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ABSTRACT: The imbalance between osteogenesis and osteoclastogenesis is a feature of bone metabolic disease. Cadmium (Cd)
exposure causes human bone loss and osteoporosis (OP) through bioaccumulation of the food chain. However, the impact of Cd on
bone tissues and the underlying molecular mechanisms are not well-characterized. In the current study, we found that the Cd
concentration in bone tissues of OP patients was higher than normal subjects; meanwhile, the nuclear silent information regulator of
transcription 1 (SIRT1) protein expression level was significantly decreased, which is a new star molecule to treat OP. It is further
revealed that SIRT1 activation markedly reprograms bone metabolic and stress-response pathways that incline with osteoblast (OB)
apoptosis. Suppressing reactive oxygen species (ROS) release with N-acetyl-L-cysteine (NAC) abolished Cd-induced reduction of
SIRT1 protein, deacetylation of P53, OB apoptosis, and attenuated OP. Conversely, overexpression of SIRT1 suppressed Cd-
induced ROS release. SIRT1 overexpression in vivo and in vitro dampened PGC-1α protein, acetylation of P53 at lysine 382, and
caspase-dependent apoptosis. These results reveal that ROS/SIRT1 controls P53 acetylation and coordinates OB apoptosis involved
in the onset of OP.
KEYWORDS: cadmium, osteoporosis, osteoblast, ROS, apoptosis

■ INTRODUCTION
Cadmium (Cd) is one of the most toxic trace elements that
causes bone disorders, including osteopenia and osteoporosis
(OP).1 Cd accumulation in human tissues shows significant
variations among individuals and is highly associated with bone
fracture, cancer, kidney dysfunction, and hypertension.2

Despite this, the precise mechanisms of Cd-exposure-induced
bone metabolism disorders remain elusive. Although some
previous studies have suggested Cd toxicity to bone tissues as a
result of kidney damage, which may result from defects in
nutrition absorption and vitamin D metabolism,3 a growing
body of evidence indicates that Cd exposure directly affects
osteogenesis independent of nephrotoxicity.4 The concen-
tration and exposure duration of Cd are the main factors
influencing bone injury. Short-term (4 months) CdCl2
exposure (25 mg/L) has no apparent effects on mice bone
tissues. However, long-term (15 months) CdCl2 exposure (25
mg/L) decreased the bone mineral density (BMD) value and
promoted the procession of OP.5 Yang et al. found that 50 mg/
L CdCl2 exposure for 3 months could induce OP in mice.6

Furthermore, different species show various sensitivities to Cd.
The previous studies found that 1 μM CdCl2 exposure for 14
days causes OP in ducks. Similarly 2−20 μM CdCl2 deceased
bone formation in chick embryonic long bones in vitro.7

Moreover, urine cadmium concentrations were up to 20−30
μg of Cd/g of creatinine.8 OP and osteoporotic fractures have
become a major public health concern globally and a massive
socioeconomic burden.9

The imbalance in bone formation by osteoblasts and
resorption by osteoclasts plays a key role in bone homeostasis,
leading to bone loss, which is implicated in the pathogenesis of
OP. OP is characterized by bone microarchitecture deterio-
ration and low BMD.10 Silent information regulator of
transcription 1 (SIRT1) participates in diverse cellular
processes and plays a critical role in normal skeletal
development and homeostasis. Cheng et al. investigated
developmental defects and P53 hyperacetylation in SIRT1-
deficient mice. They found that, in comparison to wild-type
control mice, SIRT1-deficient mice were at a low healthy score
and low survival rate postnatally.11 Moreover, mutant mice
showed craniofacial abnormalities, including defects in the
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development and closure of craniofacial sutures, abnormal
palate architecture, and exencephaly.11,12 Cohen et al. found
that hormone and endocrine signaling pathways were related
to SIRT1 via bone remodeling.13 Ovariectomized (OVX) mice
reportedly show downregulated SIRT1 expression, and
resveratrol protects against bone loss in OVX models of
postmenopausal OP by SIRT1 activation.14 These studies hint
at the key function of SIRT1 in bone hemeostasis.

