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Long-term exposure to low level of fluoride induces apoptosis via p53
pathway in lymphocytes of aluminum smelter workers
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Abstract
Long-term occupational exposure to low level of fluoride can induce oxidative stress and apoptosis in many cells, including
lymphocyte. However, the underlying mechanism remains unclear. Hence, this study was designed to explore the potential
oxidative stress and apoptosis of long-term occupational exposure to low level of fluoride in aluminum smelter workers. A total
of 120 aluminum smelter workers were recruited in control, low-, middle-, and high-fluoride exposure groups with 30 workers
for each group. The peripheral blood samples were collected, centrifuged, and isolated to obtain serum and lymphocyte suspen-
sions. The air and serum fluoride concentrations were detected by fluoride ion-selective electrode method. The lymphocytic
apoptosis rate, DNA damage, oxidative stress, and mRNA levels of p53, Bcl-2, and Bax were assessed byAnnexin V/PI staining,
comet assay, attenuated total reflectance Fourier transform infrared spectroscopy and real-time polymerase chain reaction,
respectively. Results showed that the air and serum fluoride concentrations of fluoride-exposed groups were higher than those
of the control group (p < 0.05). Fluoride exposuremight induce apoptosis, DNA damage and oxidative stress in a dose-dependent
manner in lymphocytes (p < 0.05). The expression levels of p53 and Bax were increased with fluoride exposure in lymphocytes
(p < 0.05), whereas the Bcl-2 expression was decreased but not significantly. Taken together, these observations indicate that
long-term occupational exposure to low level of fluoride may lead to oxidative stress and induce apoptosis through the p53-
dependent pathway in peripheral blood lymphocytes of aluminum smelter workers. Serum fluoride level may be the potential
biomarker of fluoride exposure.
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Introduction

Fluorine, a gaseous trace element, is an important natural and
industrial environmental pollutant, which can also enter the

human body and spread over the peripheral blood from drink-
ing water, air or by skin contact (Manahan 2017; Whitford
1983). This element is used over several decades to prevent
dental caries (Garcia et al. 2017). However, excessive fluoride
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exposure probably elicit the toxic effect in various tissues and
organs, including the brain (Ge et al. 2018), reproductive sys-
tem (Adedara et al. 2017), spleen (Ma et al. 2017), immune
system (Singh et al. 2017), erythrocytes (Campos-Pereira et al.
2017), and lymphocytes (Liu et al. 2013). Notably, fluoride
can be released from electrolytic aluminum industry during
processing, although controlled within the hygienic standard
(Søyseth et al. 2015). Nevertheless, long-term exposure to low
level of fluoride could induce oxidative stress, genotoxicity,
and apoptosis in many cell lines (Ribeiro et al. 2017), includ-
ing lymphocytes (Jothiramajayam et al. 2014b), but the un-
derlying mechanism remains unclear. Peripheral blood lym-
phocytes (PBLs) play an important role in immune function
(Abbas et al. 2014; Xia et al. 2016). Therefore, in the present
study, PBLs were isolated from the peripheral blood of alumi-
num smelter workers and used to investigate the underlying
mechanism of fluoride-induced oxidative stress and apoptosis.

Apoptosis is a cell death mechanism characterized with cell
shrinkage, membrane blebbing, chromatin condensation,
oligonucleosomal DNA fragmentation, and apoptotic body
formation (Sharma et al. 2017). Fluoride can inhibit cell via-
bility and induce DNA damage as a result of apoptosis (Song
et al. 2015; Suzuki et al. 2015). In addition, DNA damage can
be caused by oxidative stress which leads to DNA modifica-
tion and apoptosis (Muratori et al. 2015; Skipper et al. 2016).
Similarly, fluoride may induce ameloblast apoptosis and den-
tal fluorosis by oxidative stress and upregulate caspase path-
way (Li et al. 2017). Therefore, in the present study, oxidative
stress was evaluated by attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy (Barraza-Garza
et al. 2016; Benseny-Cases et al. 2014; Schwarzbacherová
et al. 2017; Simoncicova et al. 2018). ATR-FTIR is a novel
technology which can detect subtle changes in the DNA/
RNA, glycogen, protein, carbohydrate, lipid, and other sub-
stances in a specific wavelength (German et al. 2006). ATR-
FTIR is an advanced technique in studying toxicological
mechanisms due to its higher sensitivity and specificity than
traditional toxicology research techniques (Pang et al. 2012).
Oxidative stress is an important mechanism of fluoride-
induced DNA damage in rat (Umarani et al. 2015). Notably,
DNA damage induces apoptotic protein p53 phosphorylation
and triggers apoptosis (Demoulin et al. 2015).

