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Abstract
This study was planned to evaluate the effect of vitamin D administration on cytotoxicity due to fluoride exposure in vitro. 
NaF (IC50) and vitamin D (proliferative) were applied to human osteoblast (hFOB 1.19) cells. The major genes of apoptotic, 
autophagic, and necrotic pathways were determined by RT-PCR. 2-∆∆Ct formulation was used for expression analysis. 
In the NaF group, caspase 3, Bax, Bad, Bak, Bclx, Atg3, Atg5, Atg6, pG2, LC3-I, LC3-II, RIP1, and RIP3 genes were 
increased (2.6–15 times). It was observed that the expressions of these genes approached the control when vitamin D was 
given together with NaF. The Bcl2 gene increased significantly (sixfold) with the effect of NaF, and was down-regulated to 
some extent with additional vitamin D administration, but still more than in the control. As a result, it was determined that 
apoptotic, necrotic, and autophagic pathways were activated as the molecular basis of the damage in the bone tissue, which 
was most affected by fluorine, and these genes were down-regulated and approached the control group with the addition of 
vitamin D. It was concluded that this is an important data to explain the molecular basis of the protective and therapeutic 
effect of vitamin D against fluorine toxicity.
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Introduction

Fluorine is a trace element with very high electronegativity 
found in nature as different compounds. If it is taken for 
a long time and in high doses, it causes toxication called 
“fluorosis,” which causes damage to teeth, bones, and vari-
ous tissues. Bone is significantly affected by fluoride toxicity 
[1–4]. Many studies have been conducted in many parts of 
the world and our country on fluorine toxicity and its com-
plications [5–7].

Vitamin D has many important metabolic functions as a 
hormone-like molecule in steroid structure. There are studies 

investigating the importance of vitamin D in bone develop-
ment and repair, normal calcium and phosphorus homeosta-
sis, some cancer types, type 1 diabetes, and autoimmune dis-
eases [8–10]. The active form of vitamin D, 1,25(OH)2D3 
(cholecalciferol), binds to intracellular protein receptors and 
thus interacts with DNA in the nucleus of the target cell. It 
selectively either induces or inhibits gene transcription [11].

Apoptosis (programmed cell death) is rather essential for 
the normal functioning and survival of cellular organisms. 
High concentrations of fluorine induce osteoblast apoptosis 
[12–14].

Autophagy mechanism, which works as a quality control 
system, is a physiological phenomenon responsible for the 
destruction of long-lived proteins, dysfunctional organelles, 
cytosolic parts, and damaged macromolecules and patho-
gens. Autophagy enables cellular recycling after lysosomal 
degradation and helps the cell survive in various conditions 
such as starvation, growth factor deficiency, and oxidative 
stress. In conditions where apoptosis is insufficient due to 
cellular content, cell death occurs by autophagy [15, 16]. 
The role of fluorine application in autophagic cell death was 
investigated. In autophagy, the cell dies via the caspase-inde-
pendent pathway, the non-apoptotic pathway [15, 17, 18].
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Oxidative stress, which is based on various causes, plays 
a very important role in the formation of apoptosis [17]. It 
has been reported that organ damage caused by fluorine can 
be corrected with the help of antioxidants. For this purpose, 
there are studies in which vitamin application is recom-
mended. It is suggested that the toxic effect of fluorine may 
increase in people who cannot be fed enough with antioxi-
dants such as vitamin C and flavonoids [19, 20]. In addition, 
it has been reported that giving vitamin C, calcium, and 
vitamin D to young children may be beneficial in the preven-
tion of fluorosis [21].

Based on some of the data obtained from 2 projects on 
this subject [22, 23] previously carried out in our laboratory, 
it was decided that further studies were needed and new 
studies should be conducted to reveal these mechanisms. 
This project was one of the studies planned for this pur-
pose. The aim of this project is to investigate the mecha-
nisms underlying the cytotoxicity that occurs due to NaF, 
especially its importance in the detection, treatment, and 
prognosis of possible complications leading to bone damage, 
and how it is affected by vitamin D treatment.

Material and Method

Cell Line

This study was performed using human osteoblast hFOB 
1.19 (ATCC® CRL-11372™) cells.

