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Abstract
Prolonged exposure to high doses of fluoride causes chronic poisoning called fluorosis, which affects many tissues and causes
serious health problems. This study was planned to investigate the apoptotic, autophagic, and necrotic molecular pathways of
fluoride. Sodium fluoride (NaF) was administered to normal rat kidney epithelial (NRK-52E) cells. The NaF IC50 value was
determined using the MTT assay. The expression of the genes in the autophagic, apoptotic, and necrotic pathways was deter-
mined by real-time PCR. It was determined that there were significant changes in NaF-induced molecular pathways depending
on the time. There were no increases in apoptotic and necrotic pathway markers except for Atg3, an autophagy gene, at the 3rd
and the 12th hours. However, there was an induction in all cell death signaling pathways at 24 h. The molecular mechanisms
demonstrated NaF-induced cellular death in the NRK-52E cell line. It was concluded that these molecular mechanisms were
activated with NaF, and different mechanisms accelerated the cellular death at the 24th hour.
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Introduction

Fluoride (F) is an element with high electronegativity that can
be naturally found in soil, water, and various nutrients and
many products used in daily life (toothpaste, insecticides,
some chemical compounds). Fluoride toxicity, known as fluo-
rosis, occurs in humans and animals due to long-term expo-
sure to high concentrations of fluoride. In fluorosis, several
tissues, especially the teeth and the bones, are damaged.
Fluoride is mainly excreted through the kidneys. Since the
kidney is the primary organ responsible for fluoride excretion,
effects on the kidneys are expected. During the filtration of
fluoride, the kidneys are exposed to large amounts of fluoride

and participate in fluoride homeostasis with calcified tissues.
Fluoride can lead to necrosis through various cellular mecha-
nisms; however, its role has not been fully clarified [1–4].

Several studies have been carried out to clarify fluoride-
induced toxicity mechanisms. Oxidative stress–induced
DNA damage and activation of apoptotic pathways are impor-
tant mechanisms [3–6]. Apoptosis is necessary for the normal
functions and survival of multicellular organisms. Each cell
lives for a certain period of time and dies. There is a controlled
balance between cellular death and proliferation. Oxidative
stress plays an important role in the initiation of apoptosis
[7, 8]. Autophagy is a physiological mechanism that elimi-
nates damaged cellular proteins and organelles. Thus, the cel-
lular content is broken down to a recyclable state. The autoph-
agymechanism recycles intracellular molecules in the absence
of nutrients. In living organisms, local and sudden death of
tissues and organelles is called necrosis. Necrosis is character-
ized by cell damage and apoptosis plays a major role in ne-
crosis. Necrosis began to be used to describe pathological cell
death which causes inflammation [9–12].

Despite the widespread knowledge about the useful effect
of fluoride on tooth decay, it is thought that long-time fluoride
exposure may cause chronic toxicity [13, 14]. In recent years,
there have been many studies investigating the metabolic
pathways of fluoride toxication. In the previous studies of
ours, the M30, caspase 3, 8, and 9 levels in the renal epithelial
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cell line (NRK-52E) were investigated as apoptosis indicators,
and it was determined that although the utilized NaF concen-
tration increased the necrosis, it did not properly induce apo-
ptosis. However, it was concluded that other mechanisms
were more effective on the observed necrosis other than apo-
ptotic pathways [3, 4]. This study was planned to determine
the possible roles of high concentration (IC50) of NaF admin-
istration on different molecular mechanisms (apoptotic, au-
tophagic, and necrotic) in the normal rat kidney epithelial cell
line NRK-52E, as time-dependent (at 3, 12, 24 h) manner.

Material and Method

Cell Culture

In this study, the normal rat kidney epithelial (NRK-52E) cell
line was used to investigate the apoptotic, autophagic, and
necrotic effects of NaF. The NRK-52E cells were grown in
the RPMI 1640 medium supplemented with 10% FBS, 1% L-
glutamine, and 1% penicillin-streptomycin incubated at 37 °C
with 5% CO2 and saturated humidity [3].

Preparation of Solutions

The stock solutions of NaF in the study were prepared by
referring to the concentrations in our previous study [3]. It
was dissolved NaF in the complete medium.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide Cytotoxicity Test

Cell viability was measured using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to mea-
sure the cytotoxic effect of NaF at different times. MTT cell

viability tests were carried out and the IC50 concentrations of
NaF were determined at the 3rd, 12th, and 24th hours and
compared with the control group. The cells were plated in
96-well plates at 7 × 103 cells/well density in 100 μl medium
and incubated overnight for attachment to the surface of the
plate. The NRK-52E cells were treated with various concen-
trations of NaF (Table 1, Fig. 1) for 3, 12, and 24 h. The
control and the study groups were designated.

