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Background: Dental fluorosis is a condition resulting from excessive fluoride intake during tooth development, leading to ab-
normalities in enamel formation. This study aimed to investigate the impacts of transmembrane protein 16A (TMEM16A) on
ameloblast proliferation, apoptosis, and the expression levels of associated genes in a dental fluorosis cell model under high-
calcium conditions.
Methods: Ameloblasts were isolated from two C57BL/6 male mice and treated with NaF (3.2 mmol/L) for 24 hours to estab-
lish the dental fluorosis cell model. Subsequently, ameloblasts were cultured in Dulbecco’s modified eagle medium (DMEM)
with varying calcium concentrations such as 2.0, 3.0, or 4.0 mmol/L, along with 10% fetal bovine serum, for 48 h, representing
low, medium, and high calcium treatment groups, respectively. Control and NaF model groups were also included. Immuno-
histochemistry was used to identify the specific marker ameloblastin (AMBN) for ameloblasts. Cell proliferation was assessed
using 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay, apoptosis was examined using TUNEL as-
say, and intracellular Ca2+ concentration was measured using fluorescent probes. Moreover, the impacts on the expression of
apoptosis-related genes (Bcl2 associated X protein (Bax), B-cell lymphoma-2 (Bcl-2), nuclear factor kappaB (NF-κB), nuclear
factor kappa-Bp65 (NF-κBp65)), bone morphogenetic protein-2 (BMP-2), and TMEM16A were evaluated using quantitative real
time polymerase chain reaction (qRT-PCR) and Western blot analysis. Additionally, the effects of the TMEM16A inhibitor
T16Ainh-A01 on cell apoptosis and gene expression were investigated.
Results: Compared to the NaF model group, calcium treatment significantly increased AMBN in ameloblasts, promoted cell
proliferation (p < 0.01), reduced intracellular Ca2+ concentration (p < 0.01), and inhibited cell apoptosis. Moreover, calcium
treatment substantially elevated the expression levels of B-cell lymphoma-2 (Bcl-2) and BMP-2 (p < 0.05), while suppressing the
expression levels of Bcl2 associated X protein (Bax), nuclear factor kappa-Bp65 (NF-κBp65), and TMEM16A, with the highest
efficacy observed in the high-calcium group (p < 0.05). Co-treatment with the TMEM16A inhibitor T16Ainh-A01 and high-
dose calcium further enhanced cell proliferation (p< 0.01), reduced Ca2+ concentration (p< 0.05), and inhibited cell apoptosis.
Additionally, T16Ainh-A01 significantly increased the expression levels of Bcl-2 and BMP-2, while suppressing Bax and NF-
κBp65 expression (p < 0.05).
Conclusion: Elevated levels of calcium and inhibition of TMEM16A expression can inhibit the apoptosis of ameloblasts caused
by fluorosis by regulating the NF-κBp65 signaling pathway and apoptosis-related genes, potentially alleviating fluorosis-induced
tooth damage. These findings offer a novel strategy for the prognosis and treatment of dental fluorosis.
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Introduction

Fluorosis is a dental condition caused by excessive in-
take of fluoride during tooth development, resulting in ab-
normal mineralization of enamel. Clinically, this condition
manifests through the appearance of white chalky lines or
scattered opaque areas on the tooth surface. In severe cases,

it may result in the development of enamel defects char-
acterized by pinpoint or banded patterns, affecting either a
portion or the entire tooth’s surface [1]. Ameloblasts are
derived from epithelial cells and play a crucial role in the
production of hard tissues, including enamel. Their func-
tion includes synthesis and secretion of enamel matrix, as
well as its resorption and degradation, and active calcium
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transport, making them pivotal in enamel formation [2].
Exposure to excessive fluoride, whether acute or chronic,
induces changes in the structures of enamel and dentin, in-
hibiting the formation of ameloblast and odontoblast, im-
pairing matrix synthesis and secretion, and influencing the
concentration of Ca2+ in the microenvironment of mineral-
ization [3,4]. Despite these observations, the exact mecha-
nisms underlying the pathogenesis of fluorosis have yet to
be elucidated.

Apoptosis, a programmed cell death process, plays
a crucial role in tooth development. Studies have shown
that excessive fluoride intake not only leads to patholog-
ical changes such as inflammation and proliferation in
ameloblasts but also triggers apoptosis in these cells [5].
Ca2+ is involved in regulating various physiological activi-
ties of cells and tissues, includingmetabolism, cell division,
and apoptosis [6]. Inadequate dietary calcium intake has
been recognized as a significant factor in the development
of fluorosis and dental fluorosis [7]. Notably, Ouyang et al.
[8] observed that increasing calcium intake through dietary
sources during tooth development can effectively reduce
the severity of dental fluorosis in rats, suggesting the sig-
nificance of calcium supplementation as a preventive mea-
sure against fluorosis to a certain extent. Nonetheless, the
precise regulatory mechanisms by which Ca2+ influences
fluorosis and its potential impact on ameloblast apoptosis
remain unclear.

