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Abstract This study aims to clarify the molecular mech-
anism of fluorine exposure that leads to nerve injury.
PC12 cells were treated with fluorine at different con-
centrations (0.5, 1.0, 1.5, and 2.0 mM). Cytoactivity
was detected at different time points (2, 4, 6, 8, 12,
24, and 48 h). After 2 h, DCF was used to detect and
mark the level of reactive oxygen species (ROS) within
cells. After 24 h, cellular metamorphosis was observed
using an inverted microscope. After 2 h, Hoechst-33342
was used to detect apoptosis. After 24 h, Western blot
analysis was performed to detect apoptosis-related poly
(ADP-ribose) polymerase (PARP) protein, p-elF, and ex-
pression of the endoplasmic reticulum stress-related X-
box binding protein 1 (XBP-1). The results showed that
Fluorine exposure resulted in a reduction of cell viabil-
ity, which was negatively correlated with fluorine dose.
Within certain fluorine exposure duration, the ROS level
within the cell and the apoptotic level are linearly relat-
ed to fluorine exposure level. XBP-1 and PARP protein
are sensitive to variations in fluorine concentration,
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which indicates that oxidative stress from fluorine expo-
sure can lead to apoptosis. XBP-1 and PARP may be
the key proteins during the entire process. These results
provide a valid basis for fluorine-induced free radical
injury theory.
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Introduction

Long-term exposure to a high-fluorine environment may
result in endemic fluorosis among susceptible popula-
tions. However, the pathogenesis of this condition re-
mains unclear. Fluorine-induced free radical injury the-
ory has been recognized by a large number of scholars
[1]. The most common indicators used in research are
SOD and MDA, which may be influenced by various
factors. It does not present low specificity and sensitiv-
ity, and the obtained results contradict one another [2,
3]. On the basis of an early-stage laboratory in vivo
study [4-8] and PC12 cell culture in vitro [9], an acute
exposure experiment of PCI2 cultivation in vitro was
conducted to detect direct intracellular changes in reac-
tive oxygen species (ROS) concentration induced by
fluorine exposure at a concentration different from that
in the previous study. By observing the influences of
fluorine exposure on PC12 cellular morphology, viabili-
ty, endoplasmic reticulum stress (ERS), and apoptosis-
related proteins, the present study elucidates the molec-
ular mechanism of ERS in neuron injury induced by
fluorine exposure. The current study also determines
the relation between chronergy and the quantitative ef-
ficiency of fluorine-induced neuron injury.
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Materials and Methodology
Reagents

Dulbecco’s modified Eagle’s medium (a high-glucose
medium), horse serum(GIBCO), defined fetal bovine se-
rum (Hangzhou Sijiqing), trypsin, polylysine, L-gluta-
mine, penicillin—streptomycin, Cell Counting Kit-8
(CCK-8), Hoechst-33342, ROS assay kit (Beyotime
Biotechnology), bicinchoninic acid protein content de-
tection kit, radioimmunoprecipitation assay lysate,
phenylmethanesulfonyl fluoride, glycine, loading buffer,
color stain protein molecular weight markers, develop-
ing and fixing kit, an enhanced chemiluminescence
(ECL) color developing agent (Beyotime Biotechnology),
pyroxylin or nitrocellulose (NC) membrane (Wuhan
Boster Bioengineering), bovine serum albumin, acrylam-
ide (Shanghai Boyun), anti-rat X-box binding protein 1
(XBP-I) (M-186), GADDI53(B-3), (-actin polyclonal
antibody (primary antibody, US Santa Cruz), anti-rat
poly (ADP-ribose) polymerase (PARP), phospho—
elF2a (Ser41) (primary antibody, US Signaling), goat
anti-rabbit IgG/horseradish peroxidase (HRP; secondary
antibody; Shanghai Boyun), and other reagents, such as
NaF, NaCl, NaHCO3, KCI, Na2HPO4~12H20, KH2PO4,
and EDTA (analytically pure), were purchased from
Jinhua Reagent Co., Ltd.

Experimental Subjects and Treatment
Experiment Subjects
The PC12 cells used in the experiment were purchased from

the Institute of Neuroscience, Zhejiang University School of
Medicine.

Fig. 1 CCK-8 detection of cell
viability

Cell survival rate (%)

Treatment Method

The experiment was performed on the fluorine group and the
control group. NaF was dissolved in water, which formed
mother liquor that was 100 times. The mother liquor was
sterilized under high pressure and diluted using a substrate.
The cells were then treated at final concentrations of 0.5, 1.0,
1.5, and 2.0 mM [10].

Detecting Index Observation
Detecting Cell Viability and ROS

Cell viability was detected via the CCK-8 method. Cells were
inoculated on a 96-well plate, with a density of 5000/100 pL.
As soon as they became stable (approximately 2 h later), the
cells were replaced with a medium that contained NaF and
then cultivated for another 24 h. Each concentration had 12
targets, along with the cell control and the blank medium.
After fluorine exposure, the cells were washed twice with
phosphate-buffered saline (PBS), added into the medium with
10 % CCK-8, and incubated for 30 min. The absorption value
was measured at 450 nm.

ROS were detected using the ROS assay kit. A
dichlorofluorescein diacetate (DCFH-DA) probe was
added. The DCFH-DA was diluted with a serum-free
medium (SFM) at a ratio of 1:1000 to a final concen-
tration of 10 pwmol/L. The medium was removed, and
the diluted DCFH-DA was added, incubated at 37 °C
for 20 min, and washed thrice with SFM. The DCFH-
DA that did not enter the cells was removed. The me-
dium with NaF was cultivated for 2 h (the treatment
period was 2 h because ROS appeared during the early
stages of cell apoptosis) and then compared with the
control group. Observation was conducted directly

0% L
con

1.0 1.5 2.0

NaF (Mm) ~

Note: *: p < 0.05, **: p < 0.01, comparison with the control group
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Fig. 2 Detection of intracellular
ROS

Note: A: Control B: 0.5 C: 1.0 D: 1.5 E: 2 (unit: mM)

through laser scanning confocal microscopy (LSCM).
The excitation wavelength was set at 488 nm, and the
emission wavelength was set at 525 nm.

Observing Neuron Morphology

The neuron morphology of each group was observed via fluo-
rescence microscopy.

Detecting Apoptosis through Hoechst-33342 Staining

After the cells were treated with NaF, the residue medium was
washed with PBS, added into moderate Hoechst-33342 stain-
ing liquor to cover it, and incubated at 37 °C for 40—60 min.
The staining liquor was abandoned, washed 2-3 times with
PBS, and observed via LSCM. The excitation and emission
wavelengths were 346 and 460 nm, respectively.

Western Blot Analysis

A separation gel (12 %, 37 °C, 1.5 h) and a concentration
gel (4 %, 37 °C, 1 h) were formulated. Proteins were

Table 1 Influence of

fluorine exposure on Group Fluorescence intensity
intracellular ROS
(concentration) (n = 20, x Control 10.49 + 0.60
+5) 0.5 13.05 + 2.04
1.0 18.83 +3.20
1.5 25.02 +3.357
2.0 35.93 £3.42"

Note: *p < 0.05, **p < 0.01, comparison
with the control group

loaded to conduct electrophoresis. The constant voltage
of the concentration gel was set to 80 V, whereas that
of the separation gel was set to 120 V. The proteins were
then transferred onto the membrane. After electrophoresis,
the lengths of the proteins were determined based on the
protein maker. The gel was cut out of the section where
the target protein was located and then transferred onto an
NC membrane. The transfer process should be performed
on ice with a constant current of 300 mA for 2 h. After
membrane transfer was completed, the NC membrane was
placed in a confining liquid (5 % skimmed milk power
with 1x TBST), vibrated gently on a shaking table at
37 °C, and confined for 2.5 h. Primary antibody incuba-
tion was conducted after confinement. The NC membrane
was washed with 1x TBST to remove the milk powder
and added into the primary antibody treatment fluid.
PARP was diluted with XBP-1 at a ratio of 1:400, with
p-clF at 1:300, and with (-actin at 1:600. Then, the mix-
ture was incubated in a shaking table at 37 °C for 2 h
and rinsed thrice with 1 x TBST for 10 min each to
remove the primary antibody residue. The rinsed NC
membrane was combined with goat anti-rabbit secondary
antibody labeled with HRP and incubated in a shaking
table at 37 °C. The diluted concentrations of the second-
ary antibody were 1:1000, 1:1500, and 1:3500, and the
incubation durations were 1.5, 1.5, and 2 h, respectively.
TBST was rinsed thrice for 10 min to remove the redun-
dant secondary antibody. The NC membrane was placed
on a glass after it was completely washed. The ECL dis-
closing solution was applied to cover the membrane with
a preservative film. The film was exposed to develop it
and then dipped in a fixing solution after a strip appeared.
The film was scanned with the target protein, and semi-
quantitative analysis was conducted using Quantity One
software.
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Fig. 3 Cell morphology A
observation (10 x 20)

Note: A: Control B: 0.5 C: 1.0 D: 1.5 E: 2.0 (unit: mM)

Statistics and Analysis

Statistical analysis was conducted using SPSS 18. Variance
homogeneity testing and one-way ANOVA were adopted to
conduct intergroup comparison. The least significant differ-
ence test was applied to conduct multiple comparisons with
a significance standard of p < 0.05.

Result
Detecting Cell Viability with CCK-8

Cell viability was detected using the CCK-8 method, as
shown in Fig. 1. Compared with that of the control group, cell
viability in the 2.0 mM group decreased significantly

Fig. 4 Cell apoptosis

(p < 0.05) after 2 h of fluorine exposure. The cell viability of
the 1.5 and 2.0 mM groups was significantly or highly signif-
icantly decreased (p < 0.01) after 4 h of fluorine exposure. The
cell viability of the 1.0 and 1.5 Mm groups decreased signif-
icantly (p <0.05), whereas that of the 2.0 mM group decreased
highly significantly (p <0.01) after 12 h of fluorine exposure.
The cell viability of the 0.5 and 1.0 Mm groups decreased
significantly (p < 0.05), whereas that of the 1.5 and 2.0 mM
groups decreased highly significantly (p < 0.01) after 24 h of
fluorine exposure.

Detection Results of Intracellular ROS Concentration

DCFH-DA was applied to detect intracellular ROS concentra-
tion. Fluorescence intensity represented intracellular ROS lev-
el, as shown in Fig. 2 and Table 1. After exposure to NaF for

Note: A: Control B: 0.5 C: 1.0 D: 1.5 E: 2.0 (unit: mM)
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Table 2 Influence of

fluorine on apoptosis Group Fluorescence intensity
(n=60x +£5)

Control 81.57 +4.20

0.5 80.01 + 5.90

1.0 83.23 £2.50

1.5 83.04 + 6.09

2.0 83.63 £2.13

Note: *p < 0.05, **p < 0.01, comparison
with the control group

2 h, the fluorescence intensity with DCF label was enhanced
gradually with the incretion of fluorine concentration, which
indicated that intracellular ROS increased gradually compared
with the control group. The ROS levels in the 1.5 and 2.0 mM
groups increased significantly (p < 0.01).

Observing Cell Morphology

The observation of the morphology results indicated that cells
were typically spindle-shaped with two or more neuritides, as
shown in Fig. 3. After exposure to fluorine for 24 h, cell
density decreased, some of the cells turned around, apoptosis
increased, and the vesicle (Fig. 3d) and cell debris (Fig. 3¢)
could be observed.

Detecting Apoptosis

Hoechst-33342 stain was used to detect apoptosis, as shown in
Fig. 4 and Table 2. The Hoechst-33342 stain site is shown as a

Fig. 5 Influence of fluorine
exposure on PC12 cell PARP,
XBP-1, and p-¢lF protein
expression (n =4, x +£5)
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cell nucleus in Fig. 4. The cell nucleus is typically oblong or
oval. After apoptosis, the cell nucleus became round and
karyopyknosis appeared (Fig. 4e). The stain darkened, and
fluorescence intensity increased. As shown in Fig. 2, no sig-
nificant difference was observed in the fluorescence intensity
(p > 0.05) compared with the control group. Apart from the
0.5 mM group, the other fluorine exposure groups tended to
increase, which indicated that apoptosis in the fluorine expo-
sure group exhibited the tendency to increase.

Detection Results of PC12 Cell Protein Expression in each
Group

The expression levels of the apoptosis-related proteins (p-elF,
PARP) and the ERS-related protein XBP-A after 24 h of fluo-
rine exposure are shown in Fig. 5. The results demonstrated
that compared with the control group, the expression levels of
ZBP-1 and PARP in the 1.0 mM group increased significantly
(p <0.05), whereas the PARP shear zone indicated that PARP
expression rose significantly (p < 0.01). The concentration
and protein expression levels of the other groups exhibited
no significant difference (p > 0.05).

Discussion

Regarding the mechanism of fluorine that leads to organism
damage, free radical injury theory [11-14], which is also
known as oxidative stress theory, is generally recognized. Li
etal. [2] indicated that oxidative stress reaction in an organism
was complex and involved many factors other than SOD,

38kD

S56kD

116kD
89kD

43kD

Note: *: p < 0.05, **: p < 0.01, comparison with the control group
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MDA, and other common indices. Reddv et al. [3] reported
that their research results from skeletal fluorosis patients and
fluorosis rabbit indicated no significant difference in SOD,
MDA, and other indices between fluorosis and the control
group. To overcome the defects of traditional research index,
the present study further detected intracellular ROS. A change
in the redox state in cells promoted the generation of ROS and
the activation of apoptosis-inducing factors, which resulted in
apoptosis and aggravated change in the redox state in cells
[15]. ROS detection in the current study showed that the con-
centration of intracellular ROS rose after 2 h of exposure to
NaF as fluorine concentration increased, which indicated that
intracellular ROS level was generally linearly related to fluo-
rine exposure.

The results of this study indicate that fluorine exposure
may lead to a decrease in cell viability, which is consistent
with the result of the study of He Ping et al. [16], in which
fluorine leads to hippocampus cell injury in primary cultured
rats, as well as with our previous research results [9].
Moreover, the result of the linear relationship between cell
viability and exposure time corresponds to the result of the
study of Kubotap [17]. Apoptosis is a normal physiological
activity that stabilizes the environment inside an organism.
However, excessively high or low apoptosis is unfavorable
to an organism. The present study has proven again, on the
basis of the result of our previous study [9], that certain doses
of NaF can lead to apoptosis and exhibit a linear relation
between apoptosis level and intracellular ROS level [2, 10].
These results provide a basis to fluorine-induced free radical
injury theory.

As a synthetic protein family catalyzed by poly (ADP-
ribose) (PAR), PARP weighs heavily on apoptosis. Under
physiological conditions, PAR uses NAD as the substrate to
modify protein (mainly nucleoprotein) after translation and
achieves covalent linkage of its multimer to a receptor protein
involved in DNA repair to prevent cell apoptosis [18]. This
protein/PAR composite consists of the DNA basic structure,
several nucleoprotein polymers, and PARP from the complete
DNA. Therefore, PARP can transform DNA breakage into
intracellular signals, an inactive DNA repair process, or a cell
death mechanism. In the caspase-dependent pathway, PARP is
the substrate of caspase [19]. In vitro, PARP can be cut by
various caspases, whereas in vivo, PARP is the main cutting
target of caspase 3, which separates the PARP catalytic do-
main of c-terminus (89 kD) from the DNA binding domain of
the amino terminal (24 kD), and thus, leads to enzyme activity
loss. PARP is vital to cell stability and viability, which can
accelerate cell instability.

The apoptosis pathway activated by ERS is called the ERS
pathway, which can be divided into the following: phosphor-
ylation of elF-2, transcription of CHOP/Gaddl53 and activa-
tion of caspase family [20]. elF2a is an apoptosis pathway
protein in apoptosis caused by ERS, although the functioning
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of elF-2 is rarely reported. In general, when the unfolded
protein aggregates in ER, BiP/GRP78 separates from PERK.
PERK obtains a phosphorylate, forms a dipolymer, and acti-
vates the phosphorylation of elF2a to form p-elF2a. p-elF2a
cannot start a normal messenger RNA (mRNA) translation
mechanism and stop protein synthesis; improperly folded pro-
tein cannot enter ER; ERS can then be released; and the ERS
level is alleviated. Several studies have indicated that fluorine
leads to the subunit phosphorylation of elF2a, which de-
creases protein synthesis [21]. ERS can activate the cutting
of XBPI mRNA, shift ORF to a code, and form a transcription
factor with a leucine zipper (b-ZIP protein), which is activated
XBP-1. This leucine zipper combines the ERS response ele-
ment and the unfolded protein response element; it also acti-
vates all the ERS response genes, such as BiP/GRP78 and
XBP-1. Unfolded protein degrades protein via weakening
translation or relieves ERS through apoptosis. After 24 h of
fluorine exposure, XBP-1, PARP, and the PARP shear zone of
each group all share common variation tendency. Prior to
fluorine exposure, concentration rises to 1.0 mM; these ex-
pression levels are proportional to exposure concentration.
However, after fluorine concentration rises to 1.0 mM, a re-
versed ratio is observed. Compared with the control group at
1.0 mM concentration, XBP-1, PARP, and PARP cutting
(PARP expression level) increase or are highly significantly
increased, whereas no significant difference is observed in the
expression of p-elF2a. These findings suggest that XBP-1 and
PARP are the key signaling molecules in ERS-induced apo-
ptosis during fluorine exposure. They also suggest that during
the 24-h fluorine exposure, ERS induces a hormesis effect on
apoptin XBP-1 and PARP expression as well as on fluorine
stain concentration. This effect is indicated by an increase in
expression at low concentrations and a decrease in expression
at high concentrations; that is, a parabolic relation exists be-
tween protein expression and fluorine concentration.

In conclusion, the result of this study indicates that the
possible molecular mechanism of organism neuron injury dur-
ing fluorine exposure may be explained as follows: excessive
fluorine generates excessive ROS, induces excessive oxida-
tive stress and ERS in the neuron, intensifies neuron apopto-
sis, and finally, results in injury [22, 23].
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