Mitochondrial dysfunction,15 oxidative stress,16 and DNA
damage response (DDR)17 are closely related to cellular
homeostasis impairment and contribute to OP progression.
Mitochondria supply adenosine triphosphate (ATP), which is
necessary for survival, and mitochondrial dysfunction is
reportedly associated with OP.18 SIRT1 improves mitochon-
drial health and is therefore essential for regulating reactive
oxygen species (ROS) levels and mitochondrial biogenesis.19

ROS-induced DNA damage and cellular apoptosis are
responsible for tissue dysfunction and bone homeostasis
imbalance.20 Accordingly, targeting the maintenance of
mitochondrial quality through SIRT1 appears to be a
promising therapeutic approach for OP. The objective of the
current study was to evaluate the effects of CdCl2 exposure on
bone tissue damage in rats and humans. Moreover, we also aim
to test whether SIRT1 is involved in CdCl2-induced bone
injury in vivo and in vitro, to demonstrate SIRT1 in OP and
identify an effective therapeutic target for OP.

■ MATERIALS AND METHODS
Chemicals. N-Acetyl-L-cysteine (NAC) and cadmium chloride

(CdCl2) were obtained from Sigma Chemicals. The antibodies of
SIRT1, cleaved caspase 9, cleaved caspase 3, Bcl-2-associated X (Bax),
and Bcl-2 were purchased from Cell Signaling Technology (CST,
Boston, MA, U.S.A.). Histone H3 and β-actin were purchased from
ABclonal. The antibody diluent was purchased from NCM. The
bicinchoninic acid (BCA) kit was purchased from Yeasen (Shanghai,
China).
Experimental Animals. Adult female Sprague Dawley rats (n =

50, 4 weeks old, 120 ± 5 g) were approved for use by the Animal Care
and Use Committee of Yangzhou University (approval ID SYXK [Su]
2007-0005). They were housed in a controlled environment under
automatically well-controlled conditions (23 ± 1 °C, 12/12 h, and
light/dark cycle) for 1 week. A total of 10 OVX rats comprised the
OP group and were used to establish the OVX rat model of OP
successfully; a total of 10 rats comprised the sham operation group;
and other rats were randomly assigned to the CdCl2-treated, NAC
and CdCl2 co-treated, and AAV-SIRT1 and CdCl2-treated groups (n
= 10/group).

The animals were treated with NAC (0.4 mg/L) and CdCl2 (50
mg/L) (Sigma-Aldrich, St. Louis, MO, U.S.A.) dissolved in double-
deionized water. All treatments were administered as a single daily
dose for 18 consecutive months. AAV-ePHB-ove-SIRT1 viruses were
purchased from Hanheng Biotechnology Co., Ltd. The rats were
anesthetized with an intraperitoneal injection of 80−100 mg/kg of
pentobarbital sodium, and the virus was injected through the caudal
vein. The CdCl2 dose was the same as that used in previous studies;6

at this dose, CdCl2 has apparent effects on bone tissues, with neural
damage mainly occurring via oxidative stress activation. The NAC
dose was as per that reported by another study based on a different
animal model.21 Considering that the “itai-itai disease” mostly occurs

in women, in this study, only female Sprague Dawley rats were
included.
Ethics. The institutional ethics review board approved this study,

with the collection of bone tissues from six normal individuals and six
individuals with OP (the information shown in Table 1) living in
North Jiangsu Province in China.
Cell Culture, Transfection, and Treatment. The rat osteoblast

cell line ROS1728 was purchased from the American Tissue Culture
Collection (Manassas, VA, U.S.A.). Cells were suspended in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum (2 mM L-glutamine, 100 units/mL penicillin, and 100 μg/mL
streptomycin). Lentivirus-mediated SIRT1 shRNA was constructed
by ViGene Biosciences (Shandong, China), and scramble shRNA
acted as the blank control. Approximately 10 000 osteoblasts were
cultured in six-well plates, followed by the addition of lentivirus-
mediated SIRT1 shRNA and incubation for 48 h. Cells were treated
with concentrations of CdCl2 (0−80 μM) for 6 h. In some
experiments, cells were pretreated with NAC (10 μM) for 1 h or
transfected with lentivirus-mediated SIRT1 shRNA for 48 h before
exposure to 40 μM CdCl2.
Transmission Electron Microscopy (TEM). Osteoblasts were