In recent years, there has been considerable research
focusing on the molecular mechanism of fluorosis. Par-
ticularly, researchers have investigated the role of bone
morphogenetic protein (BMP) in the differentiation of
ameloblasts and odontoblasts, as well as its involvement in
the synthesis and secretion of matrices. The inhibitory im-
pact of fluoride on the expression of BMP-2 in ameloblasts
has been documented, consequently affecting enamel ma-
trix secretion and leading to the development of dental
fluorosis [9]. Moreover, the nuclear factor kappa-Bp65
(NF-κBp65) pathway plays a crucial role in the develop-
ment of dental fluorosis [10]. By impacting the expression
of BMP-2, NF-κBp65 promotes osteogenic differentiation
[11]. Additionally, the dental apoptosis induced by fluo-
rosis includes the involvement of the anti-apoptotic pro-
tein B-cell lymphoma-2 (Bcl-2) and the Bcl2 associated X
protein (Bax) [12,13]. Understanding the apoptosis pro-
cess in ameloblasts influenced by fluoride and investigating
changes in gene expression are paramount in unraveling the
underlying mechanism of dental fluorosis. Transmembrane
protein 16A (TMEM16A), also known as Anoctamin-1,
represents a calcium-activated chloride ion channel protein
that plays a critical role in calcium signaling and intracellu-
lar calcium concentration regulation [14,15]. However, the
specific role of TMEM16A in the pathogenesis of dental
fluorosis remains unclear. Therefore, this study aims to ex-
plore the impact of TMEM16A on apoptosis in ameloblasts
within a dental fluorosis cell model under high-calcium cul-

ture conditions. To achieve this objective, we first estab-
lished a dental fluorosis cell model by subjecting primary
ameloblasts to sodium fluoride (NaF) treatment. Subse-
quently, we created diverse cell environment by adjusting
the Ca2+ concentration in the culture medium to simulate
various calcium conditions. During this process, we ob-
served the onset of apoptosis and examined the expres-
sion of apoptosis-related genes. Additionally, we used the
TMEM16A inhibitor T16Ainh-A01 to investigate its influ-
ence on apoptosis in ameloblasts within the dental fluorosis
cell model.

Methods

Isolation and Culture of Ameloblast Cells
Following the method described by Wang et al. [16],

two 4-day-old C57BL/6 male mice (Chongqing Enswell
Biotechnology Co., Ltd., Chongqing, China) were anes-
thetized with 0.3% pentobarbital sodium (0.15 mL/10 g)
(p3761, Solarbio, Beijing, China). Subsequently, the mice
were decapitated, and their mandibular tissues were incised
to extract the milk teeth. The extracted teeth were rinsed
with phosphate-buffered saline (G0002, Sevier Biotech-
nology Co., Ltd., Wuhan, China) containing penicillin-
streptomycin (C0009, Beyotime Institute of Biotechnology,
Shanghai, China). Subsequently, the teeth were incubated
with pancreatin (S310KJ, Beyotime Institute of Biotechnol-
ogy, Shanghai, China) at 37 °C in the presence of 5% CO2

for 15 minutes. After this, the teeth were rinsed again with
PBS containing penicillin-streptomycin. In the next step,
the dental tissues were minced into 1 mm3 pieces and di-
gested with pancreatin for 2 hours at 37 °C in a 5% CO2

environment. The digestion solution was discarded, and
the cells were washed with PBS. Subsequently, the cells
were resuspended in Dulbecco’s modified eagle medium
(DMEM) culture medium (containing 1.2 mmol/L CaCl2
and 1% penicillin-streptomycin, C11995500BT, Gibco,
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
then seeded into culture dishes. After 48 hours of incu-
bation at 37 °C in a 5% CO2 environment, the culture
medium was removed, and the non-adherent cells were
washed away with PBS. When the primary cultured cells
reached 80% to 90% confluence, as observed under an in-
verted microscope (BLD-200, Cossim, Beijing, China), the
old culture medium was discarded. The cells were then
washed with PBS (G0002, Wuhan Sevier Biotechnology
Co., Ltd., Wuhan, China), and pancreatin was added for
digestion. Under microscopic observation, the cells were
considered ready for subculture when they became rounded
and started to detach from the culture dish. The digestion
process was halted by adding a fresh culture medium, and
subsequently, the cells were resuspended and sub-cultured
in fresh culture dishes at a 1:2 ratio. The sub-cultured cells
were further incubated at 37 °C in a 5% CO2 incubator.
Cells were routinely tested for mycoplasma contamination
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with a MycoAlert mycoplasma test kit (LT07-701, Lonza,
Walkersville, MD, USA) and were found negative for my-
coplasma. However, the animal experiments were con-
ducted with the approval of the Ethics Committee of Huabei
Petroleum Administration Bureau General Hospital (Ethi-
cal Approval No.: 2020-06).