Preparation of Sodium Fluoride (NaF) and Vitamin D 
Solutions

To determine the appropriate doses and dissolution media to 
be applied in the study, NaF [4, 24, 25] vitamin D [22, 26] 
doses were taken as a reference. Stock solutions were pre-
pared. Concentrations of NaF were prepared in the cell line’s 
medium, with final concentrations of 50, 100, 250, 500, 
1000, 2000, 5000, 7500, 10,000, and 20,000 µM. Vitamin 
 D3 (cholecalciferol) stock solution in DMSO was prepared 
at 26,000 µM. Final concentrations (˂0.05% DMSO) of 1, 5, 
10, 25, 50, and 100 μM were prepared in the cell’s medium.

Cell Culture

hFOB 1.19 cells: it was cultured and used in Ham’s F12 
medium containing 10% FBS, 1% penicillin/streptomy-
cin, and 2 mM L-glutamine at 37 °C, 5%  CO2, and 95% 
humidity.

Cytotoxicity (MTT Cell Viability) Test

MTT test was performed to determine the cytotoxic effect 
of NaF on the hFOB 1.19 cell line and to determine the 
appropriate doses of vitamin D that would have a positive 
effect on hFOB 1.19 cells [14, 22, 27].

The study groups were determined as 4 groups: control, 
NaF, NaF + vitamin D, and only vitamin D (Table 1).

Total RNA Isolation and cDNA Synthesis

After determining the IC50 cytotoxic value of NaF and the 
proliferative concentration range in which vitamin D will 
reduce the toxicity of NaF, the expressions of the major 
genes belonging to different phenotypic mechanisms were 
determined to elucidate the molecular mechanisms under-
lying the cytotoxicity occurring at the determined values. 
For this purpose, total RNA and then DNA isolation was 
performed at the 24th hour in cells treated with NaF and 
vitamin D at determined concentrations.

Pure RNA was obtained by applying a 1-ml cold TRIzol 
protocol on the cell pellet [28]. To control the total RNAs, 
a run with 0.7% agarose gel electrophoresis was performed 
and the RNA image was observed. In the quantitative 
evaluation of total RNA (BioDrop, UK), both the amount 
and purity of the RNA were determined by measuring the 
absorbance in the nanodrop spectrophotometer. Then, to 
obtain cDNA, reverse transcription was performed with 
the Rotor-Gene Q (Qiagen, USA) device according to the 
commercial kit (WizbioWizScript cDNA Synthesis Kit, 
Korea) protocol. Obtained cDNAs were amplified with the 
help of primers (Sentegen, Turkey) designed specifically 
for the target gene region.

Table 1  Experimental groups Groups Name Cellular applications

Group 1 Control Normal cell medium was applied in the same volume
Group 2 NaF IC50 concentration (3200 µM) of NaF was administered to the cells
Group 3 Vitamin D PC-proliferative concentration (10 µM) of vitamin D was administered to the cells
Group 4 NaF + vit D IC50 concentration (3200 µM) of NaF and proliferative concentration (10 µM) of 

vitamin D were administered to the cells
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Real‑Time PCR

Gene expression patterns of samples were determined in 
RT-qPCR using sSYBR Green Master mix (WizPure™ 
qPCR Master (SYBR). Apoptosis (Bcl-2, Bcl-Xl, Bax, 
Bad, Bim, Bak, caspase 3, 8, 9), expressions of major 
genes in autophagy (Atg 3, 5, 6, pG2 (SQSTM1), LC3-
I, LC3-II), and necrotic (RIP1, RIP3) pathways were 
investigated. Glyceraldehyde phosphate dehydroge-
nase (GAPDH) was used as a control gene in expres-
sion analysis. The sample was read in 3 independent 
replicates; Ct (cycle threshold) was determined at the 
beginning of the logarithmic phase of the amplifications; 
2-∆∆Ct formulation was used for expression analysis; 
the difference between the groups was compared with 
the increase–decrease coefficient of control gene expres-
sion [29].

Statistical Analysis

Descriptive statistics for the featured features, expressed 
as median, mean, standard deviation, minimum and max-
imum values, and whether there was a difference between 
the groups in terms of these characteristics, was deter-
mined with the appropriate test. SPSS (22.0) statistical 
package program was used for calculations.

