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HIGHLIGHTS

GRAPHICAL ABSTRACT

Cadmium (Cd) exposure causes osteo-
porosis in ducks.

Cd induced osteoporosis is related to de-
fects in osteogenic differentiation.

Cd exposure decreases protein levels of
key osteogenic and bone resorption-
related proteins.

Cd inhibtes the differentiation of osteo-
clast and osteoblase by inhibiting
P2X7/PI3K/AKT pathway.

Cadmium is a widespread environmental pollutant that accumulates in bone and causes bone damage. Our
findings demonstrate that Cd exposure inhibits osteoblast and osteoclast differentiation, and induces apoptosis,
finally resulting in osteoporosis. P2X7/PI3K/AKT and OPG/RANKL signaling play an essential role in Cd-induced
0steoporosis.
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Cadmium is a common environmental pollutant that accumulates in the bone and kidneys and causes severe health
and social problems. However, the effects of Cd on the occurrence of osteoporosis and its mechanism of action in this
process are unclear. To test whether Cd-induced osteoporosis is mediated via P2X7/PI3K/AKT signaling, duck bone
marrow mesenchymal stem cells (BMSCs) and bone marrow macrophage cells (BMMs) were treated with Cd for
5 days, and duck embryos were treated with Cd. Micro-CT analysis indicated that Cd-induced osteoporosis occurs
in vivo, and histopathology and immunohistochemical analyses also revealed that Cd induced bone damage and
the downregulation of osteogenic and bone resorption-related proteins. Cd exposure significantly inhibited the dif-
ferentiation of BMSCs and BMMs into osteoblasts and osteoclasts in vitro, and promoted osteoblast and osteoclast
apoptosis. Cd exposure significantly downregulated the P2X7/PI3K/AKT signaling pathway in vivo and in vitro,
and inhibition of this signaling pathway significantly aggravated osteoblast and osteoclast differentiation. Cd expo-
sure also upregulated the OPG/RANKL ratio in vivo and in vitro, further inhibiting osteoclast differentiation. These re-
sults demonstrate that Cd causes osteoporosis in duck by inhibiting P2X7/PI3K/AKT signaling and increasing the
OPG/RANKL ratio. These results establish a previously unknown mechanism of Cd-induced osteoporosis.

© 2020 Published by Elsevier B.V.
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1. Introduction

Cadmium (Cd) is a nonessential heavy metal and a group I carcino-
gen (Hartwig, 2013) with a long biological half-life of 10-30 years
(Sughis et al., 2011). Environmental Cd pollution originates mainly
from industrial use and fertilizers (Nazima et al., 2015). Cd cannot be
environmentally degraded and enters animal and human bodies
through the food chain, and resulting in the accumulation of Cd in eco-
systems and in the body (Luo et al,, 2017). Cd can accumulate in various
organs, such as the bones (He et al., 2020), kidneys (Wang et al., 2016),
liver (Rana et al., 2020) and brain (Oboh et al., 2020), causing kidney
disease, bone metabolic disease, reproductive diseases and cancer. Nu-
merous studies have shown that poultry are highly susceptible to Cd
toxicity (Kar et al,, 2018). Recent research suggests that high concentra-
tions of Cd were found in poultry bones in a lead-contaminated
goldmine area of Nigeria (Orisakwe et al., 2017), which caused a severe
bone metabolic disease in the poultry and subsequent economic dam-
age. In humans, the case of Itai-Itai disease happened in Japan in the
1950s, where people had eaten rice highly contaminated with Cd and
developed severe osteoporosis, osteomalacia and fractures. Previous
studies have determined that the main mechanism of Cd-induced Itai-
Itai disease is kidney damage in the form of glomerular and tubular dys-
function, which also indirectly causes osteoporosis (Nishijo et al.,
2017a). However, in order to study the direct effects of Cd exposure
on bone, bone morphogenetic protein (BMP) was used to establish a
model of induced ectopic osteogenesis that could eliminate the interfer-
ence of other non-bone factors. This result suggested that Cd had no sig-
nificant effect on chondrogenesis, but significantly inhibited osteoblast
function (Xu et al., 1997). The main cause of Cd-induced osteoporosis
has since been determined to be the excessive promotion of osteoclast
differentiation (Chen et al., 2017; Miyahara et al., 1992). However,
most experimental models of Cd poisoning still fail to replicate osteopo-
rosis, while providing a basis for the injury mechanism in the liver and
kidneys. Cd-induced osteoporosis is likely to be a long, dynamic and
complex process. Although the mechanism of Cd toxicity is well under-
stood in other organs such as kidney and liver, limited studies exist on
bone tissue, especially poultry bones, which can have significant eco-
nomic impacts. There is currently a lack of knowledge about the toxic ef-
fects of cadmium exposure on poultry bones and possible ways to
correct them.

