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Abstract Aluminum (Al) is known to induce apoptosis of
osteoblasts (OBs). However, the mechanism is not yet
established. To investigate the apoptotic mechanism of OBs
induced by aluminum trichloride (AlCl3), the primary OBs
from the craniums of fetal Wistar rats were exposed to 0 mg/
mL (control group, CG), 0.06 mg/mL (low-dose group, LG),
0.12 mg/mL (mid-dose group, MG), and 0.24 mg/mL (high-
dose group, HG) AlCl3 for 24 h, respectively. We observed
that AlCl3 induced OB apoptosis with the appearance of apo-
ptotic morphology and increase of apoptosis rate.
Additionally, AlCl3 treatment activated mitochondrial-
mediated signaling pathway, accompanied by mitochondrial
membrane potential (ΔΨm) depolarization, release of cyto-
chrome c from the mitochondria to the cytoplasm, as well as
survival signal-related factor caspase-9 and caspase-3 activa-
tion. AlCl3 exposure also activated Fas/Fas ligand signaling
pathway, presented as Fas, Fas ligand, and Fas-associated
death domain expression enhancement and caspase-8 activa-
tion, as well as the hydrolysis of Bid to truncated Bid, sug-
gesting that the Fas-mediated signaling pathway might aggra-
vate mitochondria-mediated OB apoptosis through hydrolyz-
ing Bid. Furthermore, AlCl3 exposure inhibited Bcl-2 protein
expression and increased the expressions of Bax, Bak, and
Bim in varying degrees. These results indicated that AlCl3
exposure induced OB apoptosis through activating Fas- and

mitochondria-mediated signaling pathway and disrupted B-
cell lymphoma-2 family proteins.
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Abbreviations
Al Aluminum
AlCl3 Aluminum trichloride
ANOVA One-way analysis of variance
AO/EB Acridine orange/ethidium bromide
Bcl-2 B-cell lymphoma-2
Cyt-C Cytochrome c
DMEM Dulbecco’s minimum essential medium
FADD Fas-associated death domain
FasL Fas ligand
FBS Fetal bovine serum
JC-1 5,5′,6,6′-Tetrachloro-1.1′,3,3′-

tetraethylbenzimidazolylcarbocyanine iodide
MPTP Mitochondrial permeability transition pore
MTP Mitochondrial transmembrane potential
OBs Osteoblasts
qRT-
PCR

Quantitative real-time reverse transcription-
polymerase chain reaction

SDS-
PAGE

SDS-polyacrylamide gel electrophoresis

Introduction

Aluminum (Al) is an accumulative toxic metal that recently
gained public attention due to widespread applications in hu-
man life and negatively impacts human and animal health [1,
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2]. Human exposure primarily via ingestion of contaminated
food or water, such as Al in the food supply, comes from
natural sources, Al containers and utensils, therapeutic agents,
water purifiers, and cosmetic and food additives [3–5].
Besides, atmospheric acidification, herbicide application,
and bauxite mine overexploitation lead to accumulation of
Al in surface water, putting animals and humans in contact
with absorbable cationic Al [6–8]. Data for food in combina-
tion with consumption showed that average weekly dietary
exposure to Al of urban residents in South China was estimat-
ed to be 1.5 mg/kg BW, and high-level consumer exposure to
Al was 11.1 mg/kg BW [9]. In Japan, the average weekly
dietary Al exposure from processed foods in young children,
children, youths, and adults is estimated at 0.86, 0.45, 0.35,
and 0.30 mg/kg BW, respectively [10]. Although only 0.05–
2.2% of daily Al intake is absorbed, it can accumulate un-
equally in different tissues and cause injury [11, 12].