Results

MTT Results

According to MTT results, NaF IC50 concentration was 
determined as 3200 µM in the hFOB 1.19 cell line. In 
these cells, it was observed that cell proliferation increased 
the most at vitamin D 10 µM concentration.

After 24 h of application of various concentrations of 
NaF and vitamin D concentration (10 µM) with the high-
est increase in cell proliferation, MTT % viability results 
are given below in the hFOB 1.19 cell line, assuming the 
control group as 100% viable (Table 2 and Fig. 1).

It was observed that cell viability changed positively 
after the application of vitamin D at NaF concentrations 
(100, 250, 500, 1000, 2000, 5000, 7500, and 10,000 μM) 
that increased cell proliferation.

In the hFOB 1.19 cell line, it was observed that the cell 
viability gradually decreased as the NaF level increased. 
In the groups treated with 10 µM vitamin D together with 
NaF, cell viability increased by 1–11% at all doses except 
the 250 µM dose compared to the NaF group.

Expression levels of target genes (Bcl-2, Bcl-Xl, Bax, 
Bad, Bim, Bak, caspase 3,8,9) in the mechanism of apop-
tosis are given below (Table 3, Fig. 2).

Expression results of target genes in the autophagy mech-
anism (Atg 3,5,6, pG2 (SQSTM1), LC3-I, LC3-II) are given 
below (Table 4, Fig. 3).

Expression results of necrotic pathway target genes 
(RIP1, RIP3) are given below (Table 5, Fig. 4).

Caspase 3, Bax, Bad, Bak, Bclx, Atg3, Atg5, Atg6, pG2, 
LC3-I, LC3-II, RIP1, and RIP3 genes were found to be up-reg-
ulated between 2.6 and 15 times in the groups given NaF. It was 
observed that the expression of these genes was not different 
from the control group, which was given only vitamin D. It was 
observed that the expressions of these genes approached the 
control with the administration of vitamin D together with NaF.

It was determined that the caspase 8 gene was up-reg-
ulated 2 times more in the groups given NaF and vitamin 
D separately, compared to the control. In the group given 
NaF + vitamin D together, it was down-regulated signifi-
cantly compared to the control.

It was determined that the caspase 9 gene was not differ-
ent in the NaF-treated group compared to the control group, 
and it was significantly down-regulated in the NaF + vitamin 
D-treated group.

It was found that Bcl2, an antiapoptotic gene, was sig-
nificantly up-regulated (sixfold) in the NaF-treated group 
compared to the control group, and it was somewhat down-
regulated in the NaF + vitamin D-treated group, but still 
more than in the control.

Discussion

NaF is used as a fluorine source in experimental studies on 
fluorosis caused by long-term exposure to the high concen-
tration of fluoride [2–4].

Table 2  MTT % viability results in hFOB 1.19 cells

NaF (µM) NaF (%viability) NaF + vitamin 
D (%viability)

0 100 107.78
100 µM 90.00 98.01
250 µM 101.20 91.60
500 µM 95.82 95.19
1000 µM 83.21 100.12
2000 µM 75.40 77.73
5000 µM 53.67 50.78
7500 µM 35.26 37.11
10,000 µM 9.98 26.61
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As revealed in previous studies, NaF has a significant 
effect on cell proliferation depending on dose and time. In 
in vitro studies, it is known that NaF has a reducing effect on 
cell proliferation as the dose increases [14, 22, 23, 27, 30].

Regarding NaF cytotoxicity, there are many studies that 
examine the cytotoxic mechanisms and the mechanism of 
death one by one, but report that the cause of cytotoxicity 
has not been fully elucidated.

Studies are reporting that vitamin C, calcium, and vitamin 
D are applied in addition to substances with high antioxidant 
content to prevent organ damage caused by fluoride [14, 
19–23, 27, 31].