Tumor suppressor protein p53 is a nuclear transcription
factor which induces apoptosis by upregulating the transcrip-
tion of many proapoptotic genes and downregulating
antiapoptotic genes (Zhang et al. 2015). Fluoride inhibits he-
patocellular proliferation and induces apoptosis via p53 path-
ways in mice, thereby, indicating that fluoride induces apopto-
sis via p53 pathways in cells (Liu et al. 2018). Moreover, Bax
is the main proapoptotic gene targeted by p53 which induces
apoptosis (Liao et al. 2016). By contrast, the antiapoptotic
protein Bcl-2, which is the antiapoptotic gene targeted by
p53, can block intrinsic apoptosis by binding to Bax (Li

et al. 2015). Fluoride exposure can increase the mRNA ex-
pression levels of Bax, decrease the mRNA expression level
of Bcl-2, increase the expression rate of Bax/Bcl-2 and con-
sequently induce apoptosis in PC12 cells (Liao et al. 2017).
Nonetheless, the roles of DNA damage, oxidative stress and
the changes of related apoptotic gene expression in fluoride
induces PBLs apoptosis remain unclear.

Hence, we hypothesized that long-term exposure to low
level of fluoride induces apoptosis via p53 pathway in PBLs
of aluminum smelter workers, and serum fluoride levels may
be a reliable peripheral biomarker for fluoride exposure. To
address our hypothesis, firstly, environmental exposure and
internal exposure concentrations of fluoride, including the
air and serum fluoride concentrations, were determined by
fluoride ion-selective electrode method. Secondly, PBLs apo-
ptosis, DNA damage and oxidative stress were assessed by
Annexin V/PI staining, comet assay and ATR-FTIR spectros-
copy, respectively. Thirdly, the mRNA expression levels of
p53, Bax, and Bcl-2 genes were assessed by real-time poly-
merase chain reaction (RT-PCR). Finally, on the basis of the
results of the comprehensive study, we elucidated the under-
lying mechanisms of fluoride-induced apoptosis in PBLs.

Materials and methods

Subjects

A total of 120 male aluminum smelter workers were included
in this study. According to different types of work, the workers
were divided into four groups, including control, low-, mid-
dle-, and high-fluoride exposure groups, with 30 workers for
each group. The main inclusion criteria for participation were
workers with no underlying health problems, cardiovascular
diseases, infection history, or X-ray exposure within the last
6 months. The exclusion criteria included a medication history
and drug use in the past 2 weeks and unwillingness to partic-
ipate in interviews. All participants completed a comprehen-
sive questionnaire which included demographic information,
smoking status, drinking status, occupational history, and dis-
ease history. This study was approved by the ethics and human
subject committee of Guangxi Medical University (No.
20110120-5), and written informed consent was obtained
from each participant.

Sample collection and fluoride concentration
detection

Peripheral vein blood samples (5 mL) were collected from
eachworker during the same period. Normal heparin was used
as anticoagulant. Serum was separated via centrifugation and
stored in the refrigerator at 4 °C. PBLs were isolated from the
remaining suspension by lymphocyte separation liquid,
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adjusted to 1 × 105 cells/mL by adding appropriate amount of
RPMI1640 solution and stored in a refrigerator at 4 °C.

Air samples were collected from the workshops of electrol-
ysis (high-exposed group), casting (middle-exposed group),
thermoelectricity (low-exposed group), and mining plant
(control group). Four sampling points (three replicates/point)
were distributed equidistantly along the production line in
each workshop and placed at 1.5 m above the ground. Air
samples were collected in acetic acid-nitrocellulose micropo-
rous membranes with Gilian GilAir-5 air sampling pumps
with an air flow of 5 L/min for 60 min. Air samples were
collected three times a day at the same sampling point during
the same time period for two successive days.