Osteoporosis is a “silent disease” that is characterized by low
bone mineral density (BMD) and has become a major health problem
worldwide resulting in a substantial economic burden on society.
The P2X7 receptor is closely associated with osteoporosis (Husted
et al,, 2013). The P2X7 receptor is an ion channel receptor that pro-
vides a calcium-permeable cationic channel (Garcia-Guzman et al.,
1996), and is abundantly expressed in osteoblasts, osteocytes and
osteoclasts (Volonté et al., 2016). Therefore, P2X7 may play an es-
sential role in regulating the balance of osteoclast resorption and os-
teoblast bone formation. Once this balance is broken, it can result in
bone metabolic disease. The activation of P2X7 induces high intracel-
lular Ca%™ concentrations and activates a series of signaling path-
ways including MAPK, NF-kB and PI3K/AKT (Genetos et al., 2011;
Grol et al., 2012; Liu et al., 2008). Meanwhile, the activation of
P2X7 promotes osteoblast and osteoclast function, and the acceler-
ated transcription of the osteogenic transcription factor RUNX2 and
osteoclast differentiation factor NFATC1 (Korcok et al., 2004;
Panupinthu et al., 2008). Moreover, the absence of P2X7 inhibited
osteoclast differentiation (Ma et al., 2019), but the knockout of
P2X7 showed no effect on osteoclast function in an animal model
(Gartland et al., 2003b). Therefore, the effect of P2X7 is controversial
in the regulation of osteoclast function and requires further study. It
is also unclear whether Cd, as an extracellular molecule, can affect
P2X7 activation or P2X7-mediated downstream signaling. Therefore,
a thorough inquiry into the role of P2X7 during Cd-induced bone tis-
sue damage is urgently needed.

The aim of this study is to evaluate the mechanism of Cd-induced
bone damage in vivo and in vitro. P2X7 is a key molecule for maintaining
bone metabolism, and bone dysfunction is a manifestation of Cd poison-
ing. This study explores the direct effect of Cd exposure on the structure
of duck bones through the P2X7-mediated signaling axis, providing a
new understanding of Cd-induced bone metabolic disease.

2. Materials and methods
2.1. Experimental animals

Animal experiments were approved by the Institutional Animal Care
and Use Committee of Yangzhou University. Healthy 2-day-old Gaoyou
duck embryos were obtained from the Waterfowl Gene Pool of Quality
Resources. Two-day-old duck embryos were randomly assigned to two
groups (n = 6) as follows: the control group and the Cd exposure group.
The control group was inoculated in the yolk sac with saline, while the
Cd group was inoculated in the yolk sac with 1 uM CdCl, for each
gram of embryo. After the duck embryo was shelled, ducks were free
to eat and drink ad libitum for 14 days. All ducks were sacrificed via eu-
thanasia. Bone tissue was carefully separated and soaked in 4% parafor-
maldehyde before being stored at —80 °C for subsequent experiments.

2.2. Reagents

CdCl, was purchased from Sigma Company, USA, and the inhibitor
A438079 was obtained from Abcam, USA. Other all reagents were pur-
chased in China (Bibang Biology, Yangzhou, China).

2.3. Cell isolation and culture

One-day-old ducks were euthanized and sterilized with 75% ethanol,
after which bone marrow mesenchymal stem cells (BMSCs) were iso-
lated from the femurs. Cells were cultured for a period of 4-5 days in
o-MEM at 37 °C under 5% CO,, and cells were passaged when adherent
cells reached a density of 80%-90%. BMSCs were used at passages three
to six in the following experiments. Bone marrow macrophages
(BMMs) were isolated from duck femurs and extracted cells were cul-
ture in a-MEM containing 10% FBS in a humidified incubator 37 °C
and 5% CO,, BMMs were used for differentiation into osteoclasts.

