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Abstract
For this study, we investigate more deeply the effect calcium (Ca) develops on the mechanism underlying fluoride-triggered
osteocyte apoptosis. We detected the morphology of osteocytes by HE staining, mitochondrial microstructure by using the
transmission electron microscope, and the biochemical indexes related to bone metabolism and the expression of apoptosis-
related genes. These results showed that NaF brought out the reduced osteocytes and ruptured mitochondrial outer membrane,
with a significantly increased StrACP activity by 10.414 IU/L at the 4th week (P < 0.05), markedly upregulating the mRNA
expression of Bax, Cyto-C, Apaf-1, caspase-7, ROCK-1, BMP-2, and BGP (P < 0.01), as well as caspase-6 (P < 0.05), while
downregulating Bcl-2 by 61.3% (P < 0.01). Through immunohistochemical analysis, we also found that NaF notably increased
the protein expression of ROCK-1 (P < 0.05) and Cyto-C, BMP-2, and BGP (P < 0.01), suggesting that NaF triggered the
activation of the mitochondrial apoptotic pathway and Rho/ROCK signaling pathway. Nevertheless, 1% Ca supplementation
in diet notably enhanced the mRNA expression of Bcl-2 by 39.3% (P < 0.01), thus blocking the increment of the expression of
mitochondrial apoptotic pathway–related genes and ROCK-1. Meanwhile, Ca could attenuate the StrACP activity by 10.741 IU/
L at the 4th week (P < 0.05) and protect the integrity of the mitochondrial outer membrane. These findings strongly suggest that
1% Ca abated the mitochondrial apoptosis pathway by increasing the anti-apoptotic gene Bcl-2 expression, and effectively
inhibited the hyper-activation of ROCK-1, dually protecting the structural integrity of the mitochondrial outer membrane and
maintaining normal cellular metabolic function.
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Introduction

Fluorosis is a common endemic disease in humans and ani-
mals worldwide, and its clinical features are dental fluorosis
and skeletal fluorosis [1]. The effects of fluoride (F) on bone
health are mainly reflected in bone mass and its metabolism.

The comprehensive studies that explored the mechanisms under-
lying skeletal fluorosis indicated that enhanced osteogenic and
osteoclastogenic activities were mediated by many proteins and
enzymes associated with bone metabolism [2, 3]. Osteoblasts
(OB), the main functional cells, regulate and influence the pro-
cess of bone formation and reconstruction in bone formation [4].
OB are mainly derived from the differentiation of the inner and
outer periosteum and mesenchymal progenitor cells in the bone
marrow, which can specifically secrete a variety of bioactive
substances including alkaline phosphatase (AKP), an indicator
of bone turnover and bone formation [5]. A total of 50% of
serum AKP comes from the bone. In our previous study, it
showed that the proliferation and differentiation of primary OB
were triggered by 10−6 mol/L sodium fluoride (NaF) significant-
ly; however, the higher dose of NaF showed the inhibitory effect
on OB proliferation [6]. Also, other studies indicated that the
apoptosis rate of OB isolated from skullcap was significantly
increased at 22.1 mg/L NaF [7].
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As the functional cells in bone resorption, osteoclasts (OC)
play a vital role in skeletal growth, development, repair, and
reconstruction [8]. Tartrate-resistant acid phosphatase
(StrACP), the dominant enzyme secreted by OC during bone
resorption, is a sensitive index of bone resorption [9]. Also,
studies have shown that skeletal fluorosis is accompanied by
abnormalities in bone calcium (Ca) and phosphorus metabo-
lism as well as hypocalcemia, increased bone turnover, and
bone reconstruction [10, 11]. Bone morphogenetic protein-2
(BMP-2), a member of the bone morphogenetic proteins
(BMPs), can induce undifferentiated mesenchymal stem cells
to differentiate and proliferate into chondroblasts and OB. It
also contributes to the growth and development of bone and
cartilage and its regeneration process by promoting OB differ-
e n t i a t i o n and ma t u r a t i o n [ 12 ] . Bone gamma -
carboxyglutamate protein (BGP) is synthesized by OB during
bone matrix mineralization. The study found that the produc-
tion of BGP increased with the progression of mineralization
and OB differentiation [13]. The high NaF condition can lead
to OB apoptosis and reduced activity, resulting in disordered
matrix calcification and collagen synthesis, which ultimately
severely reduces bone mass [14].

