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Abstract The present study investigated the effects of fluo-
ride on endoplasmic reticulum (ER) stress (ERS) and osteo-
blast apoptosis in vivo. Forty-eight Wistar rats were randomly
divided into four groups (12/group) and exposed to 0, 50, 100,
and 150 mg/L of fluoride in drinking water for 8 weeks,
respectively. Peripheral blood samples and bilateral femurs
were used to monitor the progression of fluorosis in the
animals. Hematoxylin and eosin (H&E) staining of the bone
tissues was used to determine the severity of osteofluorosis.
The expression of ERS chaperones (glucose-regulated protein
78 (GRP78), X-box binding protein 1 (XBP1), cysteine aspar-
tate specific protease-12 (caspase-12), and growth arrest and
DNA damage-inducible gene 153 (Gadd153/CHOP) was an-
alyzed by immunohistochemistry staining, and osteoblast ap-
optosis was determined by TUNEL staining and flow cytom-
etry. Accumulation of fluoride in bone was associated with the
severity of osteofluorosis. The expression of GRP78, XBP1,
caspase-12, and CHOP was increased in a dose-dependent
manner. Fluoride-induced apoptosis in osteoblasts was also
dose-dependent. High concentrations of fluoride induced ERS
and osteoblast apoptosis in vivo. The increased expression of
GRP78 and XBP1 increased the adaptation of osteoblasts to
ERS to a certain extent. Caspase-12 and CHOP activation was
associated with ERS and osteoblast apoptosis.
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Introduction

Fluoride, a trace element, plays an important role in the
deposition of calcium and phosphorus in the bones [1].
However, excessive fluoride can cause fluorosis, and fluoride
poisoning has been a serious public health problem in many
parts of the world [2—4].

Fluoride is often accumulated in the bones and teeth [4, 5].
Osteofluorosis is a typical sign of chronic fluorosis, exhibiting
osteomalacia, bone sclerosis, osteoporosis, and hetero-
topic ossification [4, 6]. In recent years, there has been
increasing evidence supporting the hypothesis that in-
creased osteoblast activity and accelerated bone turnover
are characteristics of the pathogenesis of osteofluorosis
[7, 8]. However, the underlying molecular mechanisms
remain largely unknown.

Epidemiological studies have suggested that endemic fluo-
rosis is a calcium paradox disease closely related to malnutri-
tion in dietary calcium [9]. In patients with endemic fluorosis,
whole body calcium is decreased, but the intracellular con-
centration of Ca®" is increased [10]. Chronic fluoride poison-
ing can open Ca®" channels in osteoblasts and lead to intra-
cellular calcium overload [11, 12]. The endoplasmic reticulum
(ER) is largely responsible for calcium homeostasis and cal-
cium signal transduction [13—15]. Changes in ER Ca®" chan-
nels and Ca®" homeostasis (calcium deprivation or calcium
overload) can affect the function of the ER, leading to the
accumulation of unfolded and misfolded proteins in the ER
lumen and causing ER stress (ERS) [13—16]. This in turn leads
to the unfolded protein response (UPR) or the downregulation
of a series of specific genes associated with transcription and
protein translation [17]. Protein synthesis is halted to reduce
the ER load. If ER function cannot be restored, cell apoptosis
often occurs [14, 15, 18, 19]. Molecular signals involved in
ERS and UPR are associated with osteoflurosis and may
activate apoptotic signals.
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The glucose-regulated protein 78 (GRP78), X-box binding
protein 1 (XBP1), cysteine aspartate specific protease-12 (cas-
pase-12), and growth arrest and DNA damage-inducible gene
153 (Gadd153/CHOP) are important ERS chaperones [20].
Under normal physiological conditions, GRP78 forms hetero-
dimers with three transmembrane receptors, IRE1, PERK, and
ATF6, on the ER membrane [20-22]. When ERS is induced,
GRP78 dissociates with transmembrane receptors, promoting
UPR [23]. XBP1, which belongs to the CREB/ATF protein
family, is a basic leucine zipper protein and is widely
expressed in mammalian cells, especially in liver cells [24].
It plays an important role in restoring Ca>* homeostasis in the
ER [25]. Under ERS, XBPI mRNA is induced by ATF6 and
spliced by IRE1, producing a highly active transcription fac-
tor, XBP1s, which promotes ER-associated protein degrada-
tion (ERAD) and UPR [26]. Caspase-12, a member of cyste-
ine aspartate kinase family, is expressed only in the ER [27].
Under ERS, caspase-12 is specifically activated, disturbing
Ca*" homeostasis and causing the accumulation of misfolded
proteins in the lumen of the ER. This activates caspase-9 and
caspase-3, eventually inducing cell apoptosis [27, 28]. CHOP
is an important marker for ERS [29]. Under normal physio-
logical conditions, the expression of CHOP is maintained at a
relative low level. When its expression is elevated under ERS,
CHORP induces cell apoptosis by downregulating the expres-
sion of antiapoptotic factors [30, 31]. Recent studies have
suggested that ERS chaperones are in dental fluorosis and
osteoblast activation in vitro [32, 33]. However, the function
of ERS chaperones in vivo during osteofluorosis remains
unknown.