fixed in modified Karnovsky’s fixative for 12 h, and the bone tissue of
rats and humans was cut into 1 mm3 squares, washed twice with
phosphate-buffered saline (PBS), and fixed in modified Karnovsky’s
fixative for 24 h, with the treatment of 1% osmium tetroxide in 0.1 M
cacodylate buffer for 1 h. Next, 1% uranyl acetate was used to strain
and dehydrated in ethanol. Epoxy resin was used to embed cells
(sectioned 60−70 nm), placed on Formvar- and carbon-coated
copper grids, and finally strained with uranyl acetate and lead nitrate.
Images were captured with a JEOL 1200EX II transmission electron
microscope.
Western Blotting. Simply, as in previous studies, osteoblasts were

treated with CdCl2 (0, 20, 40, and 80 μM) for 6 h or were pretreated
with NAC (10 μM) for 1 h and then treated with 40 μM CdCl2 for 6
h. Nuclear proteins and total proteins were extracted and qualified.
Equivative proteins were separated with dodecyl sulfate polyacryla-
mide gels and transferred to polyvinylidene fluoride membranes
(Millipore, Danvers, MA, U.S.A.). A 5% skim milk was used to block
the membrane for 2 h and incubate the relative primary and
secondary antibodies. Images were captured with chemiluminescence
(NCM).22

Antioxidant Ability Detection. Intracellular ROS levels in
osteoblasts were detected with 2′,7′-dichlorofluorescein diacetate
(DCFH-DA, Yeasen, Shanghai, China) according to the instructions
of the manufacturer. Intracellular ROS, superoxide dismutase (SOD),
and malondiadehyde (MDA) levels in the serum were detected using
rat intracellular ROS, SOD, and MDA enzyme-linked immunosorbent
assay (ELISA) kits, respectively (MLBio, Shanghai, China).
Measurement of Apoptosis Rates of Osteoblasts by Flow

Cytometry. The rate of cell apoptosis was assayed using the Annexin
V+/fluorescein isothiocyanate (FITC) apoptosis kit (Vazyme,
Shanghai, China). Briefly, the cells were stained by Annexin V+ and
propidium iodide (PI) for 30 min at 37 °C in the dark, washed with
PBS twice, then resuspended, and finally analyzed using flow
cytometry (BD, Franklin Lakes, NJ, U.S.A.).
Histopathological Assessment. Hematoxylin and eosin (H&E)

staining was carried out with standard methods.6 Briefly, the bone
tissues were decalcified with Perenyi’s solution for 2 weeks and then
an ethanol gradient (75, 90, and 100%) used to dehydrate and
embedded in paraffin. They were sectioned with a microtome at 5−8
μm thickness.

Table 1. List of Six Normal Individuals and Six Individuals with OP in This Study

normal OP

gender M M F M F M F M F F F F
age (year) 68.9 62.6 58.1 69.5 58.4 57.2 62.1 57.6 55.3 65.2 58 52.2
BMD (g/cm2) 1.187 1.34 1.52 1.052 0.998 1.062 0.625 0.823 0.852 0.55 0.71 0.68
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Microscopic Computed Tomography (Micro-CT). The OP
patient bone microstructure and the rat bone microstructure were
imaged using micro-CT images (SKYSCAN 1174 X-ray Micro-CT,
Bruker). Previous described parameters were used for scanning bone
tissues,5 and the region of interest (ROI) was reconstructed using
NRecon software.
Cd Content Detection in Bone Tissues. Bone tissues were

dried at 80 °C and dissolved in concentrated nitric acid. After
digestion, the samples were diluted in 10 mL of ultrapure water and
analyzed with atomic absorption spectroscopy (Optima 7300 DV,
PerkinElmer). The quality of the Cd concentration was strictly
controlled following the standard reference [SRM1598, National
Institute of Standards and Technology (NIST)]. Triplicate readouts
were averaged for each group.
Statistical Analyses. We use GraphPad Prism 7 (GraphPad

Software) to analyze statistics. In vitro studies were repeated at least 3
times. For in vivo studies, three rats were used to exam relative
parameters. All data were analyzed using the one-way analysis of
variance (ANOVA) Tukey’s t test as a post hoc test. p < 0.05 was
considered significantly different and presented as the mean ±
standard deviation (SD).