Bone is the principal target organ for Al accumulation and
toxic action [13, 14]. Osteomalacia develops in patients ex-
posed to high concentrations of Al either in dialysis solutions
or through gastrointestinal absorption from Al-containing ant-
acids used to treat hyperphosphatemia [15, 16]. Furthermore,
experimental studies showed that AlCl3 exposure decreased
bone mineral density, induced bone histological lesions, im-
paired femoral ultrastructure in rat, and induced dysfunction
of osteoblasts (OBs, the functional cells of bone formation)
in vitro [17–21]. Thus, there are two proposed mechanisms to
explain how Al damages bone function. One mechanism is
indirect whereby Al damage to kidney and gastrointestinal
produces a secondary effect on bone. Second, Al can act di-
rectly on bone by inhibiting bone formation via OBs [14, 22,
23]. In either case, the end result leads to Al-related bone
diseases and contributes to the pathogenesis of osteomalacia
and osteoporosis, which are characterized by bone loss [2, 24,
25]. Excessive OB apoptosis contributes to bone loss and
causes osteoporosis [26–28]. And enhancing the resistance
of OBs to apoptosis is an effective option for preventing
osteoporosis [29]. Basic research evidences showed that
AlCl3 exposure increases the apoptosis incidence of OBs
[30, 31]. However, the role of the mitochondria in AlCl3-
caused OB apoptosis remains unclear.

Apoptosis plays an important role in various physiological
and pathological events of bone [32]. The mitochondria are the
origination and center of apoptosis. The activation of
mitochondria-mediated signaling pathway induces OB apopto-
sis, promoting the occurrence of osteoporosis [28, 33]. Thus, it is
necessary to research the role of themitochondria inOB apopto-
sis induced by AlCl3. The mitochondrial response to apoptotic
signals in the intrinsic pathway is highly regulated by B-cell
lymphoma-2 (Bcl-2) family proteins, which include
antiapoptotic (Bcl-2,Bcl-xl,Bcl-W,etc.) andproapoptoticmem-
bers [34], and the latter are divided into the multidomain mem-
bers (e.g., Bax, Bak) andBcl-2 homology 3 domain-only (BH3-

only)members(Bid,Bim,Bad,etc.).Theycancontrol therelease
of proapoptotic proteins (cytochrome c, Cyt-C) from the mito-
chondria into the cytoplasm by regulatingmitochondrial perme-
ability transition pore (MPTP).Thus, the ratio of antiapoptotic to
proapoptotic Bcl-2 family members determines whether a cell
undergoes apoptosis. OB apoptosis is accompanied with the in-
creaseofBax/Bcl-2 ratio [35].Moreover,OBapoptosis is strictly
controlled by the Bcl-2 family members (Bcl-2, Bax, Bak, and
Bim) to maintain skeletal homeostasis [36, 37]. Limited data
have showed the single effects of AlCl3 on mitochondria and
Bcl-2 family members in the OBs.

Thus, in the present experiment, the rat primary OBs were
selected to investigate if Fas- and mitochondria-mediated sig-
naling pathway and Bcl-2 family proteins were involved in the
AlCl3-induced apoptosis. This study can provide theoretical
foundation for researching therapeutic targets for Al-related
bone diseases.

Materials and Methods

Chemicals

Standard solution of Al (100 μg/mL) was provided by the
National Institute of Metrology (Beijing, China). Suppliers
of antibodies and reagent kits used in this study are indicated
in the respective method descriptions. All other chemicals of
the highest purity available were from the National Institute of
Metrology (Beijing, China).

OB Culture and AlCl3 Treatment

The experimental designs and procedures were approved by the
Animal Ethics Committee of the Northeast Agricultural
University (Harbin, China). All animals received humane care
according to the criteria outlined in the BGuide for the Care and
Use of Laboratory animals^ [38, 39]. The primary OBs were
aseptically isolated from the craniums of 3-day-old newborn rats
according to Li et al. [30]. Then, the isolated OBs (5 × 105 cells/
mL)were culturedwithDulbecco’sminimumessentialmedium
(DMEM) (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA), 100 IU/mL penicillin, and 100 μg/
mL streptomycin in six-well plates or 96-well plates (Corning,
NY,USA).Cellsgrown to80–85%confluence in eachwellwere
treated with 0, 1/20 IC50 (low-dose group, LG), 1/10 IC50 (mid-
dose group,MG), and 1/5 IC50 (high-dose group, HG) of alumi-
num trichloride (AlCl3⋅6H2O Sigma-Aldrich, Saint Louis, MO,
USA) for 6, 12, 24, and 48 h to determine cell viability, orwith 0
(CG), 1/20 IC50 (low-dose group, LG), 1/10 IC50 (MG), and 1/5
IC50 (HG) of AlCl3 for 24 h to determine OB apoptosis;ΔΨm;
caspase-3, caspase-8, and caspase-9 activity and Bcl-2 family
proteins; and Fas, Fas ligand (FasL), Fas-associated death do-
main (FADD) and Cyt-C expressions. The final concentrations
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of AlCl3 were 0, 0.06, 0.12, and 0.24 mg/mL, respectively. The
concentrations ofAlCl3 used in this studywere dependent on the
IC50 [19]. We chose the Al dose, which is significantly higher
than the human exposure dose,mainly to prove the bone toxicity
of Al and to lay the foundation for detoxification.

