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Abstract
Fluoride is widely distributed in nature, and at high concentrations, it targets the kidney and especially proximal tubule epithelial
cells. Selenium is a typical trace element beneficial to humans, and the role of selenium in the prevention and treatment of
fluoride-induced organ damage is an important research topic. The purpose of this study was to investigate the possible protective
effects of selenium against fluoride-induced oxidative stress and apoptosis in rat renal tubular epithelial cells. We showed that the
activity of antioxidant enzymes (superoxide dismutase and glutathione peroxidase) and total antioxidant capacity were signifi-
cantly reduced in NaF-treated normal rat kidney cells (NRK-52E), whereas the levels of nitrogen monoxide (NO) and
malondialdehyde (MDA) were significantly increased. Moreover, the number of apoptotic cells, mRNA expression of Bax,
Bad, caspase-3, caspase-8, and caspase-9, and protein expression of Bax were elevated, while mitochondrial membrane potential
and the protein expression of Bcl-2 were reduced. Compared with the NaF group, pretreatment with selenium enhanced the
activity of antioxidant enzymes, mitochondrial membrane potential, and protein expression of Bcl-2, while the levels of NO and
MDA, number of apoptotic cells, mRNA expression of Bax, Bad, caspase-3, caspase-8, and caspase-9, and protein expression of
Bax were decreased. In conclusion, selenium exerted remarkable protective effect against NaF-induced oxidative stress and
apoptosis and altered the expression of Bcl-2/caspase family.
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Introduction

Fluoride is a naturally occurring compound that is widely used
in various applications including pharmaceutical preparations,
agricultural agents, pesticides, and surfactants [1]. According
to the World Health Organization guidelines, the

recommended concentration of fluoride in drinking water is
1.0 mg/L with an upper limit of 1.5 mg/L [2]. Especially high
fluoride concentrations in nature have been found in India,
Mexico, Turkey, North Africa, and China (Yunnan and
Guizhou provinces) [3]. Approximately 50–80% of the fluo-
ride absorbed by the body is excreted through urine, primarily
by glomerular filtration [4]. As a result, the kidney and espe-
cially proximal tubule epithelial cells are important targets for
fluorine accumulation, drainage, and toxic effect [5]. Previous
studies have demonstrated that fluoride induces oxidative
stress by promoting aerobic metabolism and altering cellular
free radicals while reducing the activity of antioxidant en-
zymes in the kidney [6–8]. Additionally, the ability of fluoride
to initiate apoptosis in the kidney has been documented [9]. In
an effort to prevent and treat fluoride nephrotoxicity, the ef-
fects of some antioxidant and anti-apoptosis compounds are
currently being investigated.

Selenium is a typical trace element beneficial to human and
animal health that participates in the protection against chronic
kidney diseases [10]. The role of selenium in the prevention
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and treatment of certain diseases has drawn significant atten-
tion. Many reports have demonstrated the antagonistic effect
of selenium against fluorosis, and the protective effect of so-
dium selenite has been confirmed in fluorosis-induced rats
[11–14]. Therefore, the role of selenium in the prevention
and treatment of fluorosis is an important research topic.
Interestingly, recent research has shown that selenium is an
essential component of glutathione peroxidase (GSH-px).
Meanwhile, many studies have shown the antagonism of se-
lenium against excessive oxidative stress and apoptosis [15,
16]. In this context, we investigated the protective effect of
selenium against fluoride-induced oxidative stress and
apoptosis.

We hypothesized that selenium exerts protective effects
against sodium fluoride–induced toxicity in rat renal tubular
epithelial cells. To verify this hypothesis, we established a cell
model in which renal tubular epithelial cells were subjected to
fluoride and selenium treatment. We evaluated the levels of
superoxide dismutase (SOD), GSH-px, total antioxidant ca-
pac i ty (T-AOC), n i t rogen monoxide (NO) , and
malondialdehyde (MDA), mitochondrial membrane potential
(ΔΨm), degree of apoptosis, and expression of apoptosis-
related proteins in the Bcl-2 and caspase family. The purpose
of the present study was to investigate the possible protective
effects of selenium against fluoride-induced oxidative stress
and apoptosis in rat renal cells.