In recent studies on the mechanism of cellular damage 
seen in fluorosis, it has been reported that different mecha-
nisms are activated in various tissues. In studies investigat-
ing the effects of fluoride application in bone cells (MC3T3-
E1, MG-63), it was revealed that NaF application decreases 

Fig. 1  MTT graphs for NaF, 
NaF + 10 µM vitamin D groups
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Table 3  Expression status of 
apoptotic genes

Letters a, b, c indicate a statistically significant difference at p<0.05 at each row comparison between all 
groups

Control NaF Vitamin D NaF + vitamin D

Caspase-3 1b 5.569 ± 1.646a 0.589 ± 0.021b 0.658 ± 0.021b

Caspase-8 1a 1.868 ± 0.473a 1.959 ± 0.492a 0.126 ± 0.008b

Caspase-9 1ab 1.337 ± 0.419a 0.522 ± 0.16bc 0.256 ± 0.101c

Bcl2 1a 6.047 ± 1.293c 0.994 ± 0.219a 3.640 ± 0.722b

Bax 1b 4.567 ± 1.126a 1.204 ± 0.074b 0.664 ± 0.093b

Bad 1b 15.042 ± 5.712a 0.939 ± 0.289b 2.415 ± 0.434b

Bak 1b 4.591 ± 2.101a 0.627 ± 0.111b 0.569 ± 0.150b

Bclx 1b 2.632 ± 0.990a 0.943 ± 0.095b 0.714 ± 0.312b

Bax/Bcl2 0.755 1.21 0.18

Table 4  Expression status of 
autophagic genes

Letters a, b, c indicate a statistically significant difference at p<0.05 at each row comparison between all 
groups

Control NaF Vitamin D NaF + vitamin D

LC3-I 1b 4.148 ± 0.799a 1.029 ± 0.268b 0.677 ± 0.083b

LC3-II 1b 3.822 ± 0.920a 0.725 ± 0.086b 0.591 ± 0.005b

Atg3 1b 4.198 ± 0.868a 0.669 ± 0.029b 0.538 ± 0.034b

Atg5 1b 2.954 ± 0.618a 0.585 ± 0.026b 0.351 ± 0.003b

Atg6 1b 3.269 ± 0.773a 0.633 ± 0.112b 0.474 ± 0.038b

pG2 (SQSTM1) 1b 3.317 ± 1.037a 0.744 ± 0.189b 0.528 ± 0.107b

Table 5  Expression status of necrotic genes

Letters a, b, c indicate a statistically significant difference at p<0.05 
at each row comparison between all groups

Control NaF Vitamin D NaF + vitamin D

RIP1 1b 4.038 ± 0.900a 0.724 ± 0.058b 0.627 ± 0.008b

RIP3 1b 3.435 ± 1.000a 0.503 ± 0.021b 0.630 ± 0.070b
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cell viability and increases apoptosis in cells depending on 
time and concentration [4, 12, 24]. A significant increase 
in osteoblast apoptosis was observed via caspase-3 and 9 
[12, 24]. It has been found that NaF increases Bax expres-
sion in the renal tubules, suppresses Bcl-2, and thus induces 
apoptosis [32].

NaF stimulates apoptosis via the mitochondrial pathway 
by activating caspase-9, 3, Bak, Bax, Bcl-2, and Bcl-xL 
genes in many different cell lines [33–35] also increas-
ing BAD expression [34]. Fluorine exposure caused 
apoptosis, DNA damage, and oxidative stress in lympho-
cytes and increased Bax expression [36]. Yang et al. [24] 
demonstrated that NaF application decreased cell via-
bility in MC3T3-E1 osteoblast cells depending on time 
and concentration, and increased apoptosis even at low 
concentrations.

In osteoblast cells, Bim, caspase 9, 14, and (BCL2) 
BAX is increased, while caspase 3 is down-regulated and 
apoptosis occurs via the mitochondrial and death receptor 

pathways. Oxidative stress, apoptosis, and necrotic param-
eters increase together [37, 38].

Exposure to fluoride initiates autophagy. It has been 
reported that both transcript and protein levels of autophagic 
genes (Atg5, Atg7, Atg8/LC3, Beclin1) are significantly 
increased after fluoride exposure [39, 40].

Many studies have been conducted on the beneficial 
effects of antioxidants on fluorine-induced autophagy, apop-
tosis, and cytotoxicity [14, 18, 22, 23, 27, 31, 41].

Different treatments such as antiapoptotic molecular 
estrogen, calcitonin, different phosphonates, and vitamin D 
have been tried to stop apoptosis [4, 12–14, 22–24, 27, 30].