Cell Viability Assay

The OB viability was measured by cell counting kit 8 (CCK8
kit, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instruction. In brief,
100 μL cell suspension containing 5 × 103 cells was added to
each well of a 96-well plate and cultured for 12 h to promote
cell adherence. According to the experimental design, OBs
were treated with 0.06, 0.12, and 0.24 mg/mL AlCl3 for 6,
12, 24, and 48 h as indicated in the BOB Culture and AlCl3
Treatment^ section, respectively. At the end of the treatment,
10 μL of CCK-8 solution was added to the cells, followed by
incubation for 1 h at 37 °C in the dark. Absorbance was mea-
sured at wavelengths of 450 nm by a 318 MC microplate
reader (Shanghai Sanco Instrument Co., Ltd., China). The cell
viability was expressed as OD value.

AO/EB Staining

Acridine orange/ethidium bromide (AO/EB) double fluores-
cent dyes were used to qualitatively observe apoptotic cells.
After 24 h of treatment with AlCl3 as indicated, OBs were
harvested and washed with trypsin and ice-cold phosphate
buffered saline (PBS), respectively. Then, OBs (106 cells/
mL) were added 2 mL PBS (pH 7.2), 10 μL AO (Amrisco,
USA) (100 μg/mL), and 10 μL EB (Sigma-Aldrich, USA)
(100 μg/mL) to each well, and OBs were counterstained for
5 min in the dark. Finally, the apoptotic morphology of the
AlCl3-treated cells was observed under a Nikon E800 bright-
field microscope (Nikon, USA) at ×400 magnification, and
200 stained cells from each treatment group were counted.
Each test was performed in triplicate.

Flow Cytometry

OB apoptosis in the CG, LG,MG, and HGwasmeasured with
Annexin V-FITC Apoptosis Detection Kit (Beyotime Institute
of Biotechnology, Jiangsu, China) according to the manufac-
turer’s instructions. Approximately 5 × 105 cells in each group
were analyzed for the percentage of apoptosis with flow cy-
tometry (Becton Dickinson, San Jose, CA, USA) [40].

ΔΨm was measured with the mitochondria membrane po-
tential assay kit with JC-1 (Beyotime Insti tute of
Biotechnology, Jiangsu, China). The fluorescence was imme-
diatelymeasuredusing flowcytometry (BectonDickinson,San
Jose, CA, USA). Excitation waves of 488 and 520 nm and
emission filters of 520 and 590 nm were used to quantify the

population of cells with green (JC-1 monomers) and red (JC-1
aggregates) fluorescence, respectively.Foreachsample,5×105

cells were analyzed for the loss of ΔΨm. These results were
expressed as red/green fluorescence ratio.

Preparation of Protein Extracts and Western Blot
Analysis

Western blot analysis was carried out according to a previous
study with modification [41]. Whole-cell protein (5 × 106

cells/mL) and mitochondria protein extracts (5 × 107 cells/
mL) were obtained using superactive RIPA lysis buffer and
cell mitochondria isolation kit (Beyotime Institute of
Biotechnology, Jiangsu, China), respectively. Protein concen-
trations were determined by BCA assay (Beyotime Institute of
Biotechnology, Jiangsu, China). The protein (30–50 μg) was
separated by 8–15% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto PVDF
membranes. These membranes were blocked with 5% fat-free
milk in Tris buffered saline with 0.1% Tween 20 (TBST)
buffer at 25 °C for 3 h and incubated overnight at 4 °C with
primary antibodies (1:300–500) in 5% nonfat milk in TBST
recognizing Fas, FasL, FADD, Cyt-C, Bcl-2, Bax, Bak, Bid,
Bim, andβ-actin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Then, these membranes were incubated with appropri-
ate secondary antibodies conjugated to horseradish peroxidase
(1:3000) for 2 h at 37 °C. The object protein was detected
using the enhanced ECL reagent (Beyotime Institute of
Biotechnology, Jiangsu, China). β-Actin was used as the in-
ternal control. Quantitative analysis was carried out using
Amersham Imager 600 (Fairfield, USA).