The changes in bone tissue metabolism are related not only
to the damage of bone cell structure but also to the molecular
mechanism of apoptosis. The mitochondrial apoptotic path-
way has been proved to be one of the main pathways of apo-
ptosis [15]. After the cells are stimulated by the death signal, B
cell lymphoma 2 (Bcl-2)–associated X protein (Bax) is trans-
ferred from the cytoplasm to the mitochondrial outer mem-
brane, destroying mitochondrial integrity and altering its per-
meability [16]. Cytochrome C (Cyto-C) is physiologically lo-
cated in the intima of the mitochondria. Underlying factors
such as Ca overload, hypoxia, ischemia, and reactive oxygen
species could change the mitochondrial permeability and the
release of Cyto-C [17]. Cyto-C released in the cytoplasm
binds to apoptotic protease–activating factor-1 (Apaf-1) and
aggregates with procaspase-9, leading to the decomposition of
procaspase-9 and activation of caspase-9, resulting to the ac-
tivation of caspase-6 and caspase-7 [18]. As an anti-apoptotic
effector, a large number of studies have shown that Bcl-2 in
the cytoplasm forms heterodimers with Bax released by mito-
chondria, thereby preventing the apoptotic effect of Bax and
protecting mitochondrial integrity [19].

What is more, it has been verified that Rho-associated
coiled coil–forming protein kinase (ROCK-1 and ROCK-2)
participates in smooth muscle contraction and apoptosis [20].
Meanwhile, the Rho/ROCK pathway is a crucial component
of axon-guided cell contraction and apoptosis regulation [21].
However, the exact role of the Rho/ROCK pathway in osteo-
cyte apoptosis induced by F remains unclear. Furthermore, the
role and mechanism of Ca in the apoptosis of bone through the
Rho/ROCK pathway and mitochondrial apoptosis pathway
mediated by Cyto-C/Apaf-1 have not been fully elucidated.

It has been proved that Ca inhibits F absorption in the
gastrointestinal tract by forming insoluble CaF2 deposition
in the blood [22]. F affects Ca absorption, resulting in low
blood Ca and bone salt dissolution, which is the pathological
basis of loose and softened bone mass; hence, Ca supplemen-
tation is considered to be an effective drug for the treatment of
fluorosis.

Therefore, we explored the role of Ca in apoptosis due to
mitochondrial structure damage in F-induced osteoporosis
and its effects on the mitochondrial apoptosis pathway
through the Cyto-C/Apaf-1 and Rho/ROCK signaling path-
ways in the femora. Our findings might provide experimental
and hypothetical guidance for subsequent studies of diseases
associated with fluorosis.

Materials and Methods

Animals and Treatments

One hundred sixty healthy male rats 28 days old (weighed
120 ± 5 g), as well as rat standard pellet feed and standard
powder feed, were obtained from the Shanxi Medical
University Experimental Animal Center (Taiyuan, China).
After 1-week acclimation, they were randomly designed into
control (C), NaF (F), F+CaI, F+CaII, and F+CaIII groups (32
rats each group). The C group was fed with distilled water and
basal pellet diet, and the F groups were given basal pellet food
and distilled water containing 150 mg/L NaF. However, F+Ca
groups were fed with distilled water containing 150 mg/L NaF
and basal powder diet added with 0.5%, 1%, and 2% of
CaCO3 (Solarbio, Beijing, China) respectively. The rats were
kept in standard cage with temperature around 20 ± 5 °C, 12-h
light/dark cycle, and 40–60% humidity, and water and food
pellets were freely available in their cages at all time.