Total RNA Isolation and Quantitative Real-Time PCR

The cells were plated in 25-cm2 flasks with 106 density in
3500 μl medium and incubated overnight for attachment to
the surface of the plate. The cells were incubated for 3, 12, and
24 h. The total RNA was extracted using the TRIzol reagent
[15] for each incubation time (for 3, 12, and 24 h) and the
amount of obtained RNA was measured with the BioDrop
spectrophotometer. cDNA synthesis was performed using
the Qiagen kit (RT2 PCR master mix). The experiments were
repeated in triplicate for each gene, Bax, Bad, Bak1, Bcl2, and
caspases 3, 8, and 9 for apoptosis; Map11c3a, Map11c3b, Atg
3, Atg 5, Sqstm 1, and Becn1 for autophagy; and Ripk1 and
Ripk3 genes for necrosis.

The expressions of genes were carried out with qPCR.
Reference sequence numbers from the GenBank were obtain-
ed from Qiagen and used for all primers (genes produced for
rats) (Qiagen SABiosciences USA).

NaF was added to cells separately in the determined IC50

values and the cells were incubated for 3, 12, and 24 h to
determine the gene expression.

The quantitative relative expression of the target genes was
normalized to the GAPDH glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene and calculated using the compara-
tive ΔΔCt method. The fold change was analyzed with the
2−ΔΔCt method. The quantitative real-time PCR (qRT-PCR)
data were analyzed using the Gene Globe Data Analysis
Center (Qiagen). The raw data based on the BCt method were
normalized with the GAPDH control gene. The fold regula-
tion represented the fold change results in a biologicallymean-
ingful way. The fold change values greater than one indicated
a positive or an upregulation, and the fold regulation was
equal to the fold change.

Statistical Analysis

The fold change values were accepted as ≤ 2 upregulation
and downregulation. The p values were calculated based on
the Student t test of the replicate 2−ΔΔCT values for each
gene in the control group and the treatment groups, and
p values lower than 0.05 were accepted as statistically sig-
nificant (SPSS 22.0).

Table 1 MTT results
depending on the time NaF (μM) 3 h 12 h 24 h

0 100 100 100

50 96 92 109

100 93 99 119

250 117 118 120

500 88 100 97

1000 90 80 97

2000 80 69 52

4000 56 62 46

6000 45 52 44

8000 48 25 20

10,000 35 17 19

12,000 34 14 16

15,000 37 13 11
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Results

The IC50 concentrations of NaF were determined as 9600,
5500, and 3200 μM for the 3rd, 12th, and 24th hours, respec-
tively, and compared to the control group (Table 1, Fig. 1).
The results of the analysis conducted on the study findings are
presented in Figs. 2, 3, 4, and 5.

According to the MTT test results using Microsoft Excel
slope graph, the IC50 concentrations of NaF were determined
as 9600 mM, 5500 mM, and 3200 mM concentrations for the
3, 12, and 24 h, respectively.

It was observed that there was no difference in Map11c3a
expression between the 3rd and the 24th hours, while there was
a decrease at the 12th hour when compared to the other hours.
There were no differences in Map11c3b expressions based on

time when compared to the control gene. Atg 3 expression
increased at the 3rd hour, decreased at the 12th hour despite a
7-fold previous increase, and the expression increased 38-fold
at the 24th hour. A 6-fold increase was observed in the Atg 5
expression based on the time, especially at the 24th hour. Sqstm
1 expression decreased by almost half at the 3rd and the 12th
hours, while there was a 5-fold increase at the 24th hour. There
was no increase in the Becn1 expression at the 3rd hour, while
there was a decrease at the 12th hour and a 2.5-fold increase at
the 24th hour (Fig. 3). It was determined that autophagic genes
were upregulated based on time. The highest increase was ob-
served in the Atg3 gene (p ≤ 0.05).

The highest increase was observed in Bak1 expression at
the 3rd hour and in the caspase 3 gene at the 24th hour.
Caspase 9 expression increased by 1.4- and 1.8-fold at the
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Fig. 1 MTT results dependent on
time

Fig. 2 qRT-PCR results
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3rd and the 24th hours. There was a decrease in caspase 8
expression at the 3rd and the 12th hours, while there was a
3-fold increase at the 24th hour. Caspase 3 expression de-
creased by half at the 12th hour and the Bax and Bad gene
expressions increased by more than 4-fold at the 24th hour,
similar to the caspases, and exhibited a decrease at the 12th
hour when compared to the control gene. It was noteworthy
that apoptotic genes reacted differently based on time. The
level of Bcl-2, an antiapoptotic gene, decreased at the 12th
hour and increased twice at the 24th hour (Fig. 4) (p ≤ 0.05).