Cell Clustering
Healthy growing cells were selected and resuspended

in a culture medium. A mixture of 9 µL of cell suspension
and 1 µL of 0.4% Trypan Blue staining solution (R20306,
Yuanye Bio-Technology Co., Ltd., Shanghai, China) was
prepared for cell counting using a hemocytometer. The
cell density was adjusted to 2.0 × 105 cells/mL and subse-
quently seeded into a 6-well plate. Cells were divided into
five groups: the control group, the NaF model group, the
low-dose CaCl2 group, the medium-dose CaCl2 group, and
the high-dose CaCl2 group. The control group was cultured
in DMEM supplemented with 1.2 mmol/L CaCl2. The NaF
model group was treated with a culture medium containing
3.2 mmol/L NaF (S111591, Aladdin Biochemical Technol-
ogy, Shanghai, China) for 24 hours to establish a fluoride
dental enamel cell model. The low-dose group was cul-
tured in DMEM containing 2.0 mmol/L CaCl2 and 10% fe-
tal bovine serum (A3161001C, Gibco, Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) followed by incubation
for 48 hours after NaF treatment. Similarly, the medium-
dose group was switched to DMEM supplemented with 3.0
mmol/L CaCl2 and 10% fetal bovine serum, while the high-
dose group was cultured in DMEM containing 4.0 mmol/L
CaCl2 and 10% fetal bovine serum. However, both the
medium-dose and high-dose groups were subjected to an
additional 48-hour incubation following NaF treatment.

Cells were divided into four groups: the control group,
the NaF model group, the high-dose CaCl2 group, and the
high-dose CaCl2 + T16Ainh-A01 group. The high-dose
CaCl2 + T16Ainh-A01 group was switched to DMEMwith
4.0 mmol/L CaCl2 and 10% fetal bovine serum for contin-
ued cultivation for 48 h after NaF treatment and then treated
with the TMEM16A inhibitor T16Ainh-A01 (10 µmol/L)
(552309-42-9, MedChemExpress, Shanghai, China) for an
additional 48 hours.

Immunohistochemical Identification of the
Enamel-Specific Marker AMBN

After fixing with 4% paraformaldehyde (DF0135,
Leagene Biotechnology Co., Ltd., Beijing, China), the cells
were treated with goat serum (C0265, Beyotime Institute of
Biotechnology, Beijing, China) at room temperature for 60
minutes. Subsequently, the cells were incubated overnight
with Anti-AMBN (1:200) (PA5-103108, Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 4 °C. The follow-
ing day, the cells underwent three PBS washes, and subse-
quently incubated with Goat Anti-Mouse IgG (H+L) HRP
(1:500) secondary antibody (511103, ZEN-BIOSCIENCE,

Chengdu, China) at room temperature for 1.5 hours. Af-
ter three consecutive PBS washes, cells were stained us-
ing DAB (ZLI-9019, ZSGB-Bio, Beijing, China) for 1
minute in the dark. Subsequently, they were rinsed with
tap water, followed by counterstaining with hematoxylin
(G1002, Sevier Biotechnology Co., Ltd., Wuhan, China)
for 1 minute. In the next step, the cells were differen-
tiated with 1% hydrochloric acid ethanol (C0163M, Bey-
otime Institute of Biotechnology, Shanghai, China) for 2 s,
and washed with tap water for 10 minutes. Furthermore,
the cells were dehydrated with 95% ethanol for 2 minutes,
cleared in xylene for 5 minutes, and subsequently mounted
with neutral resin (10004160, Pharmaceutical Group Co.,
Ltd., Harbin, China). Observation under an optical micro-
scope (MF53, Guangzhou MSHOT Optoelectronic Tech-
nology, Guangzhou, China) revealed blue cell nuclei and
positive regions in brownish-yellow. For quantitative anal-
ysis, integrated optical density (IOD) measurements were
performed on immunohistochemistry images to calculate
the average optical density (AOD) using the following
equation: AOD = IOD SUM/area SUM.

MTT Assay
Enamel cells from all five groups (control group,

NaF model group, low-dose group, medium-dose group,
and high-dose group) were seeded into a 96-well plate,
assigning three replicate wells to each group. The cul-
ture medium was replaced with a mixture of 90 µL of
fresh culture medium and 10 µL of 5 mg/mL 3-(4,5)-
dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide
(MTT) solution (M1020, Solarbio Science & Technology
Co., Ltd., Beijing, China) followed by incubation for 4
hours in the presence of CO2. In the following step, the
culture medium was carefully aspirated from each well,
and 150 µL of dimethyl sulfoxide (S24295, Yuanye Bio-
Technology Co., Ltd., Shanghai, China) was added to dis-
solve the formazan crystals. The plate was gently shaken
on a shaker for 10 minutes to ensure complete dissolution.
Finally, the absorbance of each well was measured at 488
nm using a microplate reader (CMax Plus, Molecular De-
vices Instruments Co., Ltd., San Francisco, CA, USA) and
cellular viability was determined using the following for-
mula.

Cell viability (100%) = (Experimental group – Blank
group) / (Control group – Blank group) × 100%.

Experimental group: absorbance of cells treated with
the MTT solution. Blank group: absorbance of the medium
with MTT solution but without cells. Control group: ab-
sorbance of untreated cells with the MTT solution.