After the 4th, 8th, 12th, and 16th weeks, 8 rats in each
group were randomly selected for weighing and were killed
by collecting blood from eyeballs after anesthesia. The whole
blood was stratified at room temperature, centrifuged for
10 min with 3500 rpm/min to get the serum, and then stored
in a − 80 °C refrigerator. The femora were collected at the 16th
week. Some of the bone samples were fixed in 10% neutral
buffer formalin solution for pathological section, while others
were quick-frozen in liquid nitrogen and stored in a − 80 °C
environment.

HE Staining to Detect the Effect of Different Ca Levels
on Osteocytes

The femora were fixed in a 10% neutral formalin fixative for
24 h and then rinsed for 12 to 24 h, then immersed in ethylene
diamine tetraacetic acid (EDTA) decalcified solution.
Decalcified femora were cut into blocks horizontally to
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prepare paraffin sections. Finally, the sections were stained by
conventional HE staining, and the images were collected.

Transmission Electron Microscope

To observe the changes in the mitochondrial microstructure of
femur, transmission electron microscopy (TEM) analysis was
performed. The fresh femora were sawn into femoral plates
and fixed in pre-cooling glutaraldehyde after saline rinse.
Femur tablets were adequately rinsed in 0.2 mol/L phosphate
buffer and then immersed in decalcification solution (4–5%
EDTA-2Na) for 3 to 4 weeks. After 2 h of double fixation in
1% osmium tetroxide at 4 °C, the bone pieces were dehydrated
step by step with 50%, 70%, 80%, 95%, and 100% acetone
respectively. Finally, bone fragments were embedded, sliced,
stained, and observed under an electron microscope [23].

Serum Ca, AKP, and StrAcp Determination

The contents of serum Ca, AKP, and StrAcp at the 4th, 8th,
12th, and 16th weeks were determined according to the in-
structions of the kit (provided by Nanjing Institute of
Bioengineering, China).

Quantitative Real-Time PCR

After grounding into powder by liquid nitrogen, total RNA
was extracted from femur using the RNAiso Plus Kit
(TaKaRa Company, Dalian, China). After the concentration
of RNA was determined by a nucleic acid protein analyzer,
1% agarose electrophoresis was used to examine its integrity
and purity. Then, all samples were diluted to 250 ng/μL. A
total of 750 ng RNA and 5 × PrimeScriptTM RT Master Mix
were used for the reverse transcription (RT) test. The experi-
mental primers of rat Bax, Bcl-2, Cyto-C, caspase-6, caspase-
7, Apaf-1, BGP, BMP-2, ROCK-1, andβ-actin were designed
by using the Primer 5.0 primer design software (synthesized
by Beijing Orco Dingsheng Biotechnology Co., Ltd.), shown
in Table 1. The total reaction system of quantitative real-time
PCR was 20 μL, which was performed by using the Agilent
Mx3000P quantitative PCR system (USA) and SYBR Premix
Ex Taq TM II kit (TaKaRa, Dalian, China). The PCR reaction
conditions were maintained as follows: denaturation at 95 °C
for 30 s, and 45 cycles of amplification are performed at 95 °C
for 5 s, 62 °C for 34 s, and 95 °C for 15 s, as well as 60 °C for
1 min and 95 °C for 15 s for solubility curve analysis. Under
the same conditions, the internal reference gene β-actin and
target genes were amplified separately in different tubes.
According to the amplification efficiency of the standard

Table 1 Primer sequences and
corresponding PCR product size No. Gene Primers Product GenBank

(5′ > 3′) Size (bp) No.