2.4. Alkaline phosphatase (ALP) and Alizarin red staining

Duck BMSCs were cultured with different concentrations (0, 0.1, and
1 uM) of Cd for 4 days; duck BMSCs were pretreated with A438079
(10 pM), BKM120 (1 uM), and MK2206 (1 uM) for 30 min, then treated
with Cd (1 uM). After osteogenic induction, cells were rinsed with PBS,
fixed with 4% paraformaldehyde for 30 min, and stained with the ALP
staining kit (Beyotime, China) or Alizarin red staining kit (Cyagen,
China). Images were collected with an Observer microscope (Leica,
Germany).

2.5. Tartrate resistant acid phosphatase (TRAP) staining and bone
resorption

Duck BMMs were cultured with different concentrations (0, 0.1, and
1 uM) of Cd for 4 days in ct-MEM. Duck BMMs were pretreated with
A438079 (10 uM), BKM120 (1 pM), and MK2206 (1 uM) for 30 min,
then treated with Cd (1 pM) for 5 days. To identify osteoclasts, the
cells were washed with PBS and fixed in 4% paraformaldehyde for
10 min. The cells were then stained using the TRAP staining kit
(Sigma, St. Louis, USA) according to the manufacturer's instructions. Os-
teoclast numbers were observed by microscopy (Leica, Germany). Duck
BMMs were seeded on Corning Osteo-assay surface 96-well plates (Cor-
ing, USA). After the incubation period, cells were washed with PBS 5-6
times. Then, the resorption area was observed with microscopy.
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2.6. Western blot analysis

Duck BMSCs and BMMs were seeded in 12-well plates and treated
with 0, 0.1, and 1 pM of Cd for 4 days; duck BMSCs and BMMs were
pretreated with A438079 (10 uM), BKM120 (1 uM), and MK2206
(1 M) for 30 min, then treated with Cd (1 uM) for 4 days. Duck embryos
were inoculated with 1 pM in the yolk sac for each gram of embryo.
Bone tissue (10 mg) was homogenized in a 250 L centrifuge tube con-
taining RIPA buffer (NCM, China) for the rapid preparation system of bi-
ological samples (Life Real, China). Cells were washed twice with cold
PBS, lysed in RIPA containing a proteinase inhibitor cocktail buffer on
ice for 30 min, and then centrifuged at 12,000 xg for 10 min to precipi-
tate cell and bone tissue debris. The protein concentration was deter-
mined using the BCA protein assay kit (NCM Biotech, China). Equal
amounts of protein were separated on a SDS-polyacrylamide gel. The
proteins in the gel were transferred onto PVDF membranes (Millipore,
USA). After blocking with 5% skim milk in TBST for 2 h, the membranes
were incubated first with primary for 12 h at 4 °C and then with appro-
priate secondary antibodies for 2 h at RT. The following antibodies were
used: OPN, OCN, OPG, RANKL, RUNX2, COL1A1 (1:500, ABclonal, China);
TRAP, CAll, CK, NFATc1, c-fos (1:1000, Abcam, USA); Bax, Bcl2, caspase-
3, LC3, P62, B-actin (1:1000, CST, USA). The membranes were imaged
with chemiluminescence (NCM, China). Data quantification analyses
were performed using Image] software (Image, Inc., USA).

2.7. Apoptosis assay

Duck BMCSs and BMMs were seeded in 6-well plates for 4 days, and
after induction cells were treated with 1 uM of Cd for 12 h. Then, flow
cytometry was carried out to analyze the effect of Cd. Cells were col-
lected and stained with the Annexin V-FITC/PI apoptosis kit (Vazyme,
China). Following isolation cells were immediately analyzed on a flow
cytometer (BD, USA).

2.8. Cellular viability and ALP and ATP detection

Duck BMSCs and BMMs were treated with 0, 0.1, and 1 uM Cd for
4 days. The viability of BMSCs and BMMs was assayed by cell counting
kit-8 (CCK-8) assay (Vazyme, China). ATP and ALP content was detected
by the Duck ATP detection kit (Mlbio, China) and the duck ALP kit
(Mlbio, China).