In order to characterize the exposure level, serum, and air
fluoride concentrations were determined by fluoride ion selec-
tive electrode method.

Annexin V/PI staining

Apoptosis was determined using Annexin V/PI double-staining
assay (KeyGen Biotech., Co., Ltd., Nanjing, China) by flow cy-
tometry. As describing in the kit specification, the PBLs were
resuspended with 500 μL of binding buffer and subsequently
incubated with 5 μL of Annexin Vand 5 μL of PI for 15 min in
the dark. Live, early apoptotic, late apoptotic, and dead cells were
detected by flow cytometry (CellQquest, BD Company, USA),
and the results are shown by 2D plots. The total apoptosis rate
was calculated by the following formula: total apoptosis rate
(%) = early apoptosis rate + late apoptosis rate.

Comet assay

DNA damage, that is, DNA double-strand break, was assessed by
comet assay (Botta et al. 2017). Briefly, 100 μL of PBL suspen-
sion was mixed with 100 μL of low-melting agarose and dropped
onto comet slides covered with 1% normal melting agarose.
Subsequently, the comet slides were placed at 4 °C, immersed in
prechilled lysis buffer in the dark for 2 h and immersed in unwind-
ing alkaline solution at 4 °C in the dark for 20min. Electrophoresis
was conducted in neutral comet assay buffer for 30 min (300 mA,
25 V) at room temperature. After electrophoresis, the slides were
neutralized, dried and stained with 2 μg/mL ethidium bromide for
5 min in the dark. Digital images were captured with an Olympus
BX61 fluorescence microscope. At least 100 cells were analyzed
for each sample by using CASP software (CaspLab, Wroclaw,
Poland). The comet rate, percentage of DNA in the tail, tail length,
and the olive tail moment (OTM) were used as the parameters of
DNA damage.

ATR-FTIR spectroscopy

ATR-FTIR spectroscopy was applied to examine changes in lym-
phocyte molecular biochemical structure as a result of their

exposure to fluoride. As Pang described (Pang et al. 2012),
PBLs suspension was fixed with 70% ethanol for 30 min. The
supernatant was removed, and the suspension was applied to low-
E reflective glass slides (1 cm×1 cm). The slideswere scanned by
FTIR spectroscopy (100/FTIR Spectrometer, Perkin Elmer
Corporation, USA). The derived spectrum was smoothened with
OPUS6.5 software (Bruker Optics Corporation, USA). Amide I
(1650 cm−1) was used as the benchmark prior to performing prin-
cipal component analysis (PCA) and linear discriminant analysis
(LDA) by Matlab R2012b (Math Works Corporation, USA).

RT-PCR

As Liao described (Liao et al. 2017), the primers for p53, Bcl-
2, Bax, and Gapdh were described as follows: p53 forward, 5′-
GTTTCCGTCTGGGCTTCTTG-3′ and p53 reverse, 5′-
CACAACCTCCGTCATGTGCT-3′ (197 bp); Bcl-2 forward,
5′-ATCGCCCTGTGGATGACTGAG-3′ and Bcl-2 reverse,
5′-CAGCCAGGAGAA ATCAAACAGAGG-3′ (129 bp);
Bax forward, 5′-GGACGAACTGGACAGTAACATGG-3′
and Bax reverse, 5′-GCAAAGTAGAAA AGGGCGAC
AAC-3 ′ (150 bp); and Gapdh forward, 5 ′-GCAC
CGTCAAGGCTGAGAAC-3′ and Gapdh reverse, 5′-TGGT
GAAGACGCCAGTGGA-3′ (138 bp). The Gapdh level was
used as internal standard to normalize the expression of target
genes. RT-PCR was performed in a BIO-RAD CFX96 PCR
System (Bio-Rad, USA) with SYBR® PrimeScript™ RT-
PCR Kit II (Takara Biotech, Japan).