1 Bax GGATGGCCTCCTTTCCTACT 110 NM-017059.2
AGCCTCAGCCCATCTTCTTC

2 Bcl-2 ATGATAACCGGGAGATCGTG 135 NM-016993.1
CAGGCTGGAAGGAG

AAGATG

3 Cyto-C GGAGAGGATACCCTGATGGA 102 NM-012839.2
GTCTGCCCTTTCTCCCTTCT

4 Apaf-1 AGAAGCTGGTCAGTGCGATT 140 NM-023979.1
ACCTTCTAGGAGGGCATGGT

5 Caspase-6 AAGTGTCAGAGCCTGGTTGG 122 NM-001271984.1
TCGTCCAGCTTGTCTGTCTG

6 Caspase-7 TTGGTGATGACAGGAATGGA 129 NM-022260.3
ACTCCACTCAACAGCCACCT

7 ROCK-1 GTAATCGGCAGAGGTGCATT 146 NM-031098.1
GCCATGATGTCCCTTTCTTC

8 BMP-2 CACGAGAATGGACGTGCCC 96 NM-031098.1
GCAACACTAGAAGACAGCGG

9 BGP TATGGCACCACCGTTTAGGG 118 NM_017178.1
CCGTCCATACTTTCGAGGCA

10 β-actin TGACAGGATGCAGA
AGGAGA

104 NM_031144.3

TAGAGCCACCAATCCACACA
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curve, the difference of amplification efficiency between the
target gene and internal reference gene was less than 5%. The
relative expression of each target genewas calculated by using
the 2-△△CT method.

Determination of BGP, BMP-2, Cyto-C, and ROCK-1
Protein Expressions

Protein expressions related to bonemetabolism andmitochon-
drial pathway as well as Rho/ROCK signaling pathway–
related protein expression were detected by using the immu-
nohistochemical method. After slicing, it is necessary to incu-
bate in 3% H2O2 for 15 min at room temperature. The slices
were immersed in antigen-repair solution (0.01 mol/L citrate
buffer) and heated in a 100 °C water bath, then blocked at
room temperature with 5%BSA for 20min. The sections were
incubated in a wet box with BGP (1:100 dilutions), BMP-2 (1:
200 dilutions), Cyto-C (1: 400 dilutions), and ROCK-1 (1:400
dilutions) rabbit anti-rat primary antibodies (Bioss
Biotechnology Co., Ltd., Beijing, China) overnight at 4 °C,
and second antibody was added for 20-min incubation at
37 °C. Then, the samples were colored with DAB (Wuhan
Boster Biological Technology., Ltd., Wuhan, China) at room
temperature for 10–30 min. Under the same conditions, the
observed tissues were collected, and the optical density was

calculated by using the image analysis software Image-Pro
Plus v. 5.0. The average optical density of each positive area
of each slice was calculated.

Statistical Analysis

The results were expressed with mean value ± SD (mean ±
SD). Eight replicate assays were made in each group. The
Prism 6 software was used to analyze the variance of the data
in each experimental group. Analysis of variance (ANOVA)
followed by Tukey’s test regarded P < 0.05 as the significant
difference.

Result

Effects of Different Ca Levels on Osteocytes in
Fluorosis Rats

Osteocytes are visible and have uniform cell density in the C
group (Fig. 1 a1). However, the osteocytes were reduced in
number with malformation and unevenly distributed in the F
group (Fig. 1 b1). The morphology of osteocytes was remark-
ably recovered and evenly distributed in the F+Ca groups
(Fig. 1 c1–e1).

Fig. 1 a1–e1 Effects of Ca supplementation on osteocyte histopathology in rats. Arrows indicated the morphology of osteocytes; bar = 50 μm. a1 C
group. b1 F group. c1 F+CaI group. d1 F+CaII group. e1 F+CaIII group
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Effects of Ca on Mitochondria Ultrastructure in the
Osteocytes

The mitochondrial structure was normal, and the mitochon-
drial outer membrane was regarded as intact (Fig. 2a). The
mitochondria in osteocytes were shown as cristae rupture,
dissolution, and even vacuolization of mitochondria in the F
group (Fig. 2b). The mitochondria of the F+CaII group were
intact, and the membrane integrity was not destroyed (Fig.
2d). However, the mitochondria in the F+CaI group were
characterized with swelling and mild cristae disorder (Fig.
2c), while the disappearance of crests and contents, as well
as incomplete mitochondrial outer membrane, was observed
in the F+CaIII group (Fig. 2e).