Materials and Methods

Chemicals and Reagents

NaF was obtained from the Tianjin Reagent Company
(Tianjin, China). Na2SeO3 was purchased from the Tianjin
Chemical Reagent Factory (Tianjin, China). Fetal calf serum
was obtained from Hangzhou Sijiqing Biological Engineering
Material Company (Hangzhou, China). Assay kits for SOD,
MDA, NO, GSH-px, and T-AOC were purchased from
Nanjing Jiancheng Biological Engineering Institute
(Nanjing, China).The tetraethylbenzimidazolyl carbocyanine
iodide (JC-1) assay kit was purchased fromBeyotime Institute
of Biotechnology (Cangzhou, China). The Annexin V-FITC
apoptosis detection kit was purchased from Key GEN Bio
TECH (Nanjing, China). Prime Script RT Master Mix and
SYBR Primix Ex Taq were purchased from Taraka (Japan).
All other chemicals and reagents were of analytical grade.

Cell Culture

The NRK-52E cells were purchased from the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China) and maintained in high-glucose Dulbecco’s modified
Eagle medium containing 10% fetal calf serum, 100 IU/mL

penicillin, and 100 g/mL streptomycin in an incubator con-
taining 5% CO2 at 37 °C. Medium was changed every 2 days,
and cells in the logarithmic growth phase were used through-
out the study. When the cells had grown to 70–80% conflu-
ence, they were exposed to NaF and Na2SeO3 at different
concentrations (Table 1) and incubated for 48 h in medium
containing 5% fetal calf serum.

Cell Proliferation Assay

We evaluated the proliferation of NRK-52E cells using the
colorimetric 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay. Cells were seeded in 96-well
culture plates and incubated for 24 h. After the cells had ad-
hered, they were cultured separately with different concentra-
tions of NaF (0, 2.5, 5, 10, 20, and 40 mg/L) and
Na2SeO3 (0, 8.5, 17.1, 34.2, 68.4, and 136.8 μg/L) for
0, 24, 48, 72, and 96 h, and six replicates were set up
for each concentration. Subsequently, 10 μL of MTT
solution was added, and the cells were further incubated
for 4 h. Then, 100 μL of formazan lysate was added to
each well and the absorbance was measured at 570 nm.
Based on the absorbance value, the optimal concentra-
tion of the affected cells was screened.

Detection of Intracellular Oxidative Stress

We detected the oxidative stress index by determining the
levels of SOD, MDA, NO, and GSH-pX and the T-AOC
according to the instructions of the assay kits.

Detection of ΔΨm

Cells were cultured for 48 h according to Table 1. After treat-
ment, the cells were trypsinized, collected by centrifugation,
and suspended in complete Dulbecco’s modified Eagle medi-
um at 1–6 × 105 cells/mL. Then, 500 μL of JC-1 was added to
the medium, and the cells were incubated for 20 min in 5%

Table 1 Experimental groups

Groups NaF (mg/L) Na2SeO3 (μg/L)

Control 0 0

F 5 0

20 0

Se 0 17.1

0 34.2

F+Se 5 17.1

5 34.2

20 17.1

20 34.2
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CO2 at 37 °C. The cells were then washed twice with JC-1
stain buffer solution (1×) after centrifugation at 600 rpm at
4 °C for 3–4 min. The cells were resuspended in 250 μL of
JC-1 stain buffer solution (1×), and the ΔΨm was measured
by flow cytometry (Becton Dickinson).

Apoptosis Assay

Cells were cultured for 48 h according to Table 1. After treat-
ment, the cells were trypsinized, washed twice with
phosphate-buffered saline (pH = 7.4), and resuspended in
500 μL of binding buffer at 1–5 × 105 cells/mL. To each sam-
ple, 5 mL of Annexin V-fluorescein isothiocyanate (FITC)
and 5 mL of propidium iodide (PI) solution were added, and
the cells were incubated for 10 min in the dark. Quantitative
analysis of cell apoptosis was performed using flow cytometry
(Becton Dickinson). FITC and PI give off green and red fluo-
rescence, respectively.

Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)

Total RNAwas extracted from rat renal tubular epithelial cells
with TRIzol, and the purity of the RNAwas determined using
a microplate reader (Bio-Rad, USA). The mRNA expression
of Bcl-2, Bad, Bax, caspase-3, caspase-8, and caspase-9 was
detected with Prime Script RT Master Mix and SYBR Primix
Ex Taq (Takara, Japan). β-actin was used as a reference. qRT-
PCR (ABI, USA) was performed with a total volume of
20 μL, and the specific amounts of reagents are shown in
Table 2. The specific primer sequences for Bcl-2, Bad, Bax,
caspase-3, caspase-8, caspase-9, and β-actin were designed
(Table 3). The reaction conditions were as follows: 95 °C
for 30 s (preheating); 40 cycles of 95 °C for 5 s
(denaturation); 60 °C for 31 s (annealing). The dissociation
stage was analyzed.

Western Blot

After treatment, cells were harvested, washed with three times
with phosphate-buffered saline, and lysed in 250μL of ice-cold
cell lysis buffer containing 2.5 μL phenylmethanesulfonyl

fluoride for 1–3 h. The protein content was estimated using a
bicinchoninic acid assay kit. The protein samples containing
loading buffer was separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a nitro-
cellulose membrane. After blocking with 5% non-fat dry milk
in Tris-buffered saline containing 0.1% Tween-20 and 5% bo-
vine serum albumin (TBST) for 2 h at room temperature, the
membrane was probed with primary antibodies against Bax,
Bcl-2, and β-actin overnight at 4 °C. Then, the membranes
were washed three times with TBST for 10 min and blotted
with horseradish peroxidase–conjugated secondary antibodies.
The immune bands were visualized with enhanced chemilumi-
nescence, and imaging was performed using a gel imaging
analyzer. Protein bands for Bax and Bcl-2 were analyzed using
Quantity One 4.6.6 software.

Statistical Analysis

All data were expressed as the mean ± standard deviation.
Statistical analysis was performed using SPSS software (version
19.0) with one-way analysis of variance followed by the least
significant difference post hoc test to compare means between
groups. P < 0.05 was considered statistically significant.

Table 2 Distribution system of
real-time PCR Reagent Consumption (μl) Concentration

SYBR® Premix Ex TaqII (Tli RNaseH Plus) (2×) 10 1 ×

PCR Forward Primer (10 μM) 0.8 0.4 μM*1

PCR Reverse Primer (10 μM) 0.8 0.4 μM*1

ROX Reference Dye (50×) 0.4 1 ×

RT solution (cDNA solution) 2 2

dH2O 6 –

Table 3 Primer sequences for real-time PCR

Gene Primer sequence

Bcl-2 F: 5′-GGAGGCTGGGATGCCTTTG-3′

R: 5′-CTGAGCAGCGTCTTCAGAGACA-3′

Bax F: 5′-CTCAAGGCCCTGTGCACTAAA-3′

R: 5′-CCCGGAGGAAGTCCAGTGT-3′

bad F: 5′-CGGGACAGGCAGCCAATA-3′

R: 5′-CGACTCCGGGTCTCCATAGTC-3′

Caspase-3 F: 5′AGGCCGACTTCCTGTATGCTT-3′

R: 5′TGACCCGTCCCTTGAATTTC-3′

Caspase-9 F: 5′-GAGAGACATGCAGATATGGCATACA-3′

R: 5′-CAGAAGTTCACGTTGTTGATGATG-3′

Caspase-8 F: 5′-CGAACGATCAAGCACAGAGAGA-3′

R: 5′-CTGGCGAGTCCCACATGTC-3′

β-actin F: 5′-AGCCATGTACGTAGCCATCC-3′

R: 5′-ACCCTCATAGATGGGCACAG-3′
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Results