Vitamin D is important in the development and repair 
of bones, calcium and phosphorus homeostasis. It selec-
tively stimulates or represses gene transcription. In the 
presence of parathormone (PTH), 1,25(OH)2D3 stimulates 
calcium mobilization from bone and intestinal absorption, 
increasing  the amount of calcium and phosphate in the 
plasma [9–11].

Fig. 2  Expression of apoptotic 
genes

Fig. 3  Expression of autophagic 
genes
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Ekambaram and Chennai [41] showed that it protected 
against hypocalcemia in female rats treated with a combi-
nation of 500 ppm NaF and vitamin D for 60 days. In this 
study, which was planned to investigate the effects of vita-
min D, which has antioxidant and protective properties, on 
the expression and translation of some apoptotic markers 
in the osteoblast (hFOB 1.19) cell line to which NaF was 
applied at IC50 ratio, it was reported that apoptotic caspase 3 
and 8 enzymes increased and apoptotic M30 protein changed 
[22]. It has been shown that there is a relationship between 
apoptosis rate, intracellular ROS levels, Bax/Bcl-2 ratio, and 
protein expression (Caspase-3) [42].

Calcium, which is used as a preventive and therapeutic 
against fluorosis plus with vitamin D, can alleviate fluorosis 
when used alone, and Bax up-regulates caspase 12, 9, 7, and 
3, while down-regulating Bcl-2 at both mRNA and protein 
expression levels [43].

Studies have been carried out in our laboratory to reveal 
the cytotoxic effect mechanism of NaF. It has been deter-
mined that there are significant changes in molecular path-
ways depending on time due to NaF. It was found that there 
was no significant increase in apoptotic and necrotic path-
ways except Atg3 at 3 and 12 h depending on the time. How-
ever, it was found that there was an increase in all cell death 
signaling pathways and increased genes over 24 h. It was 
concluded that cytotoxic mechanisms are activated by the 
addition of NaF and different mechanisms accelerate cellular 
death within 24 h [30].

In this study, the ability of vitamin D, which is an impor-
tant molecule in many aspects, to inhibit flora-dependent 
cytotoxicity in osteoblast cells most affected by fluorine 

toxicity was investigated in a dose- and time-dependent 
manner. Thus, the possibilities of using vitamin D in the 
clinical treatment of NaF, which is known to be toxic and 
causes the death of cells and/or tissues in the organism, 
were evaluated.

In this study, all genes involved in apoptotic (caspase 
3, Bax, Bad, Bak, Bclx), autophagic (Atg3, Atg5, Atg6, 
pG2, LC3-I, LC3-II), and necrotic (RIP1, RIP3) pathways, 
except for caspase 9, were investigated. It was found to be 
up-regulated between 2.6 and 15 times in the groups given 
NaF. It was observed that caspase 8 and 9 decreased signifi-
cantly when vitamin and NaF were used together but did not 
change significantly with NaF. Bax/Bcl-2 ratio can act as a 
rheostat which determines cell susceptibility to apoptosis 
[21]. Lower levels of this ratio may lead to resistance of 
human cancer cells to apoptosis. Thus, Bax/Bcl-2 ratio can 
affect tumor progression and aggressiveness [44]. The Bax/
Bcl-2 ratio is important because this rate increases mito-
chondrial apoptosis. In this study, the BAX/BCL-2 ratio was 
found to be significantly lower in the NaF + vitamin D group 
than in the NaF group alone.

Thus, it was determined that NaF causes damage to osteo-
blast cells through apoptotic, autophagic, and necrotic path-
ways. It was revealed that the administration of Vitamin D 
together with NaF decreased the expression of these genes. 
It was concluded that this is proof of the benefit of vitamin 
D in the prevention of NaF-induced bone cell damage.

As a result, it has been shown that apoptotic, necrotic, and 
autophagic pathways are activated as the molecular basis 
of the damage in the bone tissue, which is most affected 
by fluorine, and it has been shown that these pathways are 
inhibited by the application of vitamin D. It was concluded 
that this situation can be accepted as important evidence to 
explain the basis of the protective and therapeutic effect of 
vitamin D against fluorine toxicity.
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