TUNEL Assay
Initially, the cells were fixed on coverslips, washed

with PBS, and subsequently permeabilized using a 0.3%
Triton X-100 solution (ST795, Beyotime Institute of
Biotechnology, Shanghai, China). Following a 5-minute
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incubation at room temperature, the cells were stained us-
ing a one-step TUNEL apoptosis detection kit (FITC green
fluorescence) (G1501, Sevier Biotechnology Co., Ltd.,
Wuhan, China). Subsequently, the cells were subjected to
three consecutive PBSwashes, followed by counterstaining
with DAPI (C1005, Beyotime Institute of Biotechnology,
Shanghai, China) for 5 minutes. The coverslips were then
carefully mounted using an anti-fade mounting medium
(P0126, Beyotime Institute of Biotechnology, Shanghai,
China). Finally, the samples were observed using an op-
tical microscope. The apoptotic positive cell nuclei emitted
green fluorescence, while DAPI rendered the nuclei blue
fluorescence.

Fluorescent Probe for Detecting Intracellular Ca2+
Concentration in Cells

Enamel cells from all five groups (control group, NaF
model group, low-dose group, medium-dose group, and
high-dose group) were seeded into a 96-well plate, assign-
ing three replicate wells to each group. The used culture
medium was removed, and the cells were washed three
times with PBS. Subsequently, they were incubated in the
dark at 37 °C for 30 minutes with Fluo-3 AM (a Ca2+
fluorescent probe) working solution (S1056, Beyotime In-
stitute of Biotechnology, Shanghai, China). After wash-
ing three times with PBS, Dulbecco’s Phosphate-Buffered
Saline (DPBS) (C0221D, Beyotime Institute of Biotechnol-
ogy, Shanghai, China) was added, and the cells were incu-
bated for 20 minutes. Finally, the detection was performed
using a multifunctional microplate reader (SynergyTM 2,
Bio-Tek Instruments, Winooski, VT, USA). Using a pre-
viously established methodology [17,18], excitation of the
Ca2+ fluorescence was set at 488 nm, and the emission
was measured at 530 nm. The resulting fluorescence val-
ues were recorded.

Quantitative Real Time Polymerase Chain Reaction
(qPCR)

Total RNA extraction was performed using TRI-
zol reagent (15596026, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) following the manufacturer’s instruc-
tions. Reverse transcription of RNA to cDNA was con-
ducted using a Goldenstar™ RT6 cDNA Synthesis Kit
Ver.2 (TSK302M, Tsingke Biotechnology Co., Ltd., Bei-
jing, China). Moreover, mRNA expression was evaluated
using the 2×T5 Fast qPCR Mix (SYBR Green I) reagent
kit (TSE002, Tsingke Biotechnology Co., Ltd., Beijing,
China). The reaction conditions for RT-qPCR were set as
follows: 95 °C for 30 seconds, 95 °C for 5 seconds, and
60 °C for 30 seconds, for a total of 40 cycles. However,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)was
used as the internal reference gene, and relative gene ex-
pression was assessed using the 2−∆∆Ct method. Specific
primers for RT-qPCR are listed in Table 1.

Table 1. A list of primers used in RT-qPCR.
Primers Sequences

Bax-F GATCCAAGACCAGGGTGGC
Bax-R CTTCCAGATGGTGAGCGAGG
Bcl-2-F GTGGCCTTCTTTGAGTTCGG
Bcl-2-R CTTCAGAGACAGCCAGGAGAAA
BMP-2-F GCTGGTCACAGATAAGGCCA
BMP-2-R TTTCTCGTTTGTGGAGCGGA
NF-κB-F ACACCTCTGCATATAGCGGC
NF-κB-R GCAGAGTTGTAGCCTCGTGT
TMEM16A-F TTGATAACCCTGCCACCGTC
TMEM16A-R CCTGTGAGGTCCCATCGGTA
GAPDH-F TGGTGCTGAGTATGTCGTGG
GAPDH-R GGCGGAGATGATGACCCTTT
Bax, Bcl2 associated X protein; Bcl-2, B-cell
lymphoma-2; BMP-2, bone morphogenetic protein-2;
NF-κB, nuclear factor kappaB; TMEM16A, trans-
membrane protein 16A; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

Western Blot

Total protein was extracted using RIPA lysis buffer
(containing PMSF and a protease inhibitor cocktail)
(P0013B, Beyotime, Shanghai, China). Equal amounts
of protein from each group were combined with 5× SDS
Loading Buffer at a 4:1 ratio and denatured by heating in
a metal bath at 100 °C for 6 minutes. After this, 20 µL
of each protein sample was subjected to 10% SDS-PAGE
electrophoresis for 90 minutes and subsequently transferred
onto a PVDF membrane (10600023, Amersham, Freiburg,
Germany). The membrane was blocked with 5% skim milk
at room temperature for 1 hour, followed by overnight incu-
bation with the primary antibodies (dilution ratio: 1:1000)
at 4 °C. The following day, it was incubated with an HRP
Goat Anti-Rabbit IgG antibody (dilution ratio: 1:2000)
(AS014, ABclonal Technology, Wuhan, China) at room
temperature for 1 hour. Protein bands were visualized us-
ing an ECL exposure solution (34580, Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) and analyzed with a nu-
cleic acid and protein gel imaging system (Universal Hood
II, Bio-Rad, San Diego, CA, USA). Band intensities were
assessed using ImageJ (version 1.48b, National Institutes
of Health, Bethesda, MD, USA). The primary antibodies
Bax (A19684), Bcl-2 (A0208), BMP-2 (A14708), nuclear
factor kappa-B p65 (NF-κBp65) (A2547), TMEM16A
(A10498), and GAPDH (AS014) were purchased fromAB-
clonal Technology (Wuhan, China).