Effects of Different Ca Levels on Biochemical Indices
Related to Bone Metabolism in Fluorosis Rats

In Fig. 3, the content of serum Ca (mmol/L) has shown a
downward trend with no significance after F treatment.
Nevertheless, the serum Ca level in the F+CaIII group was
markedly upregulated at the 12th and 16th weeks (P < 0.05).
AKP activity in the F group was higher than that in the C
group, and F+Ca groups have less activity than those in the

F group, but there was no significant difference. The activity
of StrACP in the F group was elevated (P < 0.05), whereas it
was decreased markedly at the 4th week after 2% Ca supple-
mentation diet (P < 0.05).

Effects of Different Ca Levels on the mRNA Expression
of Osteocytes

The effect of Ca on bone metabolism and the mitochondrial
pathway as well as Rho/ROCK signaling pathway–related
mRNA are shown in Fig. 4. Compared with the C group, the
mRNA expression levels of Bax, Cyto-C, Apaf-1, caspase-7,
ROCK-1, BMP-2, and BGP (P < 0.01) as well as caspase-6
(P < 0.05) were obviously elevated. In contrast, the mRNA ex-
pression of Bcl-2 subjected to the F group was significantly less
than that of normal rats, whereas it was improved with 1% and
2% Ca mitigation (P < 0.01). Compared with the F group, the
enhanced mRNA expression of Bax, Cyto-C, Apaf-1, caspase-7,
and ROCK-1 was attenuated by 0.5% Ca (P< 0.01), and Cyto-
C, Apaf-1, and ROCK-1 (P < 0.01) as well as Bax, caspase-6,
BMP-2, and BGP (P < 0.05) were markedly decreased by 1%
and 2% Ca. Furthermore, the mRNA expression levels of Bax
and ROCK-1 (P < 0.01), as well as Cyto-C and BGP (P < 0.05),
were markedly downregulated with 2% Ca treatment.

Fig. 2 a–e Effects of Ca supplementation on osteocyte mitochondrial
ultrastructure in the osteocytes. Black arrows indicated the morphology
ofmitochondria; bar = 1μm. Themagnification of all the photograph is ×

40,000. a C group. b F group. c F+CaI group. d F+CaII group. e F+CaIII
group
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Effects of Different Ca Levels on BoneMetabolism and
Mitochondrial Pathway–Related Protein Expression in
Osteocytes

As estimated by immunohistochemistry (Fig. 5), compared
with the C group, the protein expression of ROCK-1 protein
(P < 0.05), Cyto-C, BMP-2, and BGP (P < 0.01) was notably
increased in the F group. In contrast, 1% Ca attenuated the
enhanced protein expression of ROCK-1, BMP-2, and BGP
induced by F (P < 0.05); 2% Ca blocked the elevated protein
expression of Cyto-C and BGP triggered by F (P < 0.01,
P < 0.05).

Discussion

F is a highly active natural halogen that is found in a variety of
compounds, but excessive F intake is likely to damage organ-
isms [24]. In our previous study, it was determined that F
broaden the cortical thickness as well as the trabecular area
of femur, and this result has also demonstrated that F caused
the damage to osteocytes, and reduced the number and
disrupted the arrangement of osteocytes in the femur [25].

Also, in our preliminary study, we found that the weight of
the rats in the F group showed a downward trend, but the
content of bone F− increased significantly compared with the
C group, which was shown in the previous studies [25].

Ca is the most important and abundant mineral element in
the human body [26]. Studies have found that F and Ca have
biological antagonism by forming insoluble CaF2 sediments
in the intestinal tract [22, 27]. In the current study, Ca supple-
mentation reversed the F-induced osteocyte reduction, in line
with our previous study [25].