Statistical analysis

Data were analyzed using SPSS version 16.0 forWindows (SPSS
Inc.). The results are presented as mean ± SD. Simple ANOVA,
Dunnett’s T3, orχ2 test was used to assess the differences between
control and fluoride-exposed groups. Pearson correlation was ob-
tained to determine the linear relationship when the data were
normally distributed; otherwise, Spearman’s rank correlation was
used. Spectrum pretreatment and multivariable analysis (PCA and
LDA) were performed using OPUS6.5, Matlab R2012b and SAS
9.4 Software (statistical analysis system). The significance level of
data was set at p< 0.05.

Results

Demographic characteristics were similar
among the workers

In order to well understand workers’ general situation, demo-
graphic characteristics were investigated by the structured
questionnaire. As shown in Table 1, this study included 120
aluminum smelter workers, and all participants completed the
structured questionnaire. No statistical difference was
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observed among the age, seniority, smoking, drinking, and
education levels in each group (p > 0.05), indicating that pos-
sible confounding influence is balanced in each group.

Increased fluoride concentrations in air and serum

To determine the factory environment pollutant level and internal
level, the air and serum fluoride concentrations were detected by
fluoride ion selective electrodemethod, presented in Fig. 1. The air
fluoride concentrationswere higher in the fluoride-exposed groups
than that in the control group (p< 0.05). The serum fluoride con-
centrations were increased in a dose-dependent manner with the
increase in fluoride exposure levels. The serum fluoride concen-
trations were higher in the middle- and high-exposed groups than
that in the control group (p< 0.05). Positive correlations were
observed between serum fluoride concentrations and air fluoride
concentrations (r= 0.650, p< 0.05). The results show that the se-
rum fluoride concentration rises at different extent which might
due to long-term exposure to fluoride in aluminum smelter
workers.

Fluoride induced apoptosis in PBLs of aluminum
smelter workers

As increased serum fluoride was detected as environmental
exposure level, PBLs might be influenced. So apoptosis level

in PBLs was detected by Annexin V/PI double-staining assay.
The apoptosis rate was slightly higher in the high-exposed
group than that in the other groups (p < 0.05, Fig. 2). Positive
correlations were observed between the apoptosis rate in PBLs
and serum fluoride concentration of aluminum smelter workers
(r = 0.331, p < 0.05). These results indicate that elevated apo-
ptosis level in PBLs maybe attribute to long term-exposure to
fluoride in aluminum smelter worker. Fluoride induced DNA
damage in PBLs of aluminum smelter workers.

DNA damage is increased as a result of apoptosis due to
fluoride exposure, so the effect of fluoride on DNA damage
was detected by comet assay. The DNA percentages in the tail
and comet rate were higher in the middle- and high-exposed
groups than those in other groups (p < 0.05, Fig. 3a and b,
respectively). The tail length and OTM were higher in high-
exposed group than those in the other groups (p < 0.05, Fig. 3b
and c, respectively). The serum fluoride concentrations
showed significant positive correlation with the percentage
of DNA in the tail, tail length, OTM, and comet rate; and
the correlation coefficients are 0.525, 0.494, 0.493, and
0.622 (all p < 0.05), respectively. Similar, positive correlations
were observed between the comet rate and the apoptosis rate
in PBLs of aluminum smelter workers (r = 0.709, p < 0.05).
These results indicated that effect of fluoride on DNA damage
in PBLs was obvious and might be related to the serum fluo-
ride and apoptosis.

Fig. 1 The fluoride concentrations in the air and serum. Samples were
determined by fluoride ion-selective electrode method. The results were
analyzed with simple ANOVA. a Air fluoride concentrations, the air
fluoride concentrations of control group were under detection limit
(0.9 μg/m3), data represent mean ± SD, n = 24 for each group. b Serum

fluoride concentrations, data represent mean ± SD, n = 30 for each group.
* p < 0.05, as compared with the control group; # p < 0.05, as compared
with the low-exposed group; + p < 0.05, as compared with the middle-
exposed group

Table 1 Demographic
characteristics of control and
exposure groups in this study

Group Age (year) Seniority (year) Smoking (cigarettes/day) Drinking
(mL/day)