Statistical Analysis
Data analysis was performed using GraphPad Prism

version 8 (GraphPad Software Company, San Diego, CA,
USA). One-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test was employed for multiple group
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comparison. The data were presented as mean ± standard
deviation. Each experiment was conducted in triplicate.
Statistical significance was determined at a p value< 0.05.

Results

Different Calcium Concentration Culture Medium
Treatments and Their Impact on the Proliferation,
Apoptosis, and Ca2+ Concentration of Fluorosed
Enamel Cells

To elucidate the effects of different calcium concen-
trations on the proliferation and apoptosis of ameloblasts in
fluorosed enamel, ameloblast cell models were cultured on
DMEM culture media containing 2.0 mmol/L, 3.0 mmol/L,
and 4.0 mmol/L CaCl2, respectively. Immunohistochemi-
cal staining revealed positive AMBN staining in brownish-
yellow. As depicted in Fig. 1A, except for the NaF group,
ameloblasts in all other groups exhibited brownish-yellow
staining, indicative of AMBN expression. As the concen-
tration of Ca2+ increased, ameloblasts proliferation was ob-
served (Fig. 1A). MTT assay results indicated a significant
decrease in ameloblast cell viability within all groups fol-
lowing NaF treatment compared to the control group (p
= 6.87 × 10−11). However, compared to the NaF model
group, all three concentrations of Ca treatment signifi-
cantly promoted cell proliferation (p = 0.01, p = 2.00 ×
10−6, p = 1.27 × 10−8), with the high calcium group (4.0
mmol/L) exerting the most notable effect on cell prolifera-
tion (Fig. 1B). As Ca2+ acts as a major intracellular mes-
senger, abnormal elevations in its concentrations can trigger
apoptosis. Immunofluorescence analysis revealed a signif-
icant increase in the Ca2+ concentration in ameloblasts fol-
lowing NaF treatment compared to the control group (p =
6.14 × 10−10). Conversely, treatment with the three dif-
ferent concentrations of Ca2+ led to a significant decrease
in the Ca2+ concentration in ameloblasts (p = 0.005, p =
1.00 × 10−6, p = 3.85 × 10−9), with the high calcium
group (4.0 mmol/L) exhibiting the lowest Ca2+ concen-
tration (Fig. 1C). Furthermore, TUNEL analysis revealed
that NaF treatment increased the apoptosis rate compared
to the control group. While all three concentrations of
CaCl2 treatment significantly inhibited cell apoptosis, with
the high calcium group (4.0mmol/L) showing themost sub-
stantial inhibitory effect on cell apoptosis (Fig. 1D).

Impacts of Treatment with Culture Media Containing
Varying Calcium Concentrations on the Expression
of Apoptosis-Related Proteins in Fluorosed Enamel
Ameloblasts

The qPCR and WB analysis indicated that, as com-
pared to the control group, NaF treatment resulted in a
substantial increase in the expression of Bax, NF-κB, NF-
κBp65, and TMEM16A within enamel-forming cells of all
groups (mRNA expression: p = 1.97 × 10−12, p = 1.13 ×
10−10, p = 1.53 × 10−10; protein expression: p = 4.27 ×

10−8, p = 5.32× 10−10, p = 2.43× 10−8). Conversely, the
expression levels of Bcl-2 and BMP-2were significantly re-
duced upon NaF treatment (mRNA expression: p = 4.70 ×
10−12, p = 2.14 × 10−12; protein expression: p = 2.61 ×
10−9, p = 3.29 × 10−8). Moreover, compared to the NaF
model group, calcium treatment significantly decreased the
expression of Bax, NF-κB, NF-κBp65, and TMEM16A, in
a concentration-dependent manner (mRNA expression: p =
3.26 × 10−12, p = 3.20 × 10−10, p = 3.15 × 10−9; protein
expression: p = 2.00 × 10−6, p = 3.99 × 10−8, p = 4.22
× 10−7). Conversely, the expression of Bcl-2 and BMP-2
in enamel-forming cells significantly elevated after calcium
treatment, with the highest expression level observed in the
H-Ca2+ group (4.0 mmol/L) (mRNA expression: p = 8.84
× 10−10, p = 9.67 × 10−12; protein expression: p = 2.07
× 10−7, p = 2.00 × 10−6) (Fig. 2).