2.9. Microcomputed tomography (micro-CT) analysis

CdCl, was inoculated in the yolk sac with 1 uM Cd for each gram of
embryo. After the duck embryo was shelled, ducks were free to eat
and drink ad libitum for 14 days. Micro-CT images (Skyscan1174 X-
Ray Microtomograph, Bruker) were used to evaluate the effect of Cd
on duck bone microstructure. The tibia was scanned with the following
parameters: voltage, 50 kW; electric current, 800 pA; resolution, 12 pm
per pixel. After scanning, the regions of interest (ROIs) were selected
and the N-Reco software was used for 3D image reconstruction. Bone
mineral density (BMD), bone volume/total volume (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp) and the structural model index (SMI) were analyzed by CT-AN
software.

2.10. Histopathological assessment

Duck bone tissue was soaked in Perenyi's decalcifying solution for
2 weeks, and dehydrated using ethanol gradients. Then, the bone tissue
was embedded in paraffin, cut into 5-um thick sections, and stained
with hematoxylin and eosin (H&E) for microscopic examination. Histo-
pathological analysis was performed by a pathologist.

2.11. Histochemistry and immunohistochemistry

Tartrate resistant acid phosphatase (TRAP) staining was used to an-
alyze duck tibia osteoclast formation. The method was performed as
previously described (Chen et al., 2017). The TRAP-positive area was
measured with Image-pro Plus 6.0 software (Image, Inc., USA).

Immunohistochemistry was used to evaluate the expression of key
bone tissue proteins. The technique was based on our previous study
(He et al., 2020). All primary antibodies (OPN, OCN, OPG, RANKL) and
secondary antibodies were obtained from Wuhan Servicebio, and the
dilution was 1:200. The results were analyzed by immunohistochemical
average optical density value, and the Image-pro Plus 6.0 software was
used to select the brown-yellow color as the unified standard for judg-
ing the positive areas of all photos, after which the cumulative optical
density value (IOD) and the pixel AREA (AREA) of the tissue were ob-
tained by analyzing each photo. The average optical density (AO
value) was calculated as AO = IOD / AREA. As the AO value grows
higher, so does the positive expression level.

2.12. Statistical analysis

Statistical analysis of all data was performed using GraphPad Prism 7
(GraphPad Software, Inc., USA). Each experiment was repeated at least
three times. All quantitative data are represented as means =+ SD. Aster-
isks (*) indicate statistical significance compared with the control
group, *P < .05, **P < .01.

3. Results

3.1. The effect of Cd on BMSCs and BMMs into osteoblast and osteoclast
differentiation

To investigate the effect of Cd exposure on osteoporosis in ducks at
the molecular level, the differentiation indices of duck BMSCs and
BMMs were detected. Firstly, after exposure to Cd (0, 0.1, and 1 uM)
for 12 h. The viability of BMSCs was not significantly changed with in-
creasing concentrations of Cd as determined by CCK-8 assay (Fig. 1a),
but there was a clear increase in BMM viability with 0.1 pM Cd, and no
change with 1 pM (Fig. 1b). After Cd exposure for 4 days, the results
show that Cd significantly inhibited osteoblast differentiation from
BMSCs as determined by ALP staining and ALP activity (Fig. 1c,e). Aliza-
rin red staining also suggested that Cd suppressed the mineralization
potential of BMSCs as mineralization nodules significantly decreased
in the late stage of osteogenic differentiation (Fig. 1d). The expression
of osteogenic-related proteins also significantly decreased with increas-
ing concentration of Cd as determined by Western blotting, including
osteocalcin (OCN), osteopontin (OPN), osteoprotegerin (OPG), runt-
related transcription factor 2 (RUNX2), collagen type 1 alpha 1
(COL1A1) and RANKL (Fig. 1g). These results demonstrate that Cd sup-
presses the osteogenic differentiation of duck BMSCs.