Education
(year)

Control 37.0 ± 6.7 12.1 ± 4.5 7.3 ± 3.5 55.0 ± 20.9 11.7 ± 3.9

Low-exposed 36.5 ± 5.8 12.7 ± 5.0 7.4 ± 3.3 54.6 ± 20.1 12.3 ± 4.5

Middle-exposed 37.0 ± 6.8 12.0 ± 4.7 6.9 ± 3.0 58.0 ± 19.4 12.0 ± 4.3

High-exposed 36.0 ± 6.5 12.5 ± 4.7 7.6 ± 3.1 50.8 ± 18.5 11.5 ± 3.4

The results were presented as mean ± SD, and analyzed with simple ANOVA, n = 30 for each group. There was no
significant difference comparing the indexes among groups (p > 0.05)
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ATR-FTIR analysis showed structural changes
or content in DNA and amide in PBLs

Spectral analysis

As a novel method to detect subtle biochemical changes at
sub-cytotoxic and sub-genotoxic concentrations, ATR-FTIR

was applied to detect PBLs’ oxidative stress, including protein
oxidation and DNA damage (Barraza-Garza et al. 2016;
Benseny-Cases et al. 2014; Schwarzbacherová et al. 2017;
Simoncicova et al. 2018). ATR-FTIR spectroscopy showed
remarkable differences in the metabolic fingerprint between
the control and fluoride-exposed groups. The peaks at 953,
993, 1020, 1065, 1121, 1400, 1255, and 1650 cm−1 were

Fig. 3 Fluoride induced DNA damage in PBLs of aluminum smelter
workers. Samples were determined by comet assay. The results were
analyzed with simple ANOVA and χ2 test. The percentage of DNA in
the tail (a), tail length (b), olive tail moment (c), and comet rate (d) were
used to evaluate DNA damage. The comet rate was equal to total number
of comet cells in each group divided by total number of cells observed

corresponding group. Data represent mean ± SD, n = 30 for each group. *

p < 0.05, as compared with the control group; # p < 0.05, as compared
with the low-exposed group; + p < 0.05, as compared with the middle-
exposed group. e Representative experiment of comet assay. The comet
images were obtained by epifluorescence microscopy (× 100)

Fig. 2 Fluoride induced apoptosis in PBLs of aluminum smelter workers.
Samples were determined using Annexin V/PI double-staining assay by
flow cytometry and the results were analyzed with simple ANOVA. a
Total apoptosis of PBLs in each treated group. Data represent mean ± SD,
n = 30 for each group. * p < 0.05, as compared with the control group; #

p < 0.05, as compared with the low-exposed group; + p < 0.05, as
compared with the middle-exposed group. b Representative experiment
of apoptosis. Early apoptotic cells (AV+/PI−) were in the lower right
quadrant and late apoptotic/necrotic cells (AV+/PI+) in upper right
quadrant
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decreased with the increase in the concentration of fluoride
(Fig. 4). Spectrum variations may suggest that the changes
in the molecular structures or contents of cytoplasmic protein
phosphorylation (953 cm−1), glycogen (993 and 1020 cm−1),
DNA/RNA (1065 and 1121 cm−1), protein (1400 cm−1), am-
ide III (1255 cm−1), and amide I (1650 cm−1) bands were
determined by the presence of fluoride. These results indicated
that hydrogen or conjugated bonds may be destroyed by fluo-
ride in PBLs of aluminum smelter workers.