Effects of TMEM16A Inhibitor under High-Calcium
Medium on Proliferation, Apoptosis, and Ca2+
Concentration of Fluorosis Teeth Enamel Cells

To investigate the role of TMEM16A in the prolifera-
tion and apoptosis of ameloblasts under high-calcium cul-
ture conditions, ameloblasts were treated with 4.0 mmol/L
CaCl2 along with the TMEM16A inhibitor T16Ainh-
A01. MTT results revealed a significant decrease in
cell viability in all groups following NaF treatment com-
pared to the control group (p = 5.85 × 10−8). How-
ever, in comparison to the NaF model group, both the
H-Ca2+ and H-Ca2++T16Ainh-A01 groups significantly
promoted ameloblast proliferation. Interestingly, the H-
Ca2++T16Ainh-A01 group showed significantly decreased
cell proliferation compared to the H-Ca2+ group (p =
003, Fig. 3A). Fluorescent probe analysis revealed that
NaF treatment elevated intracellular Ca2+ concentration
in ameloblasts across all groups. However, high-calcium
treatment resulted in a significant reduction in the Ca2+
concentration compared to the NaF model group (p = 4.00
× 10−5). However, the H-Ca2++T16Ainh-A01 group ex-
hibited a significantly lower calcium concentration than the
H-Ca2+ group (p = 0.03, Fig. 3B). Furthermore, TUNEL
assay results showed that NaF treatment enhanced the apop-
tosis rate in ameloblasts in all groups compared to the
control group. However, high-calcium treatment signif-
icantly suppressed apoptosis, and the H-Ca2++T16Ainh-
A01 group showed fewer apoptotic cells than the H-Ca2+
group (Fig. 3C).

Impact of TMEM16A Inhibitor on the Expression of
Apoptosis-Related Proteins in Ameloblasts of
Fluorosis Enamel under High-Calcium Culture
Conditions

The qPCR andWB analysis indicated significantly re-
duced expression levels of Bax, NF-κB, NF-κBp65, and
TMEM16A in the control group (mRNA expression: p =
2.11 × 10−7, p = 3.71 × 10−10, p = 2.38 × 10−7; pro-
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Fig. 1. Impacts of calcium treatment on the proliferation and apoptosis of ameloblasts in a fluorosed enamel cell model.
(A) Immunohistochemical identification of the ameloblast-specific marker Ameloblastin (AMBN). Scale bar: 50 µm. (B) 3-(4,5)-
dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay for cell proliferation. (C) Fluorescent probe assessment of in-
tracellular Ca2+ concentration. (D) TdT-mediated dUTP Nick-End Labeling (TUNEL) assay for cell apoptosis. Scale bar: 50 µm. A
one-way Analysis of Variance (ANOVA) followed by a post hoc test using Tukey’s test was used for multiple group comparisons. **p
< 0.01 in comparison to the control group. #p < 0.05 and ##p < 0.01 in comparison to the NaF model group. ^p < 0.05 and ^^p < 0.01
in comparison to the L-Ca2+ group. &&p < 0.01 in comparison to the M-Ca2+ group. n = 3.

https://www.biolifesas.org/


3855

Fig. 2. Impacts of calcium treatment on the expression of Bcl2 associated X protein (Bax), B-cell lymphoma-2 (Bcl-2), bone
morphogenetic protein-2 (BMP-2), nuclear factor kappaBp65 (NF-κBp65), and transmembrane protein 16A (TMEM16A) in
enamel-forming cells of the fluorosis tooth cell model. (A) Quantitative real time polymerase chain reaction (qPCR) for the assessment
of mRNA expression in enamel cells for Bax, Bcl-2, BMP-2, nuclear factor kappaB (NF-κB), and TMEM16A. (B) Western blot analysis
to evaluate the protein expression of Bax, Bcl-2, BMP-2, NF-κBp65, and TMEM16A. A one‑way ANOVA followed by a post hoc test
using Tukey’s test was used for multiple group comparisons. *p < 0.05 and **p < 0.01 in comparison to the control group. #p < 0.05
and ##p < 0.01 in comparison to the NaF model group. ^p < 0.05 and ^^p < 0.01 in comparison to the L-Ca2+ group. &p < 0.05 and
&&p < 0.01 in comparison to the M-Ca2+ group. n = 3.
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Fig. 3. Impact of T16Ainh-A01 on the proliferation and apoptosis of fluorosis enamel cell model ameloblasts under high-calcium
culture conditions. (A) Cell proliferation detection by using MTT. (B) Intracellular Ca2+ concentration measurement with a fluorescent
probe. (C) Cell apoptosis assessment using TUNEL assay. A one-way ANOVA followed by a post hoc test using Tukey’s test was used
for multiple group comparisons. Scale bar: 50 µm. **p< 0.01 in comparison to the control group. ##p< 0.01 in comparison to the NaF
model group. ^p < 0.05, ^^p < 0.01 in comparison to the H-Ca2+ group. n = 3.