Interestingly, we found that the ratios of OPG/RANKL obviously in-
creased as detected by Western blotting (Fig. 1f). However, in our
study duck BMMs were treated with Cd for 5 days, and TRAP staining
shown that Cd significantly inhibited osteoclast formation (Fig. 1h),
while bone resorption was suppressed in a dose-dependent manner
(Fig. 1i). Western blotting suggested that the expression of osteoclast
formation- and differentiation-related proteins significantly decreased
with increasing of Cd exposure concentrations, including MMP-9, CA,
CKII, TRAP, c-fos and NFATc1 (Fig. 1j). Therefore, the above results dem-
onstrate that Cd exposure triggers a significant inhibition of osteoclast
differentiation.

3.2. The effect of Cd on P2X7/PI3K/AKT signaling

To thoroughly assess the effect of Cd on BMCSs and BMMs in osteo-
blast and osteoclast differentiation, we examined the intracellular ATP
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Fig. 1. The effect of Cd on BMSCs and BMMs in osteoblast and osteoclast differentiation. (a, b) Duck BMSC and BMM viability measured by CCK-8. (¢) ALP staining. (d) Alizarin Red staining.
(e) ALP activity as measured by the ALP kit. (f) The OPG/RANKL ratio. (g) Osteogenesis-related protein expression. (h) TRAP staining. (i) Bone resorption. (j) Bone resorption related
protein expression. Values are expressed as the mean + SD of three individual experiments, Significant differences between Cd-treated groups and control groups are denoted as

follows: ** P < .01.

levels and ATP-mediated related signaling molecules. ATP levels gradu-
ally decreased in the Cd-exposed duck BMSCs and BMMs during osteo-
blast and osteoclast differentiation (Fig. 2a). Meanwhile, the expression
of P2X7 was clearly decreased after Cd exposure for 12 h in osteoblasts
and osteoclasts (Fig. 2b). The phosphorylation level of PI3K/AKT was
also reduced as Cd concentrations increased (Fig. 2b). These results in-
dicate that Cd inhibited the P2X7/PI3K/AKT signaling pathway in
BMSCs and BMM s during osteoblast and osteoclast differentiation.

3.3. The effect of P2X7/PI3K/AKT signaling on Cd induced osteoblast and os-
teoclast differentiation

We used a P2X7/PI3K/AKT signal inhibitor to measure the effect of
P2X7/PI3K/AKT signaling on Cd-induced osteoblast and osteoclast dif-
ferentiation. ALP and Alizarin red staining showed that pathway inhib-
itors A438079, BKM120, and MK2206 significantly suppressed Cd-

induced osteoblast differentiation compared with the Cd-alone group
(Fig. 3a). Western blots suggested that the expression of osteogenesis-
related proteins decreased more after inhibitor exposure compared
with Cd alone (Fig. 3a). However, TRAP staining and bone resorption re-
sults also showed that the TRAP-positive multinuclear osteoclast num-
ber and bone resorption pit were radically reduced compared with Cd
when P2X7/PI3K/AKT signaling was blocked (Fig. 3b). Osteoclast forma-
tion and differentiation was also significantly reduced compared with
the Cd group (Fig. 3b). These results demonstrate that blocking P2X7/
PI3K/AKT signaling aggravated Cd-induced osteoblast and osteoclast
differentiation.

3.4. The effect of Cd on osteoblast and osteoclast apoptosis

Flow cytometry results showed that Cd induced the apoptosis of os-
teoblasts and osteoclasts derived from BMSCs and BMMs (Fig. 4a).
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Western blotting suggested that the expression of Bax and cleaved
caspase-3 also significantly increased with the increasing Cd concentra-
tion, especially at 1 pM (Fig. 4b). Cd can therefore induce the apoptosis
of osteoblasts and osteoclasts.

3.5. The effect of Cd on body weight and bone microarchitectural and bone
histopathological indices

To determine the effect of Cd on bone damage, the body weights of
ducks were measured, and no significant difference was observed be-
tween the Cd group and the control group (Supplementary 1). No
ducks died during the experiments. We also analyzed tibia microstruc-
tural parameters using Micro-CT. Three-dimensional image analysis

revealed that BV/TV, TB-N and BMD were significantly reduced after
treatment with Cd, and Tb.Sp was significantly increased in the Cd-
treatment group compared with the control group. No significant differ-
ences were found in Tb. Th and SMI between groups (Fig. 5a). These re-
sults indicated that Cd induces osteoporosis.