Preparation of mRNA and Real-Time PCR Analysis

Gene expressions were determined by quantitative real-time re-
verse transcription-polymerase chain reaction (qRT-PCR)meth-
od[42].After24h incubationwithAlCl3,OBs(5×10

6cells/mL)
were harvested and washed twice with ice-cold PBS. The total
RNAwasextractedusingTRIzol reagent (Invitrogen,USA), and
the purity was determined by the Gene Quant II RNA/DNA
Calculator (PharmaciaBiotech,Cambridge,UK),whichshowed
an optical density ratio (OD 260/280) of 1.8–2.0. Then, each
sample was reverse transcribed into cDNA using a reverse tran-
scription kit (Trans Script First-Strand cDNA Synthesis Super
Mix, TransGen Biotech, Beijing, China). The primers of genes
are shown inTable 1.Gene expressionswere examinedbyquan-
titative real-time reverse transcription-polymerase chain reaction
(RT-PCR) using SYBR Green/Fluorescein qPCR Master Mix
via 7000 real-time PCR detection system (ABI, USA). β-Actin
was used in parallel as an internal control for each run. Each
sample was examined in triplicate, and a mean value was calcu-
lated. Data were analyzed according to the 2–ΔΔCt method [43].
The results were expressed as relativemRNA levels.
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Caspase-8, Caspase-9, and Caspase-3 Activity Analysis

Caspase-3, caspase-8, and caspase-9 activities were detected
by caspase-3, caspase-8, and caspase-9 activity assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), operated according to the manufacturer’s instructions.
The method involves measurement of p-nitroaniline (pNA)
content following caspase-3, caspase-8, and caspase-9 reacted
with acetyl-Asp-Glu-Val-Asp p-nitroaniline (Ac-DEVD-
pNA), acetyl-Ile-Glu-Thr-Asp p-nitroaniline (Ac-IETD-
pNA), and acetyl-Leu-Glu-His-Asp p-nitroaniline (Ac-
LEHD-pNA), respectively. The adsorption values were re-
corded at 405 nm by a 318 MC microplate reader (Shanghai
Sanco Instrument Co., Ltd., China). Each sample was exam-
ined three times.

Statistical Analysis

The data was shown as the means ± SD. Statistical signifi-
cance between the treatment groups and control group was
analyzed using one-way ANOVA and LSD post hoc test
(SPSS 22.0, SPSS Co., Ltd., USA). A *P < 0.05 was consid-
ered statistically significant, and **P < 0.01 was considered
statistically highly significant.

Results

The Cell Viability of OBs

As shown in Fig. 1, AlCl3 exposure significantly decreased
the cell viability of rat OBs in both dose-dependent and time-
dependent manner; 0.06, 0.12, and 0.24 mg/mL of AlCl3 ex-
posure significantly reduced cell viability at 24 and 48 h

(P < 0.05; P < 0.01), while only 0.24 mg/mL of AlCl3 showed
a clear inhibition as early as 12 h (P < 0.05). Thus, OBs treated
with AlCl3 for 24 h were chosen for the next experiment.

AlCl3 Induced OB Apoptosis

The apoptosis morphology is shown in Fig. 2, the cells were
stained uniformly green, and the nuclei of OBs were round in
CG (Fig. 2a), whereas the bright green early apoptotic cells,
red late apoptotic cells, and necrotic cells appeared obviously
in AlCl3-treated groups. Also, nuclear shrinkage, chromatin
condensation, and fragmented chromatin were observed (Fig.
2b–d). Besides, the total apoptosis rate of OBs in all AlCl3-
treated groups was significantly higher (P < 0.05; P < 0.01) as
compared to that in the CG (Fig. 3). These results indicated
that AlCl3 induced OB apoptosis.