Effect of NaF and Na2SeO3 on NRK-52E Cell
Proliferation

The proliferation results of NRK-52E cells after expo-
sure to NaF and Na2SeO3 for 0, 24, 48, 72, and 96 h
was showed in Fig. 1). Compared with the control
group, exposure to 5, 10, and 20 mg/L NaF for 24,
48, and 72 h significantly inhibited the proliferation of
NRK-52E cells. Moreover, culture with NaF at 5 mg/L
for 48 and 72 h suppressed cell proliferation compared
with that of the control group. Interestingly, 96 h of
exposure to all other concentrations of NaF except for
40 mg/L remarkably increased the proliferation of NRK-
52E cells. Compared with the control group, exposure
to 34.2 μg/L Na2SeO3 for 24 h remarkably increased
the proliferation of NRK-52E cells, and exposure to
8.5 and 136.8 μg/L Na2SeO3 for 72 h significantly inhibited
the proliferation of NRK-52E cells. Therefore, the exposure
concentrations selected for subsequent studies were 5 and
20 mg/L for NaF and 17.1 and 34.2 μg/L for Na2SeO3, with
an exposure time of 48 h.

Effect of NaF and/or Na2SeO3 on the Morphology
of NRK-52E Cells

NRK-52E cells were treated with different concentra-
tions of NaF and/or Na2SeO3 for 48 h. In the control
and Na2SeO3 group without NaF, the NRK-52E cells
grew vigorously, showing a large number of cells and
natural morphology (Figs. 1 and 2 (A1–3)). With in-
creasing NaF concentration (0, 5, and 20 mg/L), we
observed clear abnormal changes in renal tubular epithe-
lial cells. Cells treated with 5 mg/L NaF began to show
enlarged cell volume and nuclei, wider intercellular
space, and decreased cell adhesion (Fig. 2 (B1)). The
number of cells decreased significantly, most of the
cells showed cavitation, and the cell volume gradually
increased after 48 h exposure to 20 mg/L NaF (Fig. 2
(C)). Interestingly, compared with the low NaF (5 mg/
L) group, the cell morphology tended to be normal in
the Na2SeO3 intervention group (Fig. 2 (B2–3)). This
shift in NRK-52E cell morphology indicates that seleni-
um repaired the morphology of renal tubular epithelial
cells.

Effect of NaF and/or Na2SeO3 on the Level of SOD,
GSH-Px, T-AOC, NO, and MDA

To investigate whether selenium alleviates damage
caused by fluoride, we examined the levels of oxidative

stress indicators SOD, GSH-px, T-AOC, NO, and MDA
in Fig. 3. The activity of antioxidant enzymes (SOD
and GSH-px) and the T-AOC fell sharply in all groups
exposed to high fluoride concentration (20 mg/L).
Meanwhile, the content of NO, which reflects free rad-
ical levels, was significantly increased in all groups ex-
posed to high fluoride concentration (20 mg/L). In ad-
dition, exposure to 20 mg/L fluoride induced signifi-
cantly higher MDA levels compared with that in the
control group. Remarkably, compared with the 20 mg/
L NaF group, SOD activity and T-AOC increased
sharply, and the levels of NO and MDA decreased
sharply with selenium intervention. Therefore, we spec-
ulated that selenium effectively relieves fluoride-induced
toxicity and oxidative stress in NRK-52E cells.

Effect of NaF and/or Na2SeO3 on ΔΨm in NRK-52E
Cells

The ΔΨm of NRK-52E cells was analyzed by JC-1, a fluo-
rescent dye. JC-1 is capable of selectively entering mi-
tochondria, where it forms aggregates and gives off red
fluorescence when the ΔΨm is relatively high. By con-
trast, the monomeric form shows green fluorescence.
We found that the percentage of cells with green fluo-
rescence increased with NaF concentration (Fig. 4a (A1,

Fig. 1 Proliferation of NRK-52E cells exposed to NaF and Na2SeO3.
*P < 0.05 and **P < 0.01 vs. Control
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B1, and C1)). Remarkably, compared with NaF (5 and
20 mg/L), the percentage of cel ls with green

fluorescence was decreased when the cells were treated
with Na2SeO3 at 17.1 and 34.2 μg/L) (Fig. 4b).