■ RESULTS
Cd Content Is Increased in the Bone Tissues of OP

Patients. The presence of OP was confirmed by performing
micro-CT and TEM (Figure 1A). Spaces of bone trabeculae

were increased histologically by H&E staining (Figure. 1B).
The prevalence of OP was higher in postmenopausal women
than men (Figure 1C), consistent with previous reports.
Furthermore, the Cd concentration was significantly increased
in the bone of OP patients (Figure 1D). Moreover, the bone
tissue of OP patients showed that lower levels of the nuclear
SIRT1 protein expression than that of healthy individuals were
confirmed by immunohistochemical staining and western
blotting (panels E and F of Figure 1). These data indicated
that the increase in the Cd concentration was associated with
OP development.
Osteogenesis and Osteoclastogenesis in the Pro-

gression of CdCl2-Induced OP. To elucidate Cd-induced
OP, first, we established the OP model of rats by bilateral
ovariectomy. As shown in Figure 2A, 50 mg/L CdCl2 exposure
for 18 months caused femur plurilocellate, which appears
similar to the femur of bilateral ovariectomy rats. Many studies
focusing on osteoclasts showed that a high level of osteoclasto-
genesis is the main reason for OP. However, tartrate-resistant
acid phosphatase (TRAP)-positive osteoclasts have no
significant changes after CdCl2 exposure for 18 months in
the femur of rats, which is a biomarker of osteoclastogenesis
(Figure 2B). Furthermore, to assess osteogenesis and
osteoclastogenesis, we measured their related protein ex-

Figure 1. Cd accumulation and nuclear SIRT1 inhibition were found in bone tissues of OP patients. (A) Micro-CT of the human femur. Scale bar
= 2.0 mm. Trabecular morphology and space were observed by TEM. Scale bar = 2.0 μm. (B) H&E staining of the human femur to assess bone
tissue damage (20×). (C) BMD values of OP patients. (D) Cd concentrations in human bone tissues were detected by atomic absorption
spectroscopy. (E) Nuclear SIRT1 protein expression levels were detected by western blotting and (F) immunohistochemical staining. Multiple
comparisons were performed using one-way ANOVA analysis. (∗) p < 0.05 and (∗∗) p < 0.01 compared to the control group.
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pression levels by western blotting. Interestingly, the alkaline
phosphatase (ALP) protein expression level, a vital osteo-
genesis biomarker, was significantly decreased after CdCl2
exposure (Figure 2C). Meanwhile, the TRAP expression
level and ratio of osteoprotegerin (OPG) and receptor
activator of NF-κB ligand (RANKL) expression showed no
significant changes in the CdCl2 exposure group. When taken
together, these data convincingly indicated that 50 mg/L
CdCl2 exposure for 18 months caused rat OP through
inhibition of osteogenesis rather than active osteoclastogenesis.
Nuclear SIRT1-Acetylated P53 Was Involved in CdCl2

Exposure-Induced Osteoblast Apoptosis. To reveal
underlying mechanisms involved in Cd-induced OP in
osteoblasts, we used a candidate-based strategy to test whether
some gene regulation pathways mediate this process. As shown
in Figure 3A, nuclear SIRT1 gradually decreased as the
concentration of CdCl2 increased. In contrast, its substrate
PGC-1α and the acetylation of P53 at lysine 382 gradually
increased. For further validation of SIRT1-overexpressed
osteoblasts, PGC-1α and P53Lys382 protein levels of treated
cells were tested using western blotting. Indeed, the levels of
PGC-1α and P53Lys382 in the group of SIRT1 overexpression +
CdCl2 treatment were lower when compared to the Cd group
(Figure 3B).

