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Abstract

Iron overload is closely associated with osteoporosis, the potential cellular mechanism involved in decreased osteoblast
differentiation and increased osteoclast formation. However, the effect of iron overload on the biological behavior in osteo-
cytes has not been reported. This study aims to investigate the changes of osteocytic activity, apoptosis, and its regulation
on osteoclastogenesis in response to iron overload. MLO-Y4 osteocyte-like cells and primary osteocytes from mice were
processed with ferric ammonium citrate (FAC) and deferoxamine (DFO), the conditioned medium (CM) was harvested and
co-cultured with Raw264.7 cells and bone marrow-derived macrophages (BMDMs) to induce them to differentiate into
osteoclasts. Osteocyte apoptosis, osteoclast differentiation, osteocytic gene expression and protein secretion of receptor
activator of nuclear factor B ligand (RANKL) and osteoprotegerin (OPG) was examined. Excessive iron has a toxic effect
on MLO-Y4 osteocyte-like cells. Increased cell apoptosis in MLO-Y4 cells and primary osteocytes was induced by iron
overload. The osteoclastic formation, differentiation-related gene expression, and osteoclastic bone-resorption capability
were significantly increased after treated with the CM from iron overload-exposed osteocytes. Excessive iron exposure
significantly promoted the gene expression and protein secretion of the RANKL in MLO-Y4 cells. Addition of RANKL-
blocking antibody completely abolished the increase of osteoclast formation and bone resorption capacity induced by the
CM from osteocytes exposed to excessive iron. Moreover, the pan-caspase apoptosis inhibitor, QVD (quinolyl-valyl-O-
methylaspartyl-[-2,6-difluorophenoxy]-methylketone) was used to inhibit osteocyte apoptosis. The results showed osteocyte
apoptosis induced by iron overload was reduced by QVD and accompanied by the decrease of soluble RANKL (sSRANKL) in
supernatant. The increase of osteoclast formation and bone resorption capacity induced by the CM from osteocytes exposed
to excessive iron was significantly decreased by QVD. These results indicated that iron overload-induced osteocyte apoptosis
is required to regulate osteoclast differentiation by increasing osteocytic RANKL production. This study, for the first time,
reveals the indirect effect of iron overload on osteoclast differentiation through regulating osteocytes.
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Introduction Materials and Methods
Although iron is an essential element for all living organ-  Cell Culture

isms, excessive iron (iron overload) has detrimental effects
on tissues and organs. Numerous case reports and clinical
studies have demonstrated a close relationship in iron over-
load and osteoporosis [1]. Iron overload in animal model
also shows serious bone loss, manifests as dramatically dam-
aged bone microstructure [2]. In vitro, there is increasing
evidence that excessive iron inhibits osteoblastic differen-
tiation and bone formation [3], while promotes osteoclas-
tic formation and bone resorption [4, 5]. In contrast, iron
chelation can increase the biological activity of osteoblasts
and restrain osteoclastic differentiation [6, 7]. As the largest
number of cells in bone tissue, osteocytes compose 90% to
95% of all bone cells. However, there are no reports on how
iron overload affects the function of osteocytes.

Osteocyte lie embedded within the mineralized matrix
and act as an orchestrator of bone remodeling through coor-
dinate of both osteoclast and osteoblast activity on bone
surfaces [8]. Osteocyte can produce pro- and anti-osteo-
clastogenic cytokines, including receptor activator of NF-xB
ligand (RANKL) and osteoprotegerin (OPG), which regulate
bone resorption [9]. In particular, a progressive increase in
bone mass because of a reduced number of osteoclasts which
can be observed in mice lacking the RANKL specifically in
osteocytes, indicating that osteocytes are the major source
of RANKL in bone remodeling [10]. Earlier work demon-
strated that apoptosis of osteocytes precedes temporally and
spatially osteoclast-mediated resorption [11]. Subsequent
studies showed that the apoptotic osteocytes trigger viable,
neighbor osteocytes to increase expression of RANKL at
microdamage sites in bone, thus activating bone resorption
[12, 13]. Recent studies indicated osteocyte apoptosis plays a
controlling and central role in stimulating osteocyte RANKL
production and the activation of bone resorption leading to
bone loss in disused mice [14]. These results reveal that
osteocyte apoptosis leads to increased RANKL produc-
tion in osteocytes, which in turn stimulates the activity of
osteoclasts.