Fig. 3 Effect of selenium on SOD, GSH-px, T-AOC, NO, and MDA in
fluoride-treated NRK-52E cells. The values represent the mean ± stan-
dard deviation (n = 6). *P < 0.05 and **P < 0.01 vs. control; #P < 0.05 vs.

the corresponding selenium intervention group. LF (low fluoride dosage
of 5 mg/L), HF (high fluoride dosage of 20 mg/L), LS (low selenium
dosage of 17.1 μg/L), HS (high selenium dosage of 34.2 μg/L)

Fig. 2 Histopathological changes
in NRK-52E cells exposed to NaF
and Na2SeO3. Magnification, ×
400. LF (low fluoride dosage of
5 mg/L), HF (high fluoride dos-
age of 20 mg/L), LS (low seleni-
um dosage of 17.1 μg/L), HS
(high selenium dosage of
34.2 μg/L)
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Fig. 4 Flow cytometry detection ofmitochondrial membrane potential by
the JC-1 assay. Cells in the R2 area represents the ratio of JC-1 conversion
from polymeric to monomeric form. The values represent the mean ±
standard deviation (n = 6). *P < 0.05 and **P < 0.01 vs. control;

#P < 0.05 and ##P < 0.01 vs. the corresponding selenium intervention
group. LF (low fluoride dosage of 5 mg/L), HF (high fluoride dosage of
20 mg/L), LS (low selenium dosage of 17.1 μg/L), HS (high selenium
dosage of 34.2 μg/L)>
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Effect of NaF and/or Na2SeO3 on NRK-52E Cell
Apoptosis

Figure 5 shows the effect of selenium intervention on chronic
fluoride-induced apoptosis of NRK-52E cells. Almost all cells
in the control group (Fig. 5a (A1)) were located in the lower
left area, whereas cells in the fluoride group (Fig. 5a (B1 and
C1)) were located in the upper right area, indicating that most
fluoride-treated cells were nonviable, apoptotic, or dying.
Compared with the control group, the proportion of apoptotic
cells was significantly elevated after fluoride treatment, but
with selenium intervention, the number of apoptotic cells
was observably reduced (Fig. 5b).

Effect of NaF and/or Na2SeO3 on mRNA Expression
of Bad, Bcl-2, Bax, Caspase-3, Caspase-8,
and Caspase-9

To gain further insight into the mechanisms of apoptosis un-
derlying the effect of NaF and Na2SeO3 on NRK-52E cells,
we assessed the mRNA expression of genes encoding Bad,
Bcl-2, Bax, caspase-3, caspase-8, and caspase-9 (Fig. 6). An
obvious increase in the expression of these apoptosis-related
genes was observed with increasing NaF concentration (0, 5,
and 20 mg/L). Compared with the 20 mg/L NaF group, the
mRNA levels of Bad, Bax, caspase-3, caspase-8, and caspase-
9 were highly decreased with Na2SeO3 intervention.

Effect of NaF and/or Na2SeO3 on Protein Levels of Bax
and Bcl-2

We evaluated the protein levels of Bax and Bcl-2 to examine
the effect of NaF and Na2SeO3 on NRK-52E cell apoptosis.
Compared with the control group, the expression of Bcl-2 was
obviously decreased in the high fluoride treatment group,
whereas Bax expression was visibly elevated in the fluoride
groups. Compared with the 20 mg/L NaF group, the protein
level of Bcl-2 was highly elevated, whereas that of Bax was
visibly decreased with Na2SeO3 intervention (Fig. 7).

Discussion

An increasing number of experimental studies have revealed
that chronically NaF-intoxicated rats experienced changes in
renal function and histology, interstitial edema, tubular de-
struction, inflammation, fibrosis, glomerular, and medullar
hyperemia [17, 18]. Notably, selenium is beneficial to human
and animal health, and some reports have indicated that sele-
nium alleviated fluoride-induced toxicity in rats [11–13].
However, knowledge on the mechanisms underlying the pro-
tective effect of selenium against sodium fluoride nephrotox-
icity is relatively limited.