Ripk 1 expression decreased by almost half at the 3rd and
the 12th hours, while there was a 3-fold increase at the 24th
hour. Ripk 3 expression decreased at the 3rd hour, while there
was an insignificant increase at the 12th hour and a 3-fold
increase at the 24th hour. It was observed that necrotic genes
were more effective at the 24th hour (Fig. 5) (p ≤ 0.05).

Discussion

High levels of fluoride exposure lead to tissue and organ dam-
age starting at cellular level. Several studies have been con-
ducted on molecular damage and further cellular and experi-
mental studies have been planned. The parameters in

apoptotic, autophagic, and necrotic pathways have been re-
ported to be noteworthy, particularly in fluoride-induced ne-
crosis [3, 16, 17]. In the present study, apoptotic, autophagic,
and necrotic gene expressions were determined by qRT-PCR
at the optimum IC50 concentrations and different durations,
and the results were analyzed. In a study by Luo et al. [18],
it was reported that the administration of NaF, which exceeded
12 mg/kg for 42 days, induced renal oxidative damage and
cell necrosis due to increased ROS level and decreased anti-
oxidant enzyme amount.

Panneerselvam et al. [19] reported that the Bax/Bcl2 ratio
changed due to fluoride accumulation caused an increase in
cytochrome C and caspase 3 and thus triggered myocardial
apoptosis. In this study, it was found that necrosis increased at
the 24th hour in the 3200 μM NaF–treated group. Our results
are consistent with the literature results of studies with differ-
ent concentrations and animal models showing that NaF trig-
gers the necrotic pathway [3, 4]. Necrosis was detected at high
fluoride concentration, indicating a highmagnitude of damage
to cellular organelles [20]. However, there are no studies in the
literature investigating the expression levels of genes involved
in necrosis by fluorine treatment in kidney cells. This is the
first study to demonstrate that NaF triggers the necrosis con-
centration and time dependence using an in vitro model for

Fig. 3 Autophagic gene
expressions compared to the
control gene

Fig. 4 Apoptotic gene
expressions when compared to
the control gene
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kidney cells. Our study was found to be compatible with the
literature.

It was shown that apoptosis occurs through both extrinsic
and intrinsic pathways due to oxidative stress as a result of
high levels of ROS formation activated by NaF [21]. It was
reported that fluoride causes renal oxidative damage, degen-
eration, and necrosis in tubular cells, consistent with the
changes in renal function parameters, renal tubular hyaline
pulses, and distention of the glomeruli. Fluoride interferes
with renal anatomy and physiology, which can lead to renal
pathogenesis. Several degrees of fluoride-related damage to
tubular epithelial architecture such as cell distention and lysis,
cytoplasmic vacuum, nuclear condensation, apoptosis, and
necrosis were observed [22–24].

It has been reported that NaF induces inflammatory re-
sponses through activation of renal histopathological lesions
and the nuclear factor-kappa B (NF-κB) signaling pathway,
and by reducing the expression of anti-inflammatory cyto-
kines [18].

In studies investigating the molecular basis of the damage
induced by high-concentration fluoride administration, different
tissues and cells were used. NaF was used as a fluoride ion
source. It was reported that NaF exposure led to reactive oxygen
species (ROS) formation [25], induced endoplasmic reticulum
(ER) stress, oxidative stress and mitochondrial damage and apo-
ptosis [22, 26–28], and induced apoptosis through involvement
of both external and intrinsic apoptotic pathways [29, 30].

Certain studies argued that apoptosis was dependent on the
PI3K/AKT signaling pathway in the fluoride-administered
skeletal muscle cell (C2C12 cell) model [31], active caspases
initiated the apoptosis process through a mitochondria-
mediated pathway [6], induced apoptosis by increasing the
ROS-dependent NF-κB signal in mouse splenocytes [32],
and that NaF-induced apoptosis could be caused bymitochon-
drial and death receptor pathways [33].

Fluoride induces cellular stress, including endoplasmic re-
ticulum stress and oxidative stress, leading to disruption of

ameloblasts responsible for the production of tooth enamel
[34]. It was reported that there was a possible correlation be-
tween fluoride-induced oxidative stress, DNA damage, and
apoptosis in rat hepatocytes [35].