Additionally, the apoptosis of osteoblasts with CdCl2
treatment was significantly higher than that of the control
group using flow cytometry (Figure 3C), and the western blot

(Figure 3D) illustrated that cleaved caspase 9, cleaved caspase
3, and the Bax/Bcl-2 ratio were upregulated in the CdCl2-
treated groups than in the SIRT1 overexpression + Cd-treated
group (panels E and F of Figure 3). The data of this study
reveal that SIRT1 overexpression protects CdCl2-treated
osteoblasts by deacetylating P53 at lysine 382 to slow
apoptosis.
ROS−SIRT1 Cyclic Signaling Pathway Regulates

Caspase-Dependent Apoptosis after CdCl2 Exposure.
Excessive osteoblast apoptosis correlates with oxidative stress,
causing decreased osteogenesis.23 The production of ROS was
detected by DCFH-DA staining after the treatment of different
concentrations of CdCl2 by flow cytometry. The results
showed that osteoblasts treated with higher concentrations of
CdCl2 groups generated more ROS (Figure 4A). To
investigate the antioxidant capacity of the osteoblasts, we
measured the content of MDA and SOD activity. Panels B and
C of Figure 4 showed that the MDA content of osteoblasts in a
higher concentration of CdCl2 groups was significantly
increased. In contrast, the activity of SOD was significantly
decreased. Furthermore, as presented in panels D−F of Figure
4, NAC obviously alleviated CdCl2-elevated ROS and MDA
content levels and increased SOD activity in osteoblasts.
According to these experiments, CdCl2 exposure can cause
oxidative stress in osteoblasts. Here, we proposed a hypothesis
that Cd exposure caused osteoblast apoptosis through ROS-
mediated nuclear SIRT1 inhibition.

Figure 2. Osteogenesis and osteoclastogenesis in OP model rats and CdCl2-induced OP rats. (A) Micro-CT of the rat distal femur. (B) TRAP
staining of rat femur tissues. (C) Protein expression of ALP and TRAP and OPG/RANK ratio in the femur of rats (n = 10/group). Multiple
comparisons were performed using one-way ANOVA analysis. (∗) p < 0.05 and (∗∗) p < 0.01 compared to the sham group.
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Interestingly, SIRT1 overexpression reduced Cd-induced
ROS release (Figure 4H). Meanwhile, the MDA content
decreased and SOD activity increased in the OVE-SIRT1 + Cd
group compared to the Cd group (panels I and J of Figure 4).
Furthermore, the result of western blotting revealed that the
expression levels of cleaved caspase 9 and cleaved caspase 3
and the ratio of Bax/Bcl-2 proteins were significantly reduced
in the rat femur from the NAC + Cd and OVE-SIRT1 + Cd
groups when compared to the Cd group (Figure 4K). When
taken together, these data showed that the ROS−SIRT1 cyclic
signaling pathway regulates caspase-dependent apoptosis in
response to Cd-induced OP.
SIRT1 Overexpression Attenuated CdCl2-Induced OP

in Rats. Micro-CT three-dimensional (3D) images of the
distal femur and trabecular bone assessed the effects of SIRT1
overexpression on Cd-induced OP. Notably, SIRT1 over-
expression reversed the Cd-exposure-lowered BMD, trabecular
bone parameters (Tb.Sp and Tb.Th), and bone mass
parameter (BV/TV) in rats (panels A and B of Figure 5).
We further confirmed that Cd exposure caused OP, with the
ultrastructural and pathological changes in the trabecular bone
by TEM and H&E staining (panels A and B of Figure 6). As
expected, SIRT1 overexpression attenuated Cd exposure,
causing disordered bone trabeculae, decreased spaces of bone
trabeculae, and numerous broken trabecular bones. Mean-

while, results by immunohistochemistry (IHC) showed that
the ALP protein expression level was significantly reduced in
the rat femur from the OVE-SIRT1 + Cd group when
compared to the Cd group (panels C and D of Figure 6).
Correspondingly, the use of antioxidant NAC effectively
reversed Cd-induced OP, indicating that oxidative stress
plays a vital role in this progression.

In addition, Cd induced apoptosis via ROS release and
SIRT1−P53Lys382 signaling pathway activation. The nuclear
SIRT1, PGC-1α, and P53Lys382 protein expression levels and
caspase-dependent apoptosis-related protein expression levels
were observed in the rat femur. As shown in Figure 7A, in
comparison to the Cd group, the SIRT1 protein expression
level in rat femur tissues increased, observed in NAC + Cd and
OVE-SIRT1 + Cd groups, and PGC-1α and P53Lys382 protein
expression levels were suppressed. Mechanistically, the above
data indicated that ROS−SIRT1 signaling regulated caspase-
dependent apoptosis in response to Cd-induced OP (Figure
7B).