Interestingly, through TEManalysis in this study, we found
that the mitochondria of osteocytes in the femur were swollen,
and the contents were missing with broken crests in the F
group. A study has shown that NaF exposure increased cell
apoptosis and the depolarization of the mitochondrial mem-
brane potential (MMP) in ICR mice kidney [28]. Previous
study has shown that the destruction of mitochondrial mem-
brane structure may lead to the apoptosis in HeLa cells [29].
Therefore, it was hypothesized that disruption of mitochondri-
al membrane structure and dysfunction might be involved in
the abnormal energy metabolism and apoptosis of osteocytes,
thus leading to abnormal bone metabolization induced by
150 mg/L NaF exposure in this study, which was consistent

Fig. 3 Effects of different doses of Ca on bone metabolism–related indi-
ces at the 4th, 8th, 12th, and 16th weeks (n = 8). Serum Ca level, AKP
activity, and serum StrACP activity in rats of each group with different

exposure periods were depicted as mean ± SD (n = 8). #P < 0.05 as com-
pared with the C group, *P < 0.05 as compared with the F group
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with the previous study [28]. Meanwhile, in our previous dis-
cussion, we have found that 9 mg/LNaF not only inhibited the
proliferation of OB isolated from neonatal rabbit calvarias but
also increased intracellular free Ca2+ levels by triggering the
endoplasmic reticulum (ER) stress. However, 0.5–1 mmol/L
Ca2+ dramatically enhanced the proliferation of OB cells,
whereas 2–8 mmol/L Ca2+ had no clear effect on the damage
induced by F in the OB cells, in vitro [30]. Nevertheless,
increased levels of ER-released cytoplasmic Ca2+ may induce
mitochondrial membrane potential changes that lead to Cyto-
C release and the formation of Apaf-1 oligomerization, which
leads to the activation of caspase-9 and the formation of apo-
ptosis complex [31]. Coincidently, this study have authenti-
cated that the mRNA expression of Bax and the protein ex-
pression of Cyto-C were significantly upregulated, whereas
Bcl-2 was downregulated in the F group, which further dem-
onstrated that 150 mg/L NaF destroyed the mitochondrial
structure by damaging the outer membrane structure of mito-
chondria; meanwhile, activating the mitochondrial apoptotic

pathway mediated by Cyto-C/Apaf-1 inevitably increased os-
teocyte apoptosis by stimulating the activation of downstream
factors including caspase-6 and caspase-7, ultimately resulting
in changes in bone metabolism. Surprisingly, 1% Ca supple-
mentation reduced the degree of injured mitochondria by
protecting the integrality of mitochondria membrane. In this
study, the supplementation of 1% Ca reversed the effect of F
on the damaged mitochondrial structure, showing a relatively
intact membrane structure and substantial contents with clear-
ly arranged cristae. Thoroughly, we have detected that the
increased mRNA expression of mitochondrial apoptotic path-
way genes, including Bax, Cyto-C, Apaf-1, and caspase-
6 were induced by 150 mg/L NaF exposure, and this pathway
were blocked by 1% Ca supplementation in the diet.
Nevertheless, this study has found that 150 mg/L NaF
inhibited the mRNA expression of Bcl-2, which was consis-
tent with the previous study [25], whereas Ca supplementation
increased Bcl-2 expression in bone tissue of fluorosis rats
which further demonstrated that Ca inhibited the stimulation

Fig. 4 Effect of Ca on the mRNA expression of osteocyte-associated
apoptosis gene in the mitochondrial apoptotic pathway and Rho/ROCK
signaling pathway in rat femur subjected to 150 mg/L NaF at the 16th

week. #P < 0.05, ##P < 0.01 as compared with the C group; *P < 0.05,
**P < 0.01 as compared with the F group
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of the mitochondrial apoptosis pathway by increasing the ex-
pression of anti-apoptotic genes, thus protecting the complete
structure of mitochondria.