The present study investigated the mechanism of ERS in
endemic fluorosis. We used rats as an in vivo model to
investigate the role of ERS chaperones in osteofluorosis and
osteoblast ERS. We further investigated the relationship be-
tween excessive fluoride-induced ERS and osteoblast cell
apoptosis.

Materials and Methods
Animals and Fluoride Exposure in Drinking Water

Four-week-old Wistar rats were provided by the Experimental
Animal Center of China Medical University in Shenyang,
China. The experimental protocol was in accordance with
the general guidelines of the Association for Assessment and
Accreditation of Laboratory Animal Care and was reviewed
and approved by the Animal Care and Use Committee of
Science and Technology Department of Liaoning province,
China. All of the animals were housed in pairs in plastic
metabolic cages within the Laboratory Animal Care. The rats
were maintained on a 12:12-h light/dark cycle with an ambient
temperature of 21 °C and a humidity of 40-80 %.

Forty-eight rats were randomly divided into four groups
(six males and six females in each group). The control group
was provided tap water that contained 0.3 mg/L fluoride. The
low, middle, and high concentration groups were given sodi-
um flouride (NaF) water with final fluoride concentrations of
50, 100, and 150 mg/L, respectively, using methods reported
previously [34-37]. A conventional rat diet containing 20 pg/
g of fluoride was provided by the Experimental Animal Center
of China Medical University. The animals were weighed and
observed weekly for their activity, water intake, diet, and
dental fluorosis. After 8 weeks of fluoride exposure, the rats
were anesthetized by intraperitoneal injection of chloral hy-
drate [38, 39], and 5 mL of blood samples was drawn via an
abdominal aorta. The blood samples were allowed to stand for
30 min, followed by centrifugation at 2000 rpm for 15 min.
The serum samples were stored at —80 °C until analysis.
Sections of bilateral femurs were removed and frozen at
—80 °C to measure the fluoride concentration. Other sections
of bilateral femurs were fixed in 4 % paraformaldehyde solu-
tion after removing soft tissues. Twenty-four hours later, 10 %
EDTA solution was used for decalcification. Six weeks later,
paraffin-embedded sectioning was carried out using a
paraffin-sectioning machine (LKB-V, Sweden), followed by
hematoxylin and eosin (H&E) staining and immunohisto-
chemical staining.

Fluoride Analysis

To measure the fluoride concentration in the blood, 0.2 mL of
serum was mixed with 0.2 mL of total ionic strength adjust-
ment buffer (TISAB). The mixture was transferred into a
fluoride ion motor tank. The fluoride ion electrode method
was used to determine the fluoride concentrations in the serum
[40].

To measure the fluoride concentration in the bone, bilateral
femurs were roasted in a porcelain pot at 105 °C and weighed
after cooling down. Carbonation and ashing were then carried
out at 560 °C for4 h. Then, 0.1 g of ash was dissolved in 5 mL
of 1 M HCI. NaOH was used to adjust the pH to 5~6, and
deionized water was added to reach a total volume of 10 mL.
Next, 10 mL of TISAB was added and mixed homogeneously.
The same method used in the serum was used to measure the
fluoride concentration in the bone [41].

Hematoxylin and Eosin and Immunohistochemical Staining

Bone morphology was examined with H&E staining. To
examine the expression of GRP78, caspase-12, XBP-1, and
CHOP, sections were dewaxed and rehydrolyzed for immu-
nohistochemistry staining using anti-GRP78/BIP, anti-cas-
pase-12, anti-XBP1, and anti-CHOP antibodies (Abcam,
Cambridge, USA; dilution ratio, 1:100). PBS instead of pri-
mary antibody was used to stain the negative control sections.

@ Springer



66

Liu et al.

MetaMorph software (Molecular devices, USA) was used to
analyze the images. Under a microscope with X400 magnifi-
cation, three fields were randomly selected on each section to
measure the OD values.