Table 1 Primer sequences and amplification lengths of destination fragments

Genes Gene numbers Primer sequences Primer lengths
(bp)

Product lengths
(bp)

Fas NM_139194.2 Forward 5′ GTTGGAAAGAACCGAAGGACAA3′ 22 101
Reverse 5′ CCTCAAAGTAGGCACAGGATGT3′ 22

FasL NM_012908.1 Forward 5′ GCCTCCACTAAGCCCTCTAAA3′ 21 117
Reverse 5′ TGATACATTCCTAACCCCATTC3′ 22

FADD NM_152937.2 Forward 5′ GCGAGTCTGGAAGAATGTCG 3′ 20 200
Reverse 5′ GGGCTTGTCAGGGTGTTTC 3′ 19

Caspase-8 NM_031632.1 Forward 5′ CCACAGCCCATCTTCACACTAC 3′ 22 117
Reverse 5′ GAGCACACATCAGTTAGGACACA 3′ 23

Caspase-9 NM031632.1 Forward 5′CTGAGCCAGATGCTGTCCCATA3′ 22 168
Reverse 5′CCAAGGTCTCGATGTACCAGGAA3′ 23

Caspase-3 NM_012922.2 Forward 5′GCAGCAGCCTCAAATTGTTGACTA3′ 24 144
Reverse 5′TGCTCCGGCTCAAACCATC3′ 19

β-Actin NM_031144.2 Forward 5′AGGGAAATCGTGCGTGACAT3′ 20 163
Reverse 5′CCTCGGGGCATCGGAA3′ 16

Fig. 1 Cell viability of rat OBs measured by the CCK8method. TheOBs
were treated with AlCl3 (0, 0.06 mg/mL, 0.12 mg/mL, and 0.24 mg/mL)
for 6, 12, 24, and 48 h, respectively. The data were expressed as
mean ± SD, n = 6. *P < 0.05, **P < 0.01 versus the CG
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AlCl3 Induced OB Apoptosis via Mitochondria-Mediated
Signaling Pathway in Rat OBs

As shown in Fig. 4, theΔΨm in the AlCl3-treated groups was
significantly decreased compared with that in the CG
(P < 0.01). The protein level of Cyt-C was analyzed by
Western blotting, and the gray values were analyzed in auto-
matic gel image processing system (Fig. 5a). These data clear-
ly showed that Cyt-C was released from the mitochondria into
the cytoplasm fraction (P < 0.05; P < 0.01). Furthermore, the
activity (Fig. 6a) and mRNA expression (Fig. 6b) of caspase-9
and caspase-3 in the AlCl3-treated groups were significantly
increased as compared to those in the CG (P < 0.05; P < 0.01).
These results showed that AlCl3 activated mitochondria-
mediated signaling pathway in OBs.

Bcl-2 Family Proteins Involved in Regulating
AlCl3-Induced Rat OB Apoptosis

As shown in Fig. 7, Bcl-2 protein expression was decreased
and significantly lower in the AlCl3-treated groups (P < 0.01)
compared with that in the CG, while Bax, Bak, and Bim pro-
tein expressions in the AlCl3-treated groups were significantly
increased as compared to those in the CG (P < 0.05; P < 0.01).
Also, the ratios of Bax to Bcl-2 protein expression in the

AlCl3-treated groups were significantly higher compared with
those in the CG. In addition, AlCl3 induced the hydrolysis of
Bid to tBid. The Bid protein expression was significantly de-
creased, whereas the protein expression of tBid was markedly
higher (P < 0.01) in all the AlCl3-treated groups as compared
to those in the CG. These results revealed that Bcl-2 family
proteins involved in OB apoptosis were induced by AlCl3.