PCA and LDA analyses

To determine clearly the spectral features, multivariate dimen-
sionality analysis was performed between PCA and LDA
(Table 2). The cumulative contribution ratios of the top two
principal components (PC) were PC 1 (92.93%) and PC 2
(3.68%) for 96.61% of the spectral features and information,
which can represent the main biochemical changes in PBLs
exposed to fluoride. The PC1 score was higher in the fluoride-
exposed groups than that in the control group (p < 0.05,
Table 2), the PC2 score also showed the same trend, but it
was not significant. The 2D scattergram displaying the PCA-
LDA scores in each group is shown in Fig. 5. The medians of
the PCA-LDA1 scores were decreased in aluminum smelter
worker following long-term exposure in the control, low-,
middle-, and high-exposed groups (0.84, 0.10, −0.39, and −
0.78, respectively). The PC1 was mainly due to changes in the
structure or content of DNA/RNA, glycogen, symmetric
phosphate/DNA, and cytoplasmic protein in PBLs, these re-
sults were consistent with comet assay results. The PC2 main-
ly attributed to changes in amide I–III and the ratios of
1630 cm−1/1650 cm−1 were 0.97, 0.94, 0.91, and 0.89 in the
high-, middle-, low-exposed groups, and control group, relat-
ed to carbonyl groups(C=O) vibration and protein aggregation

which closely related to protein oxidation. Thus, fluoride-
induced oxidative stress in PBLs might due to PC1 and PC2.

Apoptosis-related gene expression levels rose in PBLs

In order to furtherly investigate fluoride-induced apoptosis,
we detected apoptosis-related gene expression levels, includ-
ing p53, Bax, and Bcl-2, with RT-PCR. Fluoride exposure
slightly increases the expression levels of p53 and Bax in
the PBLs of high-exposed workers, as compared with the
other groups (p < 0.05, Fig. 6a and b). The Bcl-2 expression
levels were decreased in fluoride-exposed groups compared
with that in the control group, but the decrease was insignifi-
cant (Fig. 6c). The Bax/Bcl-2 expression ratio was higher in
high-exposed group than those in other groups (p < 0.05, Fig.
6d). Moreover, significant correlations were observed be-
tween the expression levels of p53 and Bcl-2 or Bax (r =
0.959, r = −0.969, respectively; p < 0.01). The total apoptosis
rate had a positive correlation to the expression levels of p53
and Bax (r = 0.991, r = 0.972, respectively; p < 0.01). Above

Fig. 5 Scatter gram of the PCA-LDA scores of the PBLs of fluoride-
exposed workers. The spectrum data was analyzed by reducing
dimension with PCA-LDA. n = 30 for each group. The black, blue,
green, and red dashed lines represent the median of the PCA-LDA 1
scores of the high-, middle-, and low-exposed group and control group,
respectively

Fig. 4 The ATR-FTIR average spectrum of the PBLs in electrolyzing-
aluminum workers. Samples were analyzed by ATR-FTIR and cells
biochemical changes are known by analyzing spectrum. n = 30 for each
group. The brown and blue wave numbers respectively were the top ten
contribution peaks for PC 1 and PC 2

Table 2 PCA scores of the ATR-FTIR spectrum of the PBLs in
aluminum smelter workers

Group PC 1 score (92.93%) PC 2 score (3.68%)

Control 4.45 ± 4.384 0.27 ± 0.893

Low-exposed 0.42 ± 4.386 * 0.01 ± 0.961

Middle-exposed −1.88 ± 4.001b *, # −0.11 ± 1.040

High-exposed −2.993 ± 3.668 *, #, + −0.16 ± 1.050

Data represent mean ± SD, n = 30 for each group. * p < 0.05, as compared
with the control group; # p < 0.05, as compared with the low-exposed
group; + p < 0.05, as compared with the middle-exposed group
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results indicated that fluoride might induce apoptosis via p53
pathway in PBLs of aluminum smelter workers.

Discussion

Oxidative stress and apoptosis of fluoride have received in-
creased interest within the scientific community because of
occupational exposure and aluminum fluoride used in alumi-
num smelter industry. However, the air fluoride concentration
levels in the aluminum smelter industry are relatively low and
controlled in accordance with the relevant standards. In addi-
tion, the increasing fluoride doses in air pollution cannot be
ignored, especially in occupational environments. In consid-
eration of the influence of fluoride on health results from a
long-term accumulation process, the present study was de-
signed to explore the potential oxidative stress and apoptosis
in PBLs of aluminum smelter workers following long-term
occupational fluoride exposure. We found that long-term oc-
cupational exposure to low levels of fluoride may lead to
oxidative stress and induce apoptosis through the p53-
dependent pathway in PBLs of aluminum smelter workers.