■ DISCUSSION
OP is a systemic disease characterized by low BMD and
microarchitectural deterioration of bone tissue, leaving affected
bones vulnerable to fracture.24 Osteoblast lineage derives from

Figure 3. Effects of nuclear SIRT1 overexpression in CdCl2-induced apoptosis of osteoblast. (A and B) ROS1728 cells were treated with CdCl2 (0,
20, 40, and 80 μM) for 6 h. SIRT1-overexpressed ROS1728 cells were established and exposed to 40 μM CdCl2 for 6 h. Nuclear protein expression
of SIRT1, PGC-1α, and Ace-P53 were detected by western blotting. (C and E) Annexin V+ cells were detected by flow cytometry. (D and F)
Mitochondrial proteins of cleaved caspase 9 and cleaved caspase 3 and Bax/Bcl-2 ratio was detected by western blotting. Multiple comparisons
were performed using one-way ANOVA analysis. (∗) p < 0.05 and (∗∗) p < 0.01 compared to the control group, and (#) p < 0.05 and (##) p <
0.01 compared to the CdCl2 group.
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Figure 4. Effects of NAC in Cd-induced SIRT1 inhibition and apoptosis both in vivo and in vitro. ROS1728 cells were exposed to CdCl2 (20, 40,
and 80 μM), or SIRT1-overexpressed ROS1728 cells were exposed to 40 μM for 6 h. (A and D) Intracellular ROS were detected by flow
cytometry. (B and E) MDA content and (C and F) SOD activity was detected by the ELISA kit. (G) Experimental flow chart. (H−J) Rat serum
ROS generation, MDA content, and SOD activity were detected by ELISA kits. (K) Mitochondrial proteins of cleaved caspase 9 and cleaved
caspase 3 and Bax/Bcl-2 ratio was detected by western blotting. Multiple comparisons were performed using one-way ANOVA analysis. (∗) p <
0.05 and (∗∗) p < 0.01 compared to the sham group, and (#) p < 0.05 and (##) p < 0.01 compared to the Cd group.
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the differentiation of mesenchymal cells in the stromal
compartment of bone marrow (BM). The BM stroma contains
self-renewing, multipotent progenitors that can give rise to
osteoblasts, thus ensuring a reservoir of bone-forming cells for
bone growth, modeling, and remodeling.25 Bone homeostasis
depends upon the precise balance between bone resorption by
osteoclasts and bone formation by osteoblasts, which include a
series of complex and highly regulated steps. The disruption of
bone homeostasis is an essential aspect of the pathogenesis of
OP.26 It has been well-established that Cd exposure can cause
itai−itai disease and lead to bone fracture and OP.27 In the
study by Alfveń et al., decreased bone mineral density with
increasing blood Cd has been described in a few studies, and
they also found a high level of Cd accumulation in bone tissues
of OP patients, even reaching about 170 ng/g (Figure 1B). Cd-
contamined food in many areas is a high risk to human
health.28 Environmental Cd is easily taken up in animal and
human bodies through the food chain, and tobacco smoking
further increases Cd exposure. The survey found that the risk
was increased in a geographical area with high Cd pollution
compared to an area with low Cd pollution and in relation to

the Cd concentrations in soil.28 Many of the in vivo models
indicated different levels of bone loss depending upon Cd dose
and exposure periods as well as differences between rats, mice,
and humans.5,29 We carried out 18 months of CdCl2 exposure
in rats and found that CdCl2 induction can lead to changes in
trabecular morphology and microstructure, decreased bone
density, and expression of ALP. Additionally, TRAP staining
showed CdCl2 exposure has no significant effect on the
number of osteoclasts in the femur of rats.