tein expression: p = 1.00 × 10−6, p = 1.21 × 10−7, p =
1.00 × 10−6). Conversely, the expression levels of Bcl-2
and BMP-2 were the highest in the control group (mRNA
expression: p = 6.52 × 10−8, p = 4.29 × 10−9; protein ex-
pression: p = 6.00 × 10−6, p = 4.15 × 10−7). Moreover,
compared to the NaF model group, high-calcium treatment
reduced the expression of Bax, NF-κB, NF-κBp65, and
TMEM16A in enamel-forming cells (mRNA expression: p
= 1.74 × 10−4, p = 2.57 × 10−9, p = 9.70 × 10−5; protein
expression: p = 0.01, p = 9.70 × 10−5, p = 0.004). How-
ever, the H-Ca2++T16Ainh-A01 group exhibited the low-

est levels (mRNA expression: p = 1.18× 10−4, p = 0.01, p
= 2.36 × 10−4; protein expression: p = 0.006, p = 0.001, p
= 0.008). Furthermore, compared to the NaF model group,
high-calcium treatment significantly increased the expres-
sion of Bcl-2 and BMP-2 in enamel-forming cells (mRNA
expression: p = 0.001, p = 7.06× 10−7; protein expression:
p = 0.006, p = 0.001). However, their levels were higher in
the H-Ca2++T16Ainh-A01 group compared to the H-Ca2+
group (mRNA expression: p = 7.90 × 10−5, p = 0.002;
protein expression: p = 0.02, p = 1.36 × 10−4, Fig. 4).
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Fig. 4. Impact of T16Ainh-A01 on the expression of Bax, Bcl-2, BMP-2, NF-κBp65, and TMEM16A in enamel-forming cells
under high-calcium culture conditions. (A) qPCR analysis of mRNA expression of Bax, Bcl-2, BMP-2, NF-κB, and TMEM16A in
enamel-forming cells. (B) WB analysis of protein expression of Bax, Bcl-2, BMP-2, NF-κBp65, and TMEM16A in enamel-forming
cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal reference gene. A one‑way ANOVA followed by
a post hoc test using Tukey’s test was used for multiple group comparisons. *p < 0.05, **p < 0.01 in comparison to the control group.
#p < 0.05, ##p < 0.01 in comparison to the NaF model group. ^p < 0.05, ^^p < 0.01 in comparison to the H-Ca2+ group. n = 3.
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Discussion

Fluoride, an essential trace element recognized for its
anti-cavity properties, may lead to a specific enamel devel-
opment disorder called dental fluorosis when consumed ex-
cessively during teeth mineralization. Studies have shown
that dietary calcium intake can protect against the toxic im-
pacts of fluoride by reducing its absorption [19,20]. Yu
et al. [21] observed a gradual increase in both blood and
bone fluoride levels in rats after excessive fluoride intake,
particularly in those subjected to low-calcium and normal-
calcium treatment, while high-calcium-treated rats showed
minimal changes. Furthermore, dental fluorosis was most
severe in the low-calcium group and less severe in the high-
calcium group, suggesting that high calcium counteracts the
toxic effects of fluoride on teeth by reducing fluoride ac-
cumulation in the body. Calcium supplementation leads to
the formation of insoluble calcium fluoride within the intes-
tine, which is subsequently excreted from the body through
the processes of digestion and metabolism. Additionally,
excess calcium may bind with fluoride in the local envi-
ronment, thereby reducing free fluoride [22]. Previous re-
search has demonstrated the impact of high fluoride concen-
trations on apoptosis in primary rat ameloblast cells [16].
In this study, we established a dental fluorosis cell model
by using C57BL/6 mice ameloblast cells. The cells were
treated with NaF to investigate the influence of different
calcium concentrations in the culture medium on apoptosis
of ameloblast cells. Initially, we identified ameloblast cells
through AMBN immunohistochemistry to ensure the speci-
ficity of our cell model. MTT assay results indicated that
calcium treatment significantly promoted ameloblast cell
proliferation, with the most favorable outcomes observed
in the high calcium group. This finding suggests that high
calcium mitigates fluoride toxicity to some extent, consis-
tent with the observations made by Yu et al. [21]. Ca2+
plays a crucial role as an intracellular messenger in main-
taining normal cell structure and function [23]. Sodium flu-
oride (100 ng/mL) has been shown to activate cell mem-
brane Ca2+ channels, causing a rapid increase in intracel-
lular Ca2+ concentration in osteoblasts [24]. Disruption of
calcium balance due to various harmful factors can disturb
Ca2+ distribution, resulting in abnormally high intracellu-
lar Ca2+ levels, ultimately triggering cell apoptosis [25]. In
this study, we observed that NaF (3.2 mmol/L) significantly
increased intracellular Ca2+ concentration in ameloblast
cells, thereby promoting cell apoptosis, which aligns with
the findings reported by Zhang et al. [26]. Conversely, cal-
cium significantly reduced intracellular Ca2+ concentration
in ameloblast cells, inhibiting cell apoptosis. However, the
high-calcium group exhibited the most pronounced effect,
suggesting that this may be one of the mechanisms under-
lying its anti-apoptotic action.