Fas/FasL Signaling Pathway Aggravated
Mitochondria-Mediated OB Apoptosis

Bid is generally considered as a molecular linker bridging
be tween Fas /Fas l igand s igna l ing pa thway and
mitochondria-mediated apoptosis pathways. Fas expresses
on the surface of the OB membrane and transmits extracel-
lular apoptosis signal [44, 45]. Besides, Fas can be activat-
ed by FasL and induced OB apoptosis in vitro [46]. To
investigate whether the Fas/Fas ligand signaling pathway
aggravates mitochondria-mediated OB apoptosis through
Bid hydrolysis, we measured the expressions of Fas,
FasL, and FADD, as well as the activity of caspase-8. As
shown in Fig. 8, AlCl3 exposure significantly increased the
expressions of Fas, FasL, and FADD as compared to the
CG (P < 0.05; P < 0.01), Moreover, caspase-8 activity
(Fig. 6a) and mRNA expression (Fig. 6b) were also

MG

CG LG

HG

a b

c d

Fig. 2 Apoptosis morphology of
OBs. The rat OBs were treated
with AlCl3 (0, 0.06, 0.12, and
0.24 mg/mL) for 24 h. a–d
Fluorescence microscopy (400,
magnification) of OBs stained
with AO/EB (green stands for AO
staining, red/orange stands for EB
staining). In the picture, a normal
cells, b early apoptotic cells, c
later apoptotic cells, and d
necrotic cells. CG control group,
LG low-dose group, MG mid-
dose group, HG high-dose group
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significantly elevated in the AlCl3-treated groups com-
pared with those in the CG (P < 0.01). These results re-
vealed that Fas/FasL signaling pathway activation might
aggravate mitochondria-mediated OB apoptosis.

Discussion

In this experiment, AlCl3 exposure induced OB apoptosis.
Moreover, AlCl3 exposure upregulated mitochondria-

Fig. 3 Apoptosis rate of OBs. The rat OBs were treated with AlCl3 (0,
0.06, 0.12, and 0.24mg/mL) for 24 h. The apoptosis was detected by FAC
scan flow cytometry. In the scatter diagram, the first quadrant (Q1)
represents necrotic cells, the second quadrant (Q2) represents late
apoptotic cells, the third quadrant (Q3) represents normal cells, and the

fourth quadrant (Q4) represents early apoptotic cells. Besides, the
quantitative analysis of the apoptosis index was shown in a bar graph.
CG control group, LG low-dose group, MG mid-dose group, HG high-
dose group. The data were expressed as mean ± SD, n = 3. *P < 0.05,
**P < 0.01 versus the CG
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mediated signaling pathway, presenting as the decreased
ΔΨm, release of Cyt-C from the mitochondria into the cyto-
plasm, and activated caspase-9 and caspase-3. Furthermore,
Fas-mediated signaling pathway also was activated by AlCl3
and aggravated mitochondria-mediated OB apoptosis via Bid
hydrolysis. Besides, AlCl3 exposure inhibited Bcl-2 and Bid

protein expressions and increased Bax, Bak, Bim, and tBid
protein expressions, which regulated mitochondria-mediated
OB apoptosis.

AO/EB staining is a method of measuring apoptosis by
visualizing nuclear changes and apoptotic body. In this study,
we observed the typical morphology of OB apoptosis.

Fig. 4 TheΔΨm of rat OBs. The OBs were treated with AlCl3 (0, 0.06,
0.12, and 0.24 mg/mL) for 24 h. The ΔΨm was observed under flow
cytometry. Besides, the ΔΨm results were presented graphically as red/

green fluorescence ratio. CG control group, LG low-dose group, MG
mid-dose group, HG high-dose group. The data were expressed as
mean ± SD, n = 3. **P < 0.01 versus the CG
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Apoptosis rate of OBs was detected by flow cytometry using
Annexin V-FITC double staining, and these results showed
that AlCl3 induced apoptosis in OBs in a dose-dependent
manner. The similar proapoptosis effect of Al was shown in
OBs and neurons from the hippocampus and cortex [30, 47].
Cell viability decline is associated with cell apoptosis. In ad-
dition, our previous study showed that AlCl3 leads to OB
viability inhibition and dysfunction and bone impairment
[19, 20]. In dialyzed patients, excessive bone Al accumulation
(46 ± 7–175 ± 22 mg/kg) induced low-turnover bone disease
featuring decreased OB activity and number [48]. Thus, we
hypothesized that excessive Al exposure could impair bone
and induce Al-related bone diseases through promoting OB
apoptosis and dysfunction.