ALP is highly expressed in osteoblasts and plays a critical
function in the formation of bone tissue.30 In CdCl2-induced
OP model rats, NAC and SIRT1 overexpression increased ALP
expression levels in bone tissues, confirming the effect in
promoting osteogenesis (Figure 4H). TRAP is considered just
a histochemical marker of osteoclasts. However, TRAP staining
showed no significant change in the number of osteoclasts in
OP rats (Figure 4F). This appears to be a contradiction,
because increased osteoclast activity is considered the culprit in
OP.31 A CdCl2-induced increase in the activity of caspase-3
may cause osteoblast death, and the indirect mechanism is
interfering with calcium (Ca), phosphorus (P), vitamin D, and

Figure 5. SIRT1 overexpression attenuated Cd-induced bone loss in rats. (A) 3D reconstruction micro-CT results showed the amount of
trabecular bone and spine. (B) Some parameters including BMD, Tb.Sp, Tb.Th, and BV/TV for OP. Multiple comparisons were performed using
one-way ANOVA analysis. (∗) p < 0.05 and (∗∗) p < 0.01 compared to the sham group, and (#) p < 0.05 and (##) p < 0.01 compared to the Cd
group.
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renal dysfunction.32 Our previous study found that a low dose
of CdCl2 decreased the osteoclast apoptosis rate in vitro.5

However, the present study is the first report that long-term
CdCl2 exposure failed to increase the osteoclast number and
bone resorption in vivo. It is well-known that osteoclasts and
osteoblasts are involved in the bone homeostasis and
remodeling process. There are complex mutual signaling
regulations between osteoclasts and osteoblasts; for instance,
osteoblast-secreted RANKL and its decoy receptor, OPG, are
essential for promoting osteoclast differentiation and inhibiting
bone formation.33 Bone resorption conducted by osteoclasts is
accomplished in a reasonably short time relative to that
required for bone formation by osteoblasts.34 Therefore, long-
term CdCl2-exposure-induced osteoblast damage is a key cause
of the progression of OP.

In vivo stimulation of SIRT1 can extend the lifespan of mice
and protect against a number of aging-related diseases,
including OP.35,36 Many mouse models also indicate that
SIRT1 regulates bone modeling and remodeling, and its
agonists can protect against age-related, postmenopausal, and
disuse models of OP, and SIRT1 knockout models display low
bone mass phenotypes associated with increased bone

resorption and decreased bone formation.37−39 In recent
years, serious SIRT1 drugs are in clinical trials and are shown
to be safe and have salutary effects on bone mass in humans.39

However, how SIRT1 exerts its function via hormone signaling
or direct action in osteoblasts is not fully understood.
Interestingly, the effects of deleting SIRT1 in different cell
types, including in osteoclasts and osteoblasts, may not be
simply additive.40 Resveratrol was the first-generation SIRT1
agonist, and mice treated with resveratrol for more than 18
months showed modest improvements in bone mass,
indicating partial protection against aging-related OP.35 The
mechanism of the regulation of the SIRT1−P53 axis and
pertinent pathways are pivotal. As a NAD-dependent
deacetylase, we indicated that Cd exposure downregulated
the expression level of SIRT1 through deacetylating P53.
There were many reports that heavy metals, including
cadmium, lead, and arsenic, as environmental pollutants
induce oxidative stress and produce ROS, leading to harmful
effects on different tissues, including liver, brain, and bone
tissues.41 Although there is evidence that oxidative stress is an
essential driver of OP, the multilevel interacting factors and
pathways are incompletely understood. The present study

Figure 6. SIRT1 overexpression attenuated Cd-induced breaking of the microstructure of the trabecular bone and reduction of ALP in the rat
femur. (A) Microstructures of the trabecular bone were observed by TEM. (B) H&E staining of the human femur to assess bone tissue damage
(20×). (C and D) ALP protein expression level was detected by immunohistochemical staining. Multiple comparisons were performed using one-
way ANOVA analysis. (∗) p < 0.05 and (∗∗) p < 0.01 compared to the sham group, and (#) p < 0.05 and (##) p < 0.01 compared to the Cd group.
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justified the oxidative stress, and caspase-dependent apoptosis
that subsequently occurs has been linked to SIRT1 inhibition
in the progression of CdCl2-induced OP. The crosstalk
between ROS and endogenous mitochondrial apoptosis is
connected with the acetylation of P53 by nuclear SIRT1
(Figures 3B and 7A).