Apoptosis is a crucial cellular process for maintain-
ing the homeostasis of normal tissues. Previous research

has demonstrated the significant role of the Bcl-2 family
members in the process of apoptosis, which can be classi-
fied into anti-apoptotic proteins and pro-apoptotic proteins
based on their structural and functional characteristics [27].
The anti-apoptotic protein Bcl-2 can inhibit the activation of
apoptosis-related genes by suppressing DNA transcription.
When the pro-apoptotic protein Bax is highly expressed, it
forms a heterodimer with Bcl-2, leading to the inactivation
of Bcl-2 and enhancing cell apoptosis [28]. Furthermore,
NaF has been shown to downregulate the expression of Bcl-
2 mRNA in osteoblasts while upregulating the expression
of Bax mRNA, thereby initiating the mitochondrial apopto-
sis signaling pathway [29]. Zhao et al. [30] proposed that
the toxic effect of fluoride on ameloblasts could induce cell
apoptosis by inhibiting Bcl-2 expression, thus affecting the
development of enamel and ultimately leading to abnormal
tooth development. Furthermore, during tooth embryonic
development, BMPs serve as signaling molecules between
the epithelium and mesenchyme. BMPs play crucial roles
in the differentiation, matrix synthesis, and secretion of
odontoblasts and ameloblasts. Among them, BMP-2 main-
tains continuous expression during the differentiation pro-
cess of odontoblasts and ameloblasts [31,32]. It has been
suggested that under the influence of excessive fluoride, the
expression of BMP-2 protein is inhibited, which hinders the
differentiation of ameloblasts and subsequent matrix secre-
tion, thereby contributing to the formation of dental fluoro-
sis [33]. Nuclear factor κB (NF-κBp65) is an important nu-
clear transcription factor within cells, and chronic fluoride
poisoning has been shown to affect the transcriptional regu-
lation of NF-κBp65 [34]. Research has shown that the acti-
vation of NF-κBp65 and its downstream targets by fluoro-
sis may disrupt dental embryogenesis and promote the pro-
gression of dental fluorosis [35,36]. Our results suggested
that NaF significantly increased the expression of Bax, NF-
κBp65, and TMEM16A in ameloblasts while decreasing
the expression of Bcl-2 and BMP-2. Low, medium, and
high calcium treatments significantly reduced the expres-
sion of Bax, NF-κBp65, and TMEM16A, while increasing
the expression of Bcl-2 and BMP-2, with the highest effec-
tiveness observed in the high calcium group. This indicates
that high calcium may affect ameloblast apoptosis by regu-
lating apoptosis-related genes and TMEM16A.

TMEM16A/ANO1, a calcium-activated chloride ion
channel (CaCC), plays a pivotal role in modulating vari-
ous physiological characteristics in response to fluctuation
in intracellular calcium concentrations [37]. Overexpres-
sion of TMEM16A not only promotes cancer cell prolif-
eration, migration, and invasion but also inhibits apoptosis
in these cells, thus affecting tumor growth. Additionally, it
is also associated with resistance to cancer treatment, recur-
rence, and poor prognosis [38]. Research indicated that dur-
ing advanced stages of intestinal inflammation, TMEM16A
inhibits inflammation-induced cell apoptosis by activating
the ERK/Bcl-2/Bax signaling pathway [39]. Moreover,
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TMEM16A’s role in oncology is further substantiated by
its association with breast tumor progression. Upregula-
tion of TMEM16A levels leads to increased BCL-2 ex-
pression, whereas its downregulation induces cell apoptosis
[40]. Furthermore, overexpression of TMEM16A enhances
the proliferation, migration, and invasion of glioma cells by
activating the NF-κBp65 signaling pathway [41]. Despite
its significant role in various conditions such as diarrhea,
pain, asthma, hypertension, gastritis, and various cancers
[42,43], its precise function in tooth development remains
unclear. Our findings suggest that, under high calcium (4.0
mmol/L) culture conditions, the inhibition of TMEM16A
expression using the inhibitor T16Ainh-A01 significantly
promotes ameloblast cell proliferation, reduces intracellu-
lar Ca2+ concentrations, and suppresses cell apoptosis. Si-
multaneously, the inhibition of TMEM16A expression sub-
stantially reduces the expression levels of Bax and NF-
κBp65 in ameloblast, while significantly increasing the ex-
pression levels of Bcl-2 and BMP-2. These findings align
with previous in vivo studies [44]. These results suggest
that during high-calcium culture conditions, the inhibition
of TMEM16A may potentially suppress fluoride-induced
ameloblast cell apoptosis by regulating the NF-κBp65 sig-
naling pathway and genes associated with apoptosis.

Conclusion

In conclusion, our study demonstrated that under high
calcium conditions, the inhibition of TMEM16A expres-
sion can alleviate fluoride-induced ameloblast apoptosis in-
duced by modulating the NF-κBp65 signaling pathway and
genes associated with apoptosis. These findings offer valu-
able insights and a theoretical foundation for further inves-
tigations into the occurrence and treatment of dental flu-
orosis. However, it is crucial to acknowledge the limi-
tations of this study. One limitation is that we did not
establish a TMEM16A overexpression cell model, which
could offer further insights into the impact of TMEM16A
on ameloblast proliferation, apoptosis, and the expression
of the related genes. Additionally, further in vitro and in
vivo investigation is needed to determine the specific role
of TMEM16A in ameloblast apoptosis induced by fluoro-
sis. Subsequent investigations should focus on establishing
these models and exploring the potential clinical implica-
tions of these findings in dental treatment. By addressing
these limitations and conducting more comprehensive stud-
ies, we can gain a deeper understanding of the molecular
mechanisms underlying ameloblast apoptosis and develop
more effective strategies for the prevention and treatment
of dental fluorosis.
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