Metal poisoning can decrease ΔΨm and induce apoptosis
[49, 50].ΔΨm is a biomarker of apoptosis, which collapses in
the early stage of apoptosis, then disrupts mitochondria outer
membrane structure and promotes the release of Cyt-C into
the cytoplasm. Thus, ΔΨm is believed to be the first step in
the mitochondrial-mediated apoptosis. In this experiment,

ΔΨm disruption and Cyt-C translocation proved that AlCl3
exposure induces mitochondria damages of OBs and could
promote progression to the next step of apoptosis. Cellular
Ca2+ homeostasis imbalance can induceΔΨm depolarization
and apoptosis of OBs [33, 51]. AlCl3 exposure disrupted cal-
cium homeostasis and activated Ca2+/CaMKII signaling path-
way of OBs [31]. Thus, ΔΨm disruption might be attributed
to Ca2+ overloads or the direct effect of AlCl3 exposure. With
the efflux of mitochondrial Cyt-C to the cytoplasm,
procaspase-9 is cleaved and activated by the formation of
apoptosome, then induces caspase cascade reaction, and final-
ly initiates an irreversible apoptosis [52, 53]. Previous studies
showed that caspase-9 and caspase-3 activation promotes OB
apoptosis [54]. In this study, the increase of enzymatic activity
and mRNA expression of caspase-9 and caspase-3 indicated
that they were activated. Following the activation, caspase-3
cleaves the key cellular proteins and causes typical morpho-
logical changes in cells undergoing apoptosis [32]. As men-
tioned above, nuclear shrinkage, chromatin condensation, and
fragmented chromatin were observed in OBs treated with

Fig. 6 The activities and mRNA expressions of caspase-3, caspase-8,
and caspase-9. The rat OBs were treated with AlCl3 (0, 0.06, 0.12, and
0.24 mg/mL) for 24 h. a The activities of caspase-3, caspase-8, and
caspase-9. b The mRNA expressions of caspase-3, caspase-8, and

caspase-9. CG control group, LG low-dose group, MG mid-dose group,
HG high-dose group. The data were expressed as mean ± SD, n = 6.
*P < 0.05, **P < 0.01 versus CG

Fig. 5 The protein expression of Cyt-C in mitochondria and cytoplasm
in rat OBs. The OBs were treated with AlCl3 (0, 0.06, 0.12, and 0.24 mg/
mL) for 24 h. The Cyt-C protein levels were analyzed by Western
blotting, and a the gray values were analyzed in automatic gel image

processing system. CG control group, LG low-dose group, MG mid-
dose group, HG high-dose group. The data were expressed as
mean ± SD, n = 3. *P < 0.05, **P < 0.01 versus the CG
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AlCl3. Taken together,ΔΨm, Cyt-C, caspase-9, and caspase-
3 participate in the apoptosis of OBs induced by AlCl3.

Furthermore, it is found in recent years that Bcl-2 family
proteins could regulate apoptosis induced by Al [55, 56]. Bcl-

Fig. 7 TheBcl-2, Bax, Bak, Bim, Bid, and tBid protein expressions in rat
OBs. The OBs were treated with AlCl3 (0, 0.06, 0.12, and 0.24 mg/mL)
for 24 h. The protein levels of Bcl-2, Bax, Bak, Bim, Bid, and tBid were
analyzed by Western blotting, and the gray values were analyzed in

automatic gel image processing system. CG control group, LG low-
dose group, MG mid-dose group, HG high-dose group. The data were
expressed as mean ± SD, n = 3. *P < 0.05, **P < 0.01 versus CG
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2, an antiapoptotic molecule, is important for OB survival and
function [57]. Contrary to Bcl-2, the proapoptotic proteins

Bax, Bak, and Bim play a causal role in OB apoptosis [36].
Increasing or inhibiting the expression of Bcl-2, Bax, Bak, and

Fig. 8 The Fas, FasL, and FADD protein and mRNA expressions in rat
OBs. The OBs were treated with AlCl3 for 24 h. a The protein levels of
Fas, FasL, and FADD were analyzed by Western blotting, and b the gray
values were analyzed in automatic gel image processing system. c Fas,
FasL, and FADD mRNA expressions were analyzed by qRT-PCR. The

data of treatments were calibrated to the control values (control = 1). CG
control group, LG low-dose group, MG mid-dose group, HG high-dose
group. The data were expressed as mean ± SD, n = 6, similar results were
obtained. *P < 0.05, **P < 0.01 versus CG