Osteocytes are descended from mesenchymal stem cells
through osteoblast differentiation. There are already proofs
that iron overload can induce apoptosis of mesenchymal
stem cells and osteoblasts [15, 16]. Therefore, we hypoth-
esize that iron overload can induce apoptosis of osteocytes
and cause increased RANKL production, which ultimately
leads to increased osteoclastogenesis and bone resorption.
The present study was addressed to investigate osteocyte
apoptosis induced by iron overload, and evaluate osteo-
clast differentiation in conditioned media (CM) from iron-
exposed osteocytes.
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MLO-Y4 osteocyte-like cells was used in this study and
kindly provided by Dr. Jean X. Jiang (University of Texas
Health Science Center, San Antonio, TX, USA). MLO-Y4
cells were cultured in collagen-coated petri dish in alpha-
MEM medium (a-MEM; Gibco, Grand Island, NY, USA)
supplemented with 5% FBS (Gibco), 5% calf serum (Gibco),
2 mM L-glutamine, and 1% penicillin—streptomycin.
RAW264.7 cells, an established macrophage cell line used
for inducing osteoclast formation in the presence of RANKL
(Pepro Tech, Rocky Hill, NJ, USA), purchased from the Cell
Bank of Chinese Academy of Sciences (CAS; Shanghai,
China). RAW264.7 cells were maintained in a-MEM sup-
plemented with 10% FBS (Gibco), 2 mM L-glutamine, and
1% penicillin—streptomycin. The cells were cultured in 37 °C
incubator with humidified 5% CO, atmosphere.

Isolation of Primary Bone Marrow Macrophages
and Osteocytes

The femurs and tibias were aseptically removed from adult
CS57BL/6 mice and dissected free of adhering tissues. The
bone ends were cut off with scissors and the marrow cavity
was flushed with 0.01 M phosphate buffer solution (1 X PBS)
by slowly injecting at one end of the bone using a sterile
needle. The bone marrow cells were collected, washed with
a-MEM, and removed red blood cells by treatment with red
blood cell lysis buffer (Solarbio, Beijing, China). The cells
were maintained in «-MEM supplemented with 10% FBS
(Gibco), 2 mM L-glutamine, and 1% penicillin—streptomy-
cin. Cells were cultured overnight and then the non-adherent
cells were collected and treated with 20 ng/ml macrophage
colony-stimulating factor (M-CSF; Pepro Tech) for 5 days
to induce macrophages formation. Then, the induced bone
marrow-derived macrophages (BMDMs) were seeded, and
incubated with M-CSF (20 ng/ml) and RANKL (50 ng/ml)
for differentiation into osteoclasts.

Osteocytes were isolated from the above bone which
the marrow cavity has been flushed according to a protocol
of Bonewald and co-workers [17]. Serial digestions with
collagenase I (Gibco) and Ethylenediaminetetraacetic acid
(EDTA) solution (Kemiou, Tianjin, China) were done alter-
nately. The cells from digest fraction 8—9 were considered
to be osteocytes. Moreover, after last digestion seeded the
bone particles in petri dish. At next day the bone particles
were transferred to a collagen-coated petri dish. Very impor-
tant did not disturb the plates until day 5. Then, bone par-
ticles were discarded and adherent cells were identified as
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osteocytes. Isolated primary osteocytes were cultivated in
the same culture conditions as MLO-Y4 cells.

Cell Viability Assay

Cell viability assay was processed with the Cell Count-
ing Kit 8 kit (Beyotime Biotechnology, Shanghai, China)
according to the manufacturer’s protocols. MLO-Y4 cells
were seeded in 96-well cell culture plates and allowed to
attach after 8 h. Cells were treated with different concentra-
tions of ferric ammonium citrate (FAC; Sigma-Aldrich, St.
Louis, MO, USA) or deferoxamine (DFO; Sigma-Aldrich)
for 24 h. Then, 10% CCK-8 solution was added and incu-
bated at 37 °C for 2 h. Optical density (OD) value was deter-
mined using a Synergy HT multimode microplate reader
(BioTek, Winooski, Vermont, USA) at 450 nm.

Cell Apoptosis Assay

After the MLO-Y4 cells were cultured in serum-supple-
mented a-MEM, a-MEM with 20 pM DFO, a-MEM with
40 pM Fe (from FAC with 17% Fe), and a-MEM with
40 uM Fe and 20 pM DFO for 24 h, cells were stained
using the Annexin V-FITC Apoptosis Detection Kit (Beyo-
time) following the manufacturer’s instructions. Then, flow
cytometry was performed by flow cytometric analysis (BD,
Franklin Lakes, NJ, USA). The Annexin V*/PI~ osteocytes
were considered early apoptotic cells. The Annexin V*/PI*
osteocytes were considered late apoptotic cells.

To further confirm the level of osteocyte apoptosis, DNA
fragmentation in MLO-Y4 cells and primary osteocytes was
identified using the One Step TUNEL Apoptosis Assay Kit
(Beyotime). Then, cells were immediately observed and pho-
tographed using a Nikon Eclipse 80i fluorescence micro-
scope (Nikon, Tokyo, Japan). TUNEL-positive cells were
marked with green fluorescence.