To further investigate bone injuries induced by Cd, Fig. 5b shows that
the outer layer of bone tissue is a ring of cancellous bone (black arrow)
with a large mass of bone marrow cells (red arrow). However, a large
mass of fat cells (yellow arrow) appears in the middle after Cd treat-
ment. On the contrary, in the control group the outer layer of bone tis-
sue is a ring of cancellous bone (black arrow) with a large number of
chondrocytes or other bone cells (red arrow) in the middle. Together,
these results demonstrate that bone tissues were injured in response
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to Cd treatment, and a large number of bone cells disappeared and were
replaced by fat cells.

3.6. The effect of Cd on the expression of key bone tissue proteins

As shown in Fig. 63, the number of osteoclasts was significantly de-
creased in Cd-treated ducks. It is generally known that key osteogenesis
proteins are abundant in osteoblasts and other bone cells, except for os-
teoclasts. Immunohistochemistry staining results showed that the pos-
itive expression of key osteogenesis proteins such as OPN, OCN, COL1A1,
RANKL and RANK were significantly reduced in the Cd-treated group,
while the expression of OPG was significantly increased, and positive
TRAP-expressing cells were decreased after Cd treatment (Fig. 6a).
Bone tissue-related proteins were measured by Western blotting, as
shown in Fig. 6b, and in the Cd-treated group the expression levels of
COL1A1, OPN, OCN, RANKL, TRAP and RUNX2 were reduced compared
with the control group. OPG showed no obvious difference between
Cd and control groups, but the ratio of OPG/RANKL was significantly in-
creased. In addition, key apoptosis proteins were also analyzed using
immunohistochemistry and Western blotting. The expression of
apoptosis-related protein (Bax, cleaved caspase-3) was increased in
the Cd-treated group (Fig. 6¢). Therefore, these results reveal that Cd
suppresses the expression of key osteogenesis proteins, increases the
ratio of OPG/RANKL and promotes bone tissue apoptosis.

3.7. The effect of Cd on P2X7/PI3K/AKT signaling in bone tissue

According to microarchitectural and bone histopathological indices,
Cd damages bone tissues and induces osteoporosis. Therefore, we asked
whether P2X7/PI3K/AKT signaling plays a key role in Cd-induced osteo-
porosis. We examined ATP levels and expression of key P2X7/PI3K/AKT
signaling proteins with an ATP detection kit and Western blotting. In
bone tissue, ATP levels were decreased in the Cd-treated group
(Fig. 7a), and the expression of P2X7 also was significantly reduced
while the phosphorylation levels of PI3K and AKT were significantly de-
creased in the Cd-exposed group compared with the control group

(Fig. 7b). These results indicated that Cd exposure inhibited P2X7/
PI3K/AKT signaling in bone tissue.

4. Discussion

Cd is a persistent environmental and occupational pollutant that can
enter human and animal organs through a variety of pathways
(Duranova et al.,, 2014; Radwan and Salama, 2006). Increasing research
demonstrates that Cd exposure causes many diseases, including bone
damage and renal dysfunction (Fan et al., 2018), that lead to a series
of social problems related to human and animal health. Previous studies
indicated that Cd induced osteoclast differentiation and increased oste-
oblast apoptosis and autophagy (Chen et al,, 2013; Liu et al., 2016). This
study investigated how Cd exposure affects osteoporosis in ducks. The
results revealed that Cd suppresses the differentiation of osteoblasts
and osteoclasts, stimulates osteoblast and osteoclast apoptosis, and
causes osteoporosis. However, P2X7/PI3K/AKT signaling also plays a
pivotal role in Cd-induced osteoporosis.