In this study, the air fluoride concentrations were higher in
the fluoride-exposed groups than that in the control group and
decreased with the increase in distance from the electrolysis
workshop (high-fluoride exposure group). Nevertheless, all

concentrations were less than 0.5 mg/m3 and controlled in
accordance with the relevant standards (Zhang and Cao
1996). Therefore, the potential oxidative stress and apoptosis
of long-term occupational exposure to low level of fluoride
were carried out in PBLs of aluminum smelter workers.
Consequently, the serum fluoride concentrations were in-
creased significantly in a dose-dependent manner with the
increase in fluoride exposure levels. Positive correlations were
observed between serum fluoride concentrations air fluoride
concentrations. These results indicated that serum fluoride
levels may be the potential biomarker of occupational fluoride
exposure, and the peripheral blood may be one of the primary
regions where fluoride accumulates. It is noteworthy that fluo-
ride exposure may also mediate oxidative stress and apoptosis
in peripheral blood cells (Jothiramajayam et al. 2014a; Rocha-
Amador et al. 2011). Similarly, our study showed that PBLs
were sensitive to fluoride exposure. The total apoptosis rate
was increased in a dose-dependent manner with the increase in
fluoride exposure levels in PBLs. Positive correlations were
observed between the apoptosis rate in PBLs and serum fluo-
ride concentrations. These results suggested that the raised
serum fluoride levels may play a role in elevating apoptosis
level in PBLs of aluminum smelter worker following long-
term fluoride exposure.

Apoptosis is a normal physiological activity of the body
that maintains environmental stability (Redza-Dutordoir and

Fig. 6 The mRNA expression of
p53, Bax, and Bcl-2 genes in
PBLs of fluoride-exposed
workers. Samples were
determined by RT-PCR. The
results were analyzed with simple
ANOVA. The levels of p53 (a),
Bax (b), Bcl-2 (c), normalized by
Gapdh mRNA, and the Bax/Bcl-2
ratio (d) are expressed as fold
changes in figure. Data represent
mean ± SD, n = 30 for each
group. * p < 0.05, as compared
with the control group; # p < 0.05,
as compared with the low-
exposed group; + p < 0.05, as
compared with the middle-
exposed group
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Averill-Bates 2016). Nonetheless, significantly high or low
apoptosis can exert a negative effect on the body (Sharma
et al. 2017). DNA damage is increased as a result of apoptosis
due to fluoride exposure (Song et al. 2015; Suzuki et al. 2015).
Therefore, we further investigated the underlying mechanism
of potential fluoride-induced oxidative stress and apoptosis in
PBLs. Our study showed that DNA strand breaks in PBLs
may be caused by fluoride exposure. Positive correlations
were observed between apoptosis and DNA strand breaks
which suggested that DNA strand breaks may be a reason
for fluoride-induced apoptosis in PBLs. Notably, oxidative
damage is an important mechanism of fluoride-induced
DNA damage (Muratori et al. 2015; Skipper et al. 2016). In
the present study, ATR-FTIR was used to evaluate the oxida-
tive damage and genotoxicity by detecting subtle changes in
cytoplasmic protein phosphorylation, glycogen, DNA/RNA,
protein, amide III, and amide I (Martin et al. 2007; Pang et al.
2012; Schwarzbacherová et al. 2017). ATR-FTIR spectrosco-
py results showed that the peaks at 953, 993, 1020, 1065,
1121, 1400, 1255, and 1650 cm−1 were decreased with the
increased fluoride-exposure concentration. The spectral vari-
ations may suggest that the changes in the molecular struc-
tures or contents of cytoplasmic protein phosphorylation
(953 cm−1), glycogen (993 and 1020 cm−1), DNA/RNA
(1065 and 1121 cm−1), protein (1400 cm−1), amide III band
(1255 cm−1), and amide I (1650 cm−1) bands were determined
by the presence of fluoride; these results indicated that hydro-
gen or conjugated bonds may be destroyed in different de-
grees (Pang et al. 2012). Additionally, to determine the spec-
tral features, multivariate dimensionality analysis was per-
formed between PCA and LDA. The medians of the PCA-
LDA1 scores were higher in the control group than those in
the fluoride-exposed groups, thereby indicating that PC 1 was
mainly due to the changes in the structure or content of DNA/
RNA, glycogen, symmetric phosphate/DNA and cytoplasmic
protein in PBLs (Trevisan et al. 2010). The PC2 mainly attrib-
uted to changes in amide I–III which represented carbonyl
groups(C=O) stretching vibration and protein aggregation that
closely related to protein oxidation (Schwarzbacherová et al.
2017; Simoncicova et al. 2018). Fluoride can induce oxidative
stress and genotoxicity in PBLs. Hence, oxidative stress may
be an important mechanism of fluoride-induced DNA damage
and apoptosis in PBLs of aluminum smelter worker.