Conditioned Medium Collection

After the MLO-Y4 cells were cultured in serum-supple-
mented a-MEM, a-MEM with 20 pM DFO, a-MEM with
40 pM Fe (from FAC with 17% Fe), and «-MEM with 40 pM
Fe and 20 pM DFO for 24 h, cells were washed twice with
1 X PBS and subsequently cultured in serum-supplemented
normal medium, and conditioned medium (CM) was har-
vested after 24 h. The collected CM was never frozen or
allowed to age in any way.

Osteoclast Formation Assay
To induce osteoclast formation, Raw 264.7 cells were cul-

tured in serum-supplemented a-MEM with 50 ng/ml solu-
ble RANKL in terms of previous report [18]. After 24 h,

the medium was replaced with a mixture of 50% CM and
50% growth medium. This procedure was repeated every
other day until day 4, the cells were washed and fixed in
4% formaldehyde solution for 20 min. Then, the cells were
stained using a Leukocyte Acid Phosphatase kit (Sigma-
Aldrich) according to the manufacturer’s protocol. Cells
were photographed using a light microscopy (Nikon) and
were recognized as osteoclasts if they were tartrate-resistant
acid phosphate (TRAP) positive and exhibited three or more
nuclei. The number of formed osteoclasts was calculated by
Imagel software.

TRAP Activity Assay

TRAP activity in differentiated osteoclasts exposed to the
mixed medium of CM and growth medium for 2 and 4 days
(d) was examined by TRAP assay kit (Beyotime). TRAP
activity was evaluated based on the conversion of para-nitro-
phenyl phosphate (c) to para-nitrophenol (pNP) in the pres-
ence of tartrate solution. OD value was detected at 405 nm
using a microplate reader (BioTek, Winooski, Vermont,
USA), calculating the generated pNP levels according to
the standard curve. The amount of acid phosphatase required
to hydrolyze the pNPP chromogenic substrate per minute
to produce 1 pM pNP was taken as one enzyme activity
unit (U), and the TRAP activity is expressed as the enzyme
activity per pg protein. The content of total protein in oste-
oclasts was determined using the BCA Protein Assay Kit
(Beyotime).

Osteoclastic Bone Resorption Capability

RAW264.7 cells were seeded in the Osteo Assay Surface
96-well plates (Corning, NY, USA) at the density of 5,000
cells/well. The same differentiation procedure as the osteo-
clast formation assay was performed and repeated every
other day until day 10. The medium was removed and 10%
sodium hypochlorite was added to the wells and incubated at
room temperature for 10 min. Subsequently, the wells were
washed with deionized water and dried. Images in the bot-
tom of wells were required using a light microscopy (Nikon).
Osteoclastic bone resorption capability was evaluated by
Imagel] software and expressed as the ratio of the pits area
to the total area of the photograph.

F-actin Staining

After Raw264.7 cells were induced to differentiate into oste-
oclasts in the mixed medium of CM and growth medium for
4 d, the cells were stained using rhodamine-labeled phal-
loidin (Invitrogen, Carlsbad, CA, USA) overnight. Next, the
cells were washed with 1 X PBS three times and dried. The
f-actin filaments were observed and photographed using a
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fluorescence microscope (Nikon). The number of formed
actin rings was calculated by ImagelJ software.

Detection of Soluble Cytokines Secreted
by Osteocytes

The concentration of soluble cytokines secreted by osteo-
cytes in the collected CM, including soluble OPG and
RANKL, was examined using the Mouse Osteoprotegerin/
TNFRSF11B Quantikine enzyme linked immunosorb-
ent assay (ELISA) Kit and the Mouse TRANCE/RANK
L/TNFSFI11 Quantikine ELISA Kit (R&D, Minneapolis,
MN, China) according to the instructions of manufacturer,
respectively.

Quantitative Real-Time PCR

After the CM was collected, total RNA in osteocytes was
extracted using a HiPure Total RNA Mini Kit (Magen,
Guangzhou, China). RNA was performed to reverse tran-
scription using the HiScript II Q RT SuperMix (Vazyme,
Nanjing, China) according to the manufacturer’s instruc-
tions. Primers were sought in the Primer Bank and synthe-
sized in Sangon Biotech (Shanghai, China), 1 pg cDNA as a
template, were then used for quantitative real-time PCR with
chamQ SYBR gqPCR Master Mix (Vazyme) using CFX96
Touch qPCR System (Bio-Rad Laboratories, Hercules, CA,
USA). The expression of the target genes was normalized
to the respective GAPDH level. The sequences of primers
are shown in Table