Fig. 9 Schematic diagram of the
signaling pathways involved in
AlCl3-induced OBs apoptosis.
The indicates activation or
induction, and indicates

inhibition or blockade.
symbolizes the upregulated
activity, mRNA or protein
content, while symbolizes the
downregulated activity, mRNA or
protein content. Solid line
symbolizes direct action, while
dotted line symbolizes possible
actions
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Bim could determine the survival of OBs. In this study, AlCl3
exposure inhibited Bcl-2 protein expression while increased
the protein expressions of Bax, Bak, and Bim in varying de-
grees, indicating that Bcl-2 family proteins participate in OB
apoptosis induced by AlCl3. The mitochondria are the target
of Bcl-2 family proteins regulating apoptosis [34, 58, 59]. The
mitochondrial damage and Cyt-C translocation were aggra-
vated under inactivation of Bcl-2 or activation of Bax, Bak,
and Bim, suggesting that the activation of mitochondria-
mediated apoptotic pathway might result from the expression
disorder of Bcl-2 family proteins. Besides, potential targets of
JNK that may regulate Cyt-C release include members of the
Bcl-2 family proteins [60]. AlCl3 induced OB apoptosis
through oxidative stress-mediated JNK signaling pathway, ac-
companied by the increase of Bax mRNA expression and
decrease of Bcl-2 mRNA expression [30]. Thus, we assumed
that activation of the JNK signaling pathway may interfere
with the mitochondria and enable apoptosis by affecting
Bcl-2 and Bax expressions in OBs exposed to AlCl3. Taken
together, AlCl3 exposure activated the mitochondria-mediated
apoptotic pathway through regulating Bcl-2, Bax, Bak, and
Bim expressions.

Moreover, the BH3-only molecule Bid usually exists in an
inactive form in the cytoplasmic fraction [61]. Cleavage of
Bid by caspase-8 generates truncated Bid, which could pro-
mote the opening of MPTP by binding and activating Bax or
Bak on the mitochondrial outer membranes [62, 63]. In this
study, Bid protein expression in the cytoplasm decreased with
the treatment of AlCl3, and it was cleaved into tBid partly.
Besides, we found that AlCl3 exposure activated caspase-8,
which can hydrolyze Bid to an active form [64]. Caspase-8
can be activated by the death-inducing signaling complex
(DISC), which is formed by the combination of caspase-8,
Fas, FasL, and FADD [65]. In the present study, the increased
Fas, FasL, and FADD expressions indicated that AlCl3 acti-
vated caspase-8 through the Fas/FasL pathway. Depending on
the level of activation, caspase-8 can direct cleavage of effec-
tor caspases in the cytoplasm or trigger the mitochondria-
mediated signaling pathway through processing Bid to exe-
cute apoptosis [66]. Thus, we suspected that AlCl3 exposure
might activate the extrinsic apoptotic pathway and subse-
quently induce the activation of the mitochondria-mediated
signaling pathway. Besides, Bid hydrolysis plays a critical role
in the process. However, considering the intricate contact
among different signaling pathways, further investigations
are essential to explicate the hypothesis.

The mitochondria are the control center of cell life and
critical mediator of apoptosis [67] and implicated in apoptosis
induced by various factors in OBs exposed to AlCl3, including
calcium homeostasis disorder, Ca2+/CaMKII signaling path-
way, JNK signaling pathway, extrinsic apoptotic pathway, and
Bcl-2 family proteins as mentioned in our previous discussion
[30, 31]. These factors directly or indirectly injure the

mitochondria; thus, we suggested that the mitochondria might
be the primary target of Al toxicity in OBs. A schematic dia-
gram of the signaling pathways is shown for AlCl3-induced
apoptosis in OBs (Fig. 9). However, further investigation is
needed in order to confirm this hypothesis.

Conclusions

In summary, AlCl3 induced rat OB apoptosis through activat-
ing the mitochondria-mediated signaling pathway and the
Bcl-2 family protein expression disorder involved in this pro-
cess. Besides, the extrinsic apoptotic pathwaymight aggravate
the mitochondria-mediated apoptosis of OBs through activat-
ing caspase-8 and hydrolyzing Bid. These results could pro-
vide a direction for the prevention and clinical intervention of
Al-related bone diseases.
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