After Cd enters the body, kidneys and bone are the main target or-
gans, with approximately 50%-80% of Cd accumulating in bone and kid-
ney, which causes severe glomerular and tubular dysfunction and
finally results in osteoporosis (Nishijo et al., 2017b; Zhang et al.,
2012). Hence, kidney damage may be the main cause of Cd-induced os-
teoporosis. In this study, we explored the direct effect of Cd on bone
structures and differentiation. Firstly, Cd had no significant influence
on the weight of ducks, which was consistent with an earlier report
(Chen et al., 2013). Bone microstructure and histopathology were ob-
served, and after Cd exposure BV/TV, TB. N and BMD were significantly
reduced; also, although Tb.Th and SMI showed no significant difference,
they were slightly lower than those in control group, which may be re-
lated to Cd exposure time. A large number of bone cells disappeared and
were replaced by fat cells, which has been demonstrated in many stud-
ies (Knani et al.,, 2019), since Cd suppressed the differentiation of BMSCs
to osteoblasts, and increased differentiation into adipocytes (Rodriguez
and Mandalunis, 2016). In addition, TRAP staining showed that osteo-
clast numbers were also decreased in bone tissue. Therefore, bone dam-
age is directly related to Cd exposure.

Fig. 3. The effect of P2X7/PI3K/AKT signaling on Cd induced osteoblast and osteoclast differentiation. (a) ALP staining, Alizarin Red staining and Western blotting was used to analyze the
effect of P2X7/PI3K/AKT signaling on Cd-induced osteoclast and osteoblast differentiation. Values are expressed as the mean + SD of three individual experiments, significant differences

between Cd-treated groups and control groups are denoted as follows: ** P < .01.
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Fig. 5. The effect of Cd on body weight and bone microarchitectural and bone histopathological indices. (a) Tibia analyzed by Micro CT. (b) Bone tissue damage as measured by H&E
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Cd-induced osteoporosis due to increased differentiation and bone
resorption of osteoclasts can result in disruption of bone metabolism
(Chen et al., 2017; Wang et al., 2014). However, in our study, after
BMMs were treated with Cd (0.1-10 uM), TRAP-positive multinuclear
osteoclast numbers were significantly decreased, and the same Cd con-
centration also inhibited the differentiation of osteoblasts and
prevented bone mineralization. In vivo experiments also indicated that
the expression of key osteogenesis related proteins and bone resorption
protein were significantly reduced after Cd exposure. Although bone re-
sorption functions are reduced in vivo and in vitro, the ducks still present
with osteoporosis. This may be due to the dual effect of Cd on osteo-
clasts. Research suggested that low-dose Cd exposure can increase oste-
oclast function in the presence of osteoblasts in vitro; meanwhile, the
expression of RANKL was significantly increased, but did not inhibit os-
teoblast function (Chen et al.,, 2012). However, we also reported that Cd

exposure did not affect ALP activity in bone tissue, but increased the
ratio of RANKL/OPG (He et al.,, 2020). RANKL plays an essential role in
osteoclastogenesis (Soysa and Alles, 2016), osteoprotegerin (OPG) as a
decoy receptor, which inhibits osteoclast differentiation (Ma et al.,
2019). Therefore, osteoclast activity is increased via regulating the
RANKL/OPG ratio because of Cd exposure. In contrast, in our study Cd
exposure upregulated the ratio of OPG/RANKL, which inhibited osteo-
clast differentiation. In previous studies Cd promoted osteoclast differ-
entiation in the presence of RANKL, but these results exclude the role
of RANKL. Duck BMMs were treated with Cd without RANKL to directly
explore the effect of Cd on osteoclasts because RANKL secreted by oste-
oblast plays an important role in osteoclastogenesis. Osteoclast bone re-
sorption is inhibited by Cd without RANKL (Iwami and Moriyama,
1993). Our results indicated that Cd plays a dual role in regulating oste-
oclast function: while Cd inhibits osteoclast function, it also induces
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osteoporosis. The main reason is that osteogenesis plays a critical role in
Cd-induced osteoporosis. In this study, low-dose Cd exposure downreg-
ulated osteogenic differentiation genes, but increased the gene expres-
sion of RANKL and decreased gene expression of OPG while the TRAP-
positive osteoclast number increased. However, rats present no osteo-
porosis or kidney damage from Cd exposure (Lv et al., 2019). The
main reason is that Cd might act independently on bone. A modest in-
crease in osteoclasts is not the direct cause of cadmium-induced osteo-
porosis, since osteogenic-related cells are highly susceptible to Cd-
mediated osteoporosis. In contrast, in this study Cd exposure signifi-
cantly decreased the expression of osteogenesis proteins (OPN, OCN,
COL1A1, RUNX2), the expression of OPG and RANKL were reduced,
and the expression of bone resorption proteins and osteoclast numbers
were all decreased in ducks presenting with osteoporosis. Therefore, os-
teogenesis plays a leading role in Cd-induced osteoporosis.