ROCK-1, also known as small G protein Rho-associated
kinases, was considered as the most central member of the
Rho/ROCK signaling pathway [32]. In this study, we have
demonstrated that 150 mg/L NaF markedly enhanced the
mRNA and protein expression of ROCK-1 in the rat femora.
For the first time, our research has shown that Rho/ROCK is
involved in the apoptosis of the osteocytes induced by NaF.
This might help elucidate the development and therapeutic
goals of novel biomarkers for skeletal fluorosis diagnosis.
Besides, the mRNA and protein expression of ROCK-1 were
markedly reduced with 1% Ca treatment. Previous study has
shown that the ROCK-1molecule is involved in the regulation
of mitochondrial fission through the Drp1 protein [33], and
specific knockdown of ROCK-1 molecules decreased mito-
chondrial abnormal division and decreased apoptosis rate in
podocytes [34], which was consistent with the present study.
There was a study that showed that excessive F-induced ab-
normal mitochondrial fission is manifested by increases in the
number of mitochondria and structural damage to this organ-
elle, by activating the Drp1/Mff signaling pathway, eventually
causing the release of Cyto-C and activation of caspase pro-
tein family [35]. Thus, F may increase the expression of
ROCK-1, which acts on the Drp1/Mff signaling pathway,

inducing mitochondria structural damage and the bone tissue
apoptosis.

To predict the development of skeletal fluorosis in advance
in clinical practice, plasma Ca, AKP, and StrACP contents
were determined. Besides, BMP-2 and BGP are related indi-
ces of bone metabolism, which can reflect the degree of bone
metabolism activity to some extent [36]. In this study, F treat-
ment decreased the serum Ca content, whereas 2% Ca upreg-
ulated it at 12 and 16 weeks (P < 0.05), which indicated that
the Ca supplementation in the diet restored the blood Ca of the
rats with fluorosis, thus decreasing the damage of F to the
body. In this experiment, the serum AKP activity of each
group of rats decreased in the later stage of the experiment,
which may be due to the maturation of experimental animals,
the slow growth, and the slow bone turnover. Moreover, this
study suggested that F significantly enhanced the StrACP ac-
tivity, whereas 2% Ca reversed the effect at the 4th week
(P < 0.05). This indicated that F increased osteoclast StrACP
activity and activated osteolytic phenomena, which is consis-
tent with previous research reports [25, 30]. However, the
StrACP activity was significantly lower along with the 4th
week of 2% Ca supplementation, indicating that Ca could
effectively inhibit the activation of osteoclasts induced by F
and make osteoclasts activity normal. Normally, BMP-2 is
mainly located in bone collagen fibers, periosteum, and bone
marrow matrix. However, the increase of BMP-2 number and

Fig. 5 Immunohistochemical assays to detect the different Ca levels on
bone metabolism and mitochondrial pathway as well as Rho/ROCK sig-
naling pathway–related proteins in rat femur after treatment with 150 mg/
L NaF at the 16th week (n = 8). The graphical representation of

immunohistochemistry results of ROCK-1 (bar = 50 μm), Cyto-C (bar
= 50 μm), BMP-2 (bar = 50 μm), BGP (bar = 50 μm). #P < 0.05,
##P < 0.01 as compared with the C group; *P < 0.05, **P < 0.01 as com-
pared with the F group
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activity was mainly attributed to necrosis, absorption, the re-
lease of Ca, and secretion of mesenchymal cells [37]. In this
study, F significantly increased the protein expression by
26.21% of BMP-2 (P < 0.01), showing that F enhanced oste-
ogenesis, which was consistent with previous research reports.
Interestingly, 1% Ca reduced the protein expression by
16.15% of BMP-2, indicating that 1% Ca effectively blocked
the osteogenesis induced by F. Similarly, the production of
BGP increased with the progression of mineralization and OB
differentiation. Currently, the protein expression of BGP was
markedly augmented in the F group by 28.43%; nevertheless,
after the 1% Ca treatment, the protein expression of BGP was
decreased by 15.65%.

In summary, this study demonstrated that 150 mg/L NaF
induced apoptosis through the Rho/ROCK signaling pathway
and mitochondrial apoptosis pathway mediated by Cyto-C/
Apaf-1 in the osteocytes, and also destroyed the mitochondrial
membrane structure and integrity, further leading to the abnor-
mal bone metabolism. Nevertheless, 1% Ca depressed the
mitochondrial apoptosis pathway by increasing the anti-
apoptotic gene Bcl-2 expression, and effectively inhibited
the hyper-activation of ROCK-1, and it dually protected the
structural integrity of the mitochondrial outer membrane and
maintained normal cellular metabolic function.
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