Excessive fluoride intake over a long period of time may
result in fluorosis, a severe public health problem that occurs
when the daily fluoride intake exceeds 20 mg [19]. Selenium
is a necessary cofactor for numerous selenoenzymes.
However, the range between nutritional and toxic doses of
selenium is narrow [15]. When using selenium as a nutritional
supplement, its safety limits and potential toxic effects are first
considered. We thus examined the proliferation of NRK-52E
cells by MTT assay after they were treated with NaF or
Na2SeO3 at different concentrations and identified the optimal
concentrations of NaF and Na2SeO3. From the results, the
NaF concentrations used in this study were chosen to be 5
and 20 mg/L, and 17.1 and 34.2 μg/L were selected as the
effective doses of selenium. In addition, an exposure time of
48 h was used in further studies. The kidney is the primary
organ involved in the excretion and retention of fluoride.
Studies have found that this sensitive organ exhibits histopath-
ological and functional responses to excessive amounts of
fluoride [18, 20, 21]. In this study, we observed that the mor-
phology of renal tubular epithelial cells was significantly al-
tered with increasing NaF concentration, showing enlarged
cell volume and nuclei, wide intercellular space, and de-
creased cell adhesion. Interestingly, cell damage caused by
fluoride was effectively alleviated after selenium intervention.

Previous studies have demonstrated the relationship be-
tween fluoride toxicity and oxidative stress in renal tissues
[21], and the generation of free radicals is an important mech-
anism in fluoride-induced toxicity [22]. In addition, changes
in the antioxidant defense system and lipid peroxidation play
important roles in the toxic effects of fluoride [23–26]. Nitric
oxide synthase (NOS) is one of the main sources of reactive
oxygen species [21, 27]. Studies have found that most cyto-
toxic effects of fluoride are mediated by the production of NO.
Reactive oxygen species are important and cause NOS phos-
phorylation [28]. As the end product of lipid peroxidation,
MDA is commonly used as an indicator of oxidative stress
[29]. Antioxidant enzymes are an important element of anti-
oxidant defense, wherein SOD, GSH-px, and T-AOC play a
principal role in preventing free radical accumulation [30].
Increased SOD and GSH-px activity and T-AOC exert pro-
tection against oxidant impairment. In the present study, sele-
nium administration after NaF treatment attenuated oxidative
stress, which was manifested as a decrease in the levels of
MDA and NO and an increase in SOD and GSH-px activity
and T-AOC. These findings indicated that the protective ef-
fects of selenium on NRK-52E cells were partially attributed
to the free radical–scavenging activity and enhanced antioxi-
dant defense system. The data clearly demonstrated that sele-
nium significantly improved the antioxidant defense mecha-
nisms against renal fluorosis in vitro.

Apoptosis plays a key role in normal body development.
However, abnormal apoptosis is a basic feature of a wide
variety of acute and chronic diseases. Mounting evidence
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has shown that oxidative stress mediates apoptosis through
various channels, such as proteins in the Bcl-2 and caspase

family [31]. The Δψm may be regulated by the Bcl-2 family
of proteins, and the loss of Δψm is a consequence of

Fig. 5 Flow cytometry detection of apoptosis by Annexin V-FITC and PI
double staining. Annexin V-positive (early apoptotic) cells, PI-positive
(necrotic) cells, and Annexin V and PI double-positive (late apoptotic)
cells are shown in flow cytometric analysis. *P < 0.05 and **P < 0.01 vs.

control; #P < 0.05 and ##P < 0.01 vs. the corresponding selenium inter-
vention group. LF (low fluoride dosage of 5 mg/L), HF (high fluoride
dosage of 20 mg/L), LS (low selenium dosage of 17.1 μg/L), HS (high
selenium dosage of 34.2 μg/L)>
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apoptotic signaling [32–34]. Oxidative stress is closely related
to damages in cellular DNA and mitochondrial membrane,

which may cause apoptosis [35, 36]. It also results in exces-
sive reactive oxygen species formation, which leads to cellular