To further explore the mechanisms involved in Cd-induced osteopo-
rosis, we focused on apoptosis, which plays an important role in main-
taining many cellular functions (Heitzer et al., 2020). Several studies
have focused on the apoptosis of osteoblasts induced by Cd (Arbon
etal,2012; Huet al., 2015), but it has not been reported that Cd induces
apoptosis in osteoclasts. In previous studies, Cd exposure caused osteo-
blast apoptosis by a series of signaling pathways in rat or human
osteoblast-like cell lines (Hu et al., 2015). In this study, Cd exposure-
increased apoptosis was observed in osteoblasts derived from duck
BMSCs. Although Cd-induced osteoclast apoptosis had not been re-
ported, we found that Cd concentrations from (0.1-1.0 pM) significantly
increased the osteoclast apoptosis rate. In summary, apoptosis is in-
volved in Cd-induced osteoporosis.

The P2X7 receptor is part of a class of unique ligand-gated nonselec-
tive channels (Garré et al., 2020) that are broadly expressed in osteo-
blasts and osteoclasts (Dong et al., 2020; Zhang et al., 2019). ATP is an
essential extracellular signaling molecule that is involved in many phys-
iological processes such as autophagy (Chen et al., 2020b), apoptosis
(Chen et al., 2020a) and cell differentiation (Xiong et al., 2017). Activa-
tion of P2X7 by ATP plays a significant role in the regulation of osteo-
blast and osteoclast function (Gartland et al., 2003a; Orriss et al.,
2012; Sun et al., 2013). In addition, P2X7 also mediates many patholog-
ical processes, especially bone-related diseases (Gu et al.,, 2001). How-
ever, current research has found contradiction in the effect of P2X7
regulating osteoblast and osteoclast function and in osteoporosis.
Therefore, the effect of P2X7 on pathological conditions should be fur-
ther explored, as P2X7 may play an important role in Cd-induced oste-
oporosis. In this study, the expression of P2X7 was significantly
decreased after Cd exposure, and concomitantly inhibited osteoblast
and osteoclast differentiation. The expression of P2X7 was also signifi-
cantly reduced in Cd-induced osteoporosis. We also found that
A438079, a P2X7 inhibitor, further suppressed osteoblast and osteoclast
differentiation after Cd exposure. Consistent with our results, P2X7 an-
tagonizes the formation and function of human osteoclasts in vitro
(Agrawal et al., 2010), and P2X7 induces osteogenic differentiation
and mineralization of postmenopausal bone marrow-derived mesen-
chymal stem cells (Noronha-Matos et al., 2014). Consequently, these re-
sults indicated that Cd causes osteoporosis via regulating P2X7. Previous
results showed that the activation of P2X7 promoted PI3K/AKT signal-
ing, and mediated the growth and metastasis of osteosarcoma cells
(Zhang et al., 2019). PI3K/AKT signaling also plays an important role
in RANKL-induced osteoclast formation (Lu et al.,, 2020), and the activa-
tion of PI3K/AKT signaling also promotes the expression of RANKL in os-
teoblasts (Sun et al., 2020) and increases osteoclast differentiation.
Consistent with those results, during osteoblast and osteoclast differen-
tiation Cd exposure significantly suppressed the PI3K/AKT signaling
pathway, and inhibition of PI3K/AKT signaling further suppressed Cd-
induced osteoblast and osteoclast differentiation. In addition, in Cd-
induced osteoporosis, Cd exposure also inhibited PI3K/AKT signaling.
Therefore, P2X7/PI3K/AKT signaling is involved in Cd-induced
osteoporosis.

5. Conclusion

In conclusion, Cd exposure causes osteoporosis through inhibiting
osteoblast and osteoclast differentiation, and by promoting osteoclast
and osteoblast apoptosis. Cd-induced osteoporosis is closely related to
P2X7/PI3K/AKT signaling and the RANKL/OPG system. These results
demonstrated that Cd-induced osteoporosis is associated with P2X7/
PI3K/AKT signaling-mediated osteoblast and osteoclast differentiation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141638.
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