity, and Ca2+Mg2+-ATPase
activity. Values were expressed as
mean ± S.D. Symbol for the
significance of differences
between the treated groups and C
group: *P < 0.05
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the main source of renal tubular reabsorption and material
exchange, but also to maintain the stability of the internal
environment. In a previous report by Seven et al., the au-
thors demonstrated that Na+K+-ATPase activity was de-
creased in guinea pig kidneys when exposed to LPS [37].
In another study, vitamin E treatment prevented the diabetes-
induced increase in Ca2+-ATPase activity [38]. In the present
study, significant ionic imbalances were observed in the kid-
neys of mice. The activities of the Na+-K+-ATPase, Mg2+-
ATPase, and Ca2+-ATPase were significantly decreased fol-
lowing exposure to Al. Furthermore, the concentrations of
Na+, K+, Ca2+, and Mg2+ were also altered following Al
exposure. The decrease of Na+K+-ATPase activity resulted
in an increase of Na+ levels, which served to further raise
the exchange of Na+ and Ca2+. This in turn resulted in
increased intracellular Ca2+ levels. As a result, this imbal-
ance causes tan overload of Ca2+, leaving Ca2+ATPase un-
able to keep up with the cellular Ca2+ transport needs, caus-
ing the perceived decrease of Ca2+-ATPase activity.
Conversely, the decreased Ca2+-ATPase activity results in
the accumulation of Ca2+. As activator of Na+K+-ATPase,
the decrease of Mg2+ similarly corresponded with the mea-
sured decrease of Na+K+-ATPase. This resultant cellular
electrophysiological deficiency induces ion imbalance, lead-
ing to cellular dysfunction and tissue damage. With the treat-
ment of SeY, the activities of ATPases appeared, to varying
degrees, to return to normal. This observation suggests that
SeY can protect cells from the imbalance of ATPase metab-
olism caused by Al exposure. Moreover, mRNA expression
of ion-ATPase subunits (1a1, 1b1, 2a3, 2b1, 2b2, and 2c1)
significantly changed following Al exposure. These data
suggest that Al-mediated renal toxicity in mice occurred
through the imbalance of ATPase activities and subunit tran-
scription, as well as through imbalance in ion levels.
Interestingly, the ATPase activities, ion contents, and ion
subunits returned to normal following SeY treatment, which
implies the protective efficacy of SeY. In a recently pub-
lished report by Silva et al., the authors demonstrated that
the reduction of Na+K+-ATPase activity is correlated with
increasing dosage of Al [39]. In another study, it was report-
ed that the activities of Na+K+-ATPase, Mg2+-ATPase, and
Ca2+-ATPase all decreased in rats exposed to AlCl3 [40].
Our results reported here are consistent with previously pub-
lished research, suggesting that dietary intake of SeY may
have protective effects against renal toxicity caused by Al.

In conclusion, the present study suggests that Al causes a
renal inflammatory reaction, regulating the activities of
ATPase and the transcription of their subunits. We also dem-
onstrated that SeY protects kidneys against Al-induced tissue
toxicity. This study provides novel insights into the inflamma-
tory responses and ionic imbalances caused by Al exposure,
and a potential protective role for dietary supplementation
with SeY.
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