In a study investigating the role of fluorine-induced apo-
ptosis in SH-SY5Y cell–treated NaF at cytotoxic concentra-
tion for 24 h, Tu et al. [17] demonstrated that the caspase 3
level was upregulated, and the Bcl-2 protein level decreased.

In previous studies in our laboratory [2–4] and in this study,
it was found that NaF stopped the cell proliferation depending
on time and concentration. Our MTT results are consistent
with the literature.

In this study, we used the NRK-52E rat kidney cell line, and
the levels of major genes of necrosis, apoptosis, and autophagic
cell death pathways were determined by qRT-PCR method. In
our literature search for studies using cell line, no other study
was found in which IC50 or a cytotoxic concentration of NaF
was administered, except for this study in which it was admin-
istered for 3 h. No change was detected except for an increase in
Bak-1 at the 3rd hour. In studies using different cells from the
cell line used in the above literature, it can be considered that
the increase in caspase 3 and Bax protein amounts and the
decrease in Bcl-2 being incompatible with our study for the
12th hour may be due to the different cell types used and/or
the concentrations given in IC50.

The increased caspase 3 and Bax protein levels and the
decreased Bcl-2 were not compatible with our study in the
literature given above [28, 36]. This may be due to the differ-
ent cell types used and the concentrations being treated. In this
study, the increases in caspase 3 and caspase 8 were consistent
with the literature in the NaF group for the 24th hour.
However, the fact that caspase 9 and other mitochondrial
proapoptotic (Bak-1, Bax, and Bad) and antiapoptotic (Bcl-
2) genes do not change according to the control gene is not
consistent with the literature. In the literature, although the
amount of proapoptotic protein increased, the Bcl-2/Bax ratio
decreased and caspase 9 increased, indicating that fluorine

Fig. 5 Necrotic gene expressions
when compared to the control
gene
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may have used the mitochondrial pathway. In our study, it can
be said that the receptor death pathway becomes activated due
to the increase in caspase 3 and caspase 8.

Despite the determination of the autophagic pathway being
completely effective on necrosis at the 12th hour, the death
signals were present at the 24th hour in cells without autoph-
agy and the necrotic signal was strong in the cells. Despite the
autophagy attempt by cells in order to rest, it was determined
that the cells had entered apoptosis and that the cell death had
completed [28].

Although fluoride may induce cellular apoptosis, the role
of autophagy in fluoride-induced apoptosis remains unclear.
Autophagy is a highly preserved intracellular digestion pro-
cess that disrupts damaged organelles and protein aggregates
[16]. Autophagy markers in NaF administration were exam-
ined at mRNA and protein expression levels, and data dem-
onstrating autophagy as a potential molecular mechanism in
NaF-induced damage were obtained [16, 37, 38].

It was reported that fluoride acts on the nervous system and
osteoblast cells by inducing the ER stress and autophagy [17,
20, 36, 39]. Furthermore, the significance of autophagy in
dental fluorosis has been demonstrated [40].

Li et al. [41] reported that the levels of autophagic markers
(Beclin-1 and LC3II) increased as the NaF concentration in-
creased, whereas the apoptotic markers (caspases 3, 8, 9) in-
creased after 0.5 mM in a study treated with NaF onM3T3-E1
cells line in 24 h.

In the present study, significant genes were selected to
represent different necrosis mechanisms in order to reveal
the molecular basis of cellular death observed in the renal
epithelial cell line NRK-52E at different times. The expres-
sions of these genes were determined by RT-PCR and the
results were analyzed. Thus, the cause of the cytotoxicity ob-
served at the 3rd hour was determined as cellular apoptosis
through the intrinsic apoptotic pathway. However, it was de-
termined that a certain amount of autophagy and even ad-
vanced mitophagy, albeit incomplete, were present before ap-
optosis. Following the failure of that pathway, it was observed
that the intrinsic apoptotic pathway was initiated, and the ne-
crosis began through caspase 9 without the use of the external
receptor pathway.

Conclusion

In the present study, molecular mechanisms in NaF-induced
necrosis were investigated at optimum IC50 concentrations
and different durations. It was determined that apoptosis was
induced by the intrinsic apoptotic pathway at the 3rd hour, the
autophagic pathway was completely activated at the 12th
hour, and necrotic signal became prominent at the 24th hour
in cells that could not remain in autophagy. In conclusion, it
was concluded that the molecular mechanisms in NaF-

dependent necrosis in this cell line were activated in a time-
dependent manner; it was concluded that cytotoxic mecha-
nisms were activated at the 3rd hour after NaF administration
and necrosis, which is a sign of high damage to cellular or-
ganelles, increased at the 12th and the 24th hours.
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