SIRT1 deacetylates the P53 tumor suppressor protein to
dampen apoptotic and cellular senescence pathways.38 SIRT1
overexpression inhibited P53 transcriptional activity and P53-
dependent apoptosis in response to DNA damage and
oxidative stresses.42 Furthermore, in response to DNA damage
and other cellular stresses, P53 is stabilized and activated to
trigger apoptosis and cell-cycle arrest.43 Consistently, our
observations provide direct evidence that nuclear SIRT1
protein regulates P53 acetylation, and caspase-dependent
apoptosis shows that the function of nuclear SIRT1 is required
for antioxidation in CdCl2-induced OP processes. Alterna-
tively, in addition to deacetylating P53, SIRT1 could regulate
other signaling pathways, including PGC-1α, FOXO1,
FOXO3, Ku70, NF-κB, and AceCS1, to regulate physiological
processes, such as stress resistance and energy metabolism, that
are known to be affected during aging and OP.44 Anderson et
al. verified that PGC-1α is found in both the nucleus and
cytoplasm and translocated to the nucleus during stress.45

PGC-1α is a master transcriptional regulator of mitochondrial
function, which is located and perpetually active in the nucleus,
and Cd exposure increased its expression level in osteoblast
and rat bone tissues as well as in bone tissues of OP patients
(Figure 7A). PGC-1α is capable of improving or rescuing
mitochondrial dysfunction, and it is also involved in regulating
genes related with ROS scavenging.46 This study demonstrated

that the ROS and MDA levels were increased while the
activities of SOD were decreased in the Cd group, which are
common indicators of oxidative stress.47 In the current study,
NAC and SIRT1 overexpression could inhibit P53 acetylation
at lysine 382 and nuclear PGC-1α in bone tissues of OP
patients (panels E and F of Figure 1). It is well-known that
PGC-1α is sufficient to handle an effect on mitochondrial
function through an increase, and mitochondria regulation is a
stress response component. These findings indicate that PGC-
1α regulated by SIRT1 inhibition plays a role in the regulation
of mitochondria, which is a component of the oxidative stress
response. However, our results cannot illustrate the mechanism
of the regulation of mitochondrial function mediated by PGC-
1α. It was reported that the SIRT1 non-specific inhibitors,
nicotinamide and sirtinol, have increased PGC-1α acetylation
by inhibition of SIRT1 in response to oxidative stress.48

Meanwhile, we cannot rule out the possibility that other
sirtuins function in oxidative stress and contribute to the effect
of mitochondria function. Mitochondria play a curial role in
apoptosis by activating mitochondrial outer membrane
permeabilization, which leads to the release of caspase-
activating molecules, caspase-independent death effectors,
and disruption of ATP production.49 Despite the central role
for mitochondria in the control of apoptosis, surprisingly little
is known about how nuclear SIRT1 participates in apoptotic
programs. It was observed that the SIRT1/PGC-1α/P53Lys382

signaling pathway was involved in the activation of oxidative
mitochondrial apoptosis signaling. However, PGC-1α as a
master regulator of mitochondrial biogenesis and function is
responsive to a variety of metabolic stresses.50 Furthermore,
the phenomena were observed that SIRT1 overexpression

Figure 7. SIRT1 overexpression reversed Cd exposure that caused SIRT1 inhibition and apoptosis of rat femur. (A) Nuclear SIRT1, PGC-1α, and
Ace-P53 protein expression levels in rat femur tissues were detected by western blotting. (B) Signaling cascade involved in CdCl2-induced OP.
Multiple comparisons were performed using one-way ANOVA analysis. (∗) p < 0.05 and (∗∗) p < 0.01 compared to the sham group, and (#) p <
0.05 and (##) p < 0.01 compared to the Cd group.
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treatment attenuated CdCl2-induced mitochondrial apoptosis
in osteoblast and bone tissues, implying this inference, as
shown in panels C, E, and F of Figure 3. Thus, this study
verified a signaling cascade in apoptosis caused by CdCl2
exposure, as described in Figure 7B. In conclusion, nuclear
SIRT1 regulates P53 acetylation at lysine 382, participating in
oxidative damage; meanwhile, the SIRT1/PGC-1α pathway
plays a role in the regulation of mitochondria apoptosis. Thus,
it is clear that the ROS−SIRT1 cyclic signaling pathway
regulated apoptosis and plays a curial role in the maintenance
of normal bone homeostasis and the onset of OP caused by
CdCl2.
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