Fig. 6 Fold change in the mRNA expression of Bcl-2, Bax, Bad, caspase-8,
caspase-9, and caspase-3 assessed using the 2-△△Ct method. The values rep-
resent the mean ± standard deviation (n= 6). *P< 0.05 and **P< 0.01 vs.
control; #P< 0.05 and ##P< 0.01 vs. the corresponding selenium intervention

group. LF (low fluoride dosage of 5 mg/L), HF (high fluoride dosage of
20mg/L), LS (low selenium dosage of 17.1μg/L), HS (high seleniumdosage
of 34.2 μg/L)

Fig. 7 The protein expression levels of Bcl-2 and Bax were analyzed
using Western blotting. The values represent the mean ± standard devia-
tion (n = 6). *P < 0.05 and **P < 0.01 vs. control; #P < 0.05 and
##P < 0.01 vs. the corresponding selenium intervention group. LF (low

fluoride dosage of 5 mg/L), HF (high fluoride dosage of 20 mg/L), LS
(low selenium dosage of 17.1 μg/L), HS (high selenium dosage of
34.2 μg/L)
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injury and apoptosis [37]. Our flow cytometry results revealed
that the degree of NRK-52E cell apoptosis was significantly
elevated after 48 h of NaF treatment. However, selenium at
different doses inhibited fluorosis-induced NRK-52E cell apo-
ptosis. Apoptosis is closely related toΔΨm stability, and when
theΔΨm collapses, apoptosis is irreversible [36, 38]. Our stud-
ies confirmed that fluoride treatment induced the depolarization
of ΔΨm, but this was prevented by selenium administration.

Apoptosis is mainly regulated by proteins in the Bcl-2 and
caspase family [39–41]. Bcl-2 is an anti-apoptotic protein that
regulates cell apoptosis either by preventing the release of cyto-
chrome c from the mitochondria into the cytosol or by binding to
apoptosis-activating factors [42]. The balance between the anti-
apoptotic member Bcl-2 and the pro-apoptotic member Bax is
essential for normal apoptotic signaling [43, 44]. We observed
that fluoride disrupted the balance between Bcl-2 and Bax, and
the change inΔΨmwas consistent with the results of apoptosis.
Our data also indicated that at certain concentrations, selenium
reduced Bax expression, increased Bcl-2 expression, and
preventedΔΨm depolarization. The pro-apoptotic caspase fam-
ily plays a vital role in the process of apoptosis and includes the
intracellular initiator caspase-9 and the extracellular initiator
caspase-8 and effector caspase-3 [14, 19]. Caspase-9 is a medi-
ator of the intrinsic pathway, which can be activated by hypoxia
and oxidative stress. Caspase-8 is the key promoter in the death
receptor–mediated apoptotic pathway. Caspase-3 is a member of
the cysteine proteases family and is responsible for the cleavage
of key cellular proteins, which leads to typical morphological
changes in cells undergoing apoptosis [44]. Upregulation of
caspase-9 and caspase-8 promotes caspase-3 expression, eventu-
ally leading to cell apoptosis. In this study, NRK-52E cells treat-
ed with NaF showed increased expression of caspase-8, caspase-
9, and caspase-3. Conversely, the activity of caspase-9, caspase-
8, and caspase-3 was decreased after NaF-induced cells were
treated with Na2SeO3, confirming the potential protective
property of selenium. This property was confirmed by
the results of NRK-52E cell apoptosis. Our findings
suggest that the Bcl-2 protein family and caspase path-
way play a critical role in the protective effect of sele-
nium in renal cells.

In conclusion, selenium exerted remarkable protective ef-
fects against NaF-induced apoptosis and oxidative stress and
changes in the expression of mRNA and proteins in the Bcl-2/
caspase family, indicating that selenium might be effective in
renal fluorosis treatment in vitro. The precise mechanism un-
derlying the inhibitory effects of selenium on fluoride-induced
apoptosis will be investigated in future studies.
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