Previous studies supported our findings by showing that
fluoride exposure can induce apoptosis and change the
mRNA expression levels of p53, Bcl-2, or Bax in different
cell types (Liao et al. 2017; Liu et al. 2018; Tu et al. 2018).
Apoptotic protein p53 can be accumulated and activated,
which can also trigger cell cycle arrest and apoptosis induced
by DNA damage (Karimian et al. 2016). In our study, the
increasing mRNA expression levels of p53 were correlated
with the apoptosis and comet rate in fluoride-exposed groups.
Results suggested that apoptotic protein p53 may be involved

in the mechanism of fluoride-induced apoptosis in PBLs.
Apoptotic protein p53 mediates apoptosis by upregulating
the transcription of many proapoptotic genes and downregu-
lating antiapoptotic genes (Zhang et al. 2015). Bcl-2 family
members, that is, downstream proteins of p53 pathways, ex-
hibit crucial functions in apoptosis, and they can be divided
into antiapoptotic and proapoptotic proteins according to their
structural and functional characteristics (Moldoveanu et al.
2014; Siddiqui et al. 2015). The mechanism of antiapoptotic
protein Bc1-2 may prevent the activation of apoptosis-related
genes by inhibiting DNA transcription (Upadhyay et al.
2003). Alternatively, such mechanism inhibits the functions
of apoptosis-related genes (Upadhyay et al. 2003). The Bax
function is opposite to that of Bcl-2, and Bax can form het-
erodimers with Bcl-2 (Moldoveanu et al. 2014). Thus, Bcl-2 is
inactivated, thereby promoting apoptosis. The present results
showed that fluoride exposure may slightly increase the
mRNA expression levels of Bax, decrease the mRNA expres-
sion levels of Bcl-2 and increase the expression of Bax/Bcl-2
ratio in PBLs. These results are consistent with the findings
reported in the literature (Liao et al. 2017). The Bax/Bcl-2
ratio may be used as the evaluating index to determine the
apoptosis process (Aboutaleb et al. 2015; Zhang et al. 2014).
Moreover, significant correlations were observed between the
expression levels of p53 and Bcl-2 or Bax. The total apoptosis
rate was positively associated with the expression levels of
p53 and Bax. These results suggested that the fluoride-
induced apoptosis of PBLs may be mediated with the upreg-
ulated expression levels of p53, Bax, and Bax/Bcl-2 ratio.

In conclusion, these cell experiments were carried out in
fluoride-exposed working population. Therefore, the results
may indicate the toxic effects of fluoride on the body.
Evidence presented herein showed that oxidative stress may
mediate fluoride-induced apoptosis through a p53-dependent
pathway in PBLs. Our results also demonstrated that the ex-
pression levels of p53, Bax, and Bax/Bcl-2 ratio were in-
creased significantly with the increase in fluoride exposure
levels in PBLs. Long-term occupational exposure to low level
of fluoride might also cause genotoxicity, oxidative stress,
DNA damage and apoptosis in PBLs. Taken together, these
findings suggested that in vivo occupational exposure to fluo-
ride may resulted in oxidative damage and induced apoptosis
through a p53-dependent pathway in PBLs. p53-dependent
apoptosis mediated by DNA damage may play a role in
fluoride-induced apoptosis of PBLs. Furthermore, serum fluo-
ride levels may be a potential biomarker of fluoride exposure.
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