TUNEL Assay

Sectioned bone tissue was dewaxed, rehydrolyzed, and then
incubated with Proteinease K for 20 min. After being washed
with PBS, the sections were incubated with 3 % H,O, for
30 min. TUNEL reaction mixture (Roche, USA) containing
DNA terminal transferase and dNTP was added onto the sections
and kept at 37 °C for 60 min. After PBS washing, a POD-labeled
anti-fluorescein antibody (Roche, USA) was added onto the
sections and incubated at 37 °C for 30 min. 3,3'-
Diaminobenzidine (DAB) was then added to develop the signals.
Hematoxylin was used for counterstaining. Reaction mixture
without DNA terminal transferase was used for negative control
sections. Under a microscope with x400 magnification, three
fields were randomly selected on each TUNEL staining section
to calculate the percentage of positive cells (Al index).

Flow Cytometry

Bilateral femurs were placed in Petri dishes filled with D-
Hanks solution. The periosteum and the surrounding connec-
tive tissue were removed. After being washed twice with D-
Hanks solution, the bone was digested with 0.25 % trypsin at
37 °C for 15 min and then with 1 mg/mL collagenase at 37 °C
for 90 min. The cells were dissociated from the bone matrix
after digestion. After centrifugation of the above mixture at
1000 rpm for 5 min, the supernatant was discarded, and the
cell pellet was washed with M199 media twice. The bone
chips were continuously pipetted up and down several times
to dissociate more osteoblasts from the loosed bone matrix.
Osteoblasts were enriched and purified by the differential
adhesion method [35]. Collagen I immunohistochemistry
was used to identify osteoblasts. The density of purified cells
was adjusted to 1x 10°/mL in PBS. Propidium iodide was then
added to stain dead cells at 37 °C for 30 min, followed by flow
cytometry analysis. 1x10% cells were collected for analysis.
CellQuest software (BD biosciences, San Jose, USA) was
used to record the percentage of the cells in the AP region,
and then, the percentage of apoptotic cells was calculated.

Statistical Analysis

All of the statistical analyses were performed with SPSS 13.0
software (SPSS Inc, Chicago, IL, USA). Data are expressed as
mean=standard error of the mean and were analyzed with the
two-tailed Student’s ¢ test. For comparison among multiple
groups, one-way ANOVA was used, followed by a SNK test.
P<0.05 was considered statistically significant.
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Results
Bone Structure Was Changed After Fluoride Accumulation

To increase the concentration of fluoride in the bones
and blood, drinking water containing NaF was used to
feed rats. As shown in Table 1, the fluoride concentra-
tions in both the blood and bone were increased in a
dose-dependent manner.

We then examined the effect of fluoride accumulation on
bone structure. Bone morphology of the femur in different
groups is shown in Fig. 1. In the control group (Fig. 1a), the
trabecular bone was dense and intact with uniformed thick-
ness. Osteoblast cells were arranged in a single layer on the
surface of the trabecular bone. In the 50-mg/L fluoride group
(Fig. 1b), the trabecular bone was denser, with increased
osteoblast cells, and the trabecular mesh was smaller com-
pared to the control group. In the 100-mg/L fluoride group
(Fig. lc), the trabecular bone was denser with increased oste-
oblast cells, and the trabecular mesh was smaller when com-
pared to the 50-mg/L fluoride group. In the 150-mg/L fluoride
group (Fig. 1d), the trabecular bone became disorganized. In
addition, cartilage cells in the thickened layer were accumu-
lated and disorganized. These results indicated that fluoride
accumulation in the bone caused bone damage, indicating a
successful skeletal fluorosis animal model.

Expression of ERS Chaperones Was Increased
with the Accumulation of Fluoride in the Bones

To test whether the expression of ERS chaperones was
changed in the bone fluorosis rat model, GRP78, caspase-
12, XBP-1, and CHOP were detected in femur sections from
different groups. In the control group, all four chaperones
were expressed at a low level (Figs. 2a, 3a, 4a, 5a, and 6). In
the 50-mg/L fluoride group, the expressions of all four chap-
erones were increased (Figs. 2b, 3b, 4b, 5b, and 6). With the
increased concentration of fluoride, the expressions of the four
chaperones were much higher in the 100- and 150-mg/L
fluoride groups than those of the other groups (Figs. 2c¢, d,

Table 1 Blood and bone fluoride concentrations in rats following
exposure to different concentrations of flouride (x +s, n=12)

Group Blood fluoride pg/mL Bone fluoride ng/mg
Control 0.130+0.043 463.097+71.647

50 mg/L 0.175+0.025 893.628+67.748
100 mg/L 0.230+0.036 1001.111+34.121
150 mg/L 0.313+0.042 1248.152+77.131

F 11.234 217.337

P <0.05 <0.05
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Fig. 1 Bone structures in rats
following fluoride accumulation
(H&E staining). a The control
group. Arrowhead indicates the
uniformed thickness of trabecular
bones. b The 50-mg/L fluoride
sodium group. Arrowhead
indicates increased and dense
arranged trabecular bone. ¢ The
100-mg/L fluoride sodium group.
Arrowhead indicates increased
osteoblasts on the surface of
trabecular bone. d The 150-mg/L
fluoride sodium group.
Arrowhead indicates accumulated
and disorganized cartilage cells.
Magnification x200

3¢, d, 4c, d, 5¢c, d, and 6; P<0.05). These results indicated that
accumulation of fluoride in osteoblasts could induce the ex-
pression of ERS chaperones in vivo.

Cell Apoptosis Was Induced After Accumulation of Fluoride
in the Bone

As shown in Table 2, the mean percentage of apoptotic
osteoblast cells in the high fluoride group was much

Fig. 2 Expression of GRP78 in
rat osteoblasts following exposure
to various concentrations of
fluoride. a The control group.
Arrow indicates the low
expression of GRP78 in
osteoblasts. b The 50-mg/L
fluoride group. Arrowhead
indicates the increased expression
of GRP78 in osteoblasts. ¢ The
100-mg/L fluoride group.
Arrowhead indicates the stronger
signal of GRP78 in osteoblasts. d
The 150-mg/L fluoride group.
Arrowhead indicates the stronger
signal of GRP78 in osteoblasts.
Magnification x400

higher than that in the middle and low fluoride exposure
groups (P<0.05). TUNEL assay showed that rats in the
high fluoride group had more apoptotic osteoblasts than
those in the middle and low fluoride groups. FACScan
analysis showed that the percentage of apoptotic osteo-
blasts was higher in the high fluoride group than that in
the middle and low fluoride groups. These results sug-
gested that an accumulation of fluoride in bone caused
osteoblast apoptosis.
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Fig. 3 Expression of caspase-12 PeRT o R
in rat osteoblasts following expo- !?:k I }"b T‘?‘;..
sure to various concentrations of ‘\‘g O\ 1S . B
fluoride. a The control group. 3 ' . ~
Arrow indicates the low expres-
sion of caspase-12 in osteoblasts.
b The 50-mg/L fluoride group.
Arrowhead indicates the in-
creased expression of caspase-12
in osteoblasts. ¢ The 100-mg/L
fluoride group. Arrowhead indi-
cates the stronger signal of
caspase-12 in osteoblasts. d The
150-mg/L fluoride group.
Arrowhead indicates the stronger
signal of caspase-12 in osteo-
blasts. Magnification x400
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Discussion

The present study showed that ERS could be induced in vivo
by fluoride overload in the bone. Our results also suggested
that the accumulation of fluoride in the bone induced osteo-
blast apoptosis.

ERS has been extensively studied in pancreatic, cardiac,
and neural diseases [17, 25, 27, 29], but not in endemic
fluorosis. Studies on endemic fluorosis have mainly focused

Fig. 4 Expression of XBP-1 in
rat osteoblasts following exposure
to various concentrations of fluo-
ride. a The control group. Arrow
indicates the low expression of
XBP-1 in osteoblasts. b The 50-
mg/L fluoride group. Arrowhead
indicates the increased expression
of XBP-1 in osteoblasts. ¢ The
100-mg/L fluoride group.
Arrowhead indicates the stronger
signal of XBP-1 in osteoblasts. d
The 150-mg/L fluoride group.
Arrowhead indicates the stronger
signal of XBP-1 in osteoblasts.
Magnification x400
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on in vitro cultured cells. Wei et al. [32] found that excessive
fluoride induced ERS in ameloblasts and affected the secre-
tion of enamel matrix, suggesting a role of ERS in the forma-
tion of dental fluorosis. Zhou et al. [33] found that BIP and
CHOP expressions were significantly increased due to exces-
sive fluoride in the culture media of osteoblasts, suggesting
that fluoride could induce ERS in osteoblasts and activate
UPR. Our current study showed for the first time that fluoride
could induce ERS and cause osteoblast apoptosis in vivo.
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Fig. 5 Expression of XBP-1 in
rat osteoblasts following exposure
to various concentrations of fluo-
ride. a The control group. Arrow
indicates the low expression of
CHOP in osteoblasts. b The 50-
mg/L fluoride group. Arrowhead
indicates the increased expression
of CHOP in osteoblasts. ¢ The
100-mg/L fluoride group.
Arrowhead indicates the stronger
signal of CHOP in osteoblasts. d
The 150-mg/L fluoride group.
Arrowhead indicates the stronger
signal of CHOP in osteoblasts.
Magnification x400

In the present study, the rats were exposed to different
concentrations of NaF in drinking water. We found that the
rat blood and bone fluoride concentrations were significantly
increased in a dose-dependent manner, suggesting a success-
ful rat fluoride poisoning model. We used this model to
determine the role of ERS chaperones in fluoride toxicity.
Our results showed that the expression of ERS chaperones
in the fluoride groups was significantly higher than that in the
control group, indicating a role of ERS in the formation of
osteofluorosis. GRP78 is very sensitive to minor changes of
the ER. Our immunohistochemical results showed that the
expression of GRP78 was significantly higher in the high
fluoride group than that in the middle and low fluoride groups,
indicating that ERS played a role in the pathogenesis of
osteofluorosis. High fluoride can activate the ER membrane

0.3

2%

receptor and promote its dissociation with GRP78. This pro-
cess may be the initiation of ERS. Dhahbi et al. [24] found that
the expression of GRP78 in cultured rat hepatocytes was
increased when the concentration of glucose was
<1.0 mmol/L but decreased when the concentration was in
the range of 1.0~4.5 mmol/L. Since the flouride concentra-
tions tested in our current study were relatively limited, we
cannot rule out the possibility of an inhibitory effect on the
GRP78 expression with higher concentrations of fluoride.
ERS activation induces downstream molecules. XBP1
plays an important role in restoring ER homeostasis and
preventing cell apoptosis [13]. Our immunohistochemical
results showed that the expression of XBP1 was increased
with increasing concentrations of fluoride. These findings are
consistent with the report by Zhou et al. [33], suggesting that
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Table 2 Osteoblast apoptosis in rats following exposure to different
concentrations of fluoride (X +s, n=12)

Groups TUNEL (AI value) % apoptosis
Control 9.33£1.53 6.68+0.90
50 mg/L 21.13+£6.34" 8.08+1.24
100 mg/L 68.38+7.37" 12.42+1.76
150 mg/L 92.10+7.00" 25.34+0.69"

* P<0.05, compared with the control group

high expression of XBP1 may prevent osteoblast apoptosis
and help restore the osteoblast homeostasis following treat-
ment with a high concentration of fluoride.

Nakagawa et al. [42] found that ERS-induced apoptosis
was decreased in caspase-12 knockout mice. In this study, the
expression of caspase-12 was increased with increasing con-
centrations of fluoride. In addition, TUNEL assay indicated
increased apoptosis in the high fluoride group compared to the
other groups. Taken together, these results suggested that the
expression of caspase-12 was associated with osteoblast apo-
ptosis and that inhibition of caspase-12 might block fluoride-
induced apoptosis in osteoblasts.

Our current study also found that the expression of CHOP
was increased with increasing concentrations of fluoride in the
drinking water. This finding further suggested that fluoride
could induce ERS in osteoblasts and that increased ERS might
cause osteoblast apoptosis. Together with the results of cas-
pase-12, our results indicated that osteoblast apoptosis was
induced by multiple signaling pathways.

Osteoblasts are highly sensitive target cells for fluoride
poisoning. Our previous studies found that 2 mmol/L of
flouride induced apoptosis in rat osteoblasts in vitro [36].
Ren et al. [43] found that 0.5 mg/L of flouride caused osteo-
blast apoptosis. In our current study, apoptosis was observed
in a fluorosis rat model. TUNEL assay results showed that
osteoblast apoptosis was closely related with the fluoride
concentration. These findings are consistent with the report
of Yan et al. [28]. Osteoblast morphology can change in the
early stages of apoptosis. At the late stage of apoptosis, the
arrangement of osteoblasts can become loose due to cell
death. This may explain the abnormal structures we observed
in this study following H&E staining of the bones of rats with
osteofluorosis. In this study, FACScan analysis showed that
the percentage of apoptotic osteoblasts was higher in the high
fluoride group than that in the middle and low fluoride groups.
These results indicated that high fluoride levels in rat bone
could induce ERS and osteoblast apoptosis. Additionally, the
osteofluorosis model described in this study might provide a
basis for further study on the mechanism of fluoride-induced
bone damage.

In summary, our results suggested that excessive fluoride
caused ERS in osteoblasts and induced apoptosis. Caspase-12
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and CHOP were activated in the process of UPR and played
critical roles in ERS-induced osteoblast apoptosis. Our results
may provide new strategies for the prevention and treatment
of endemic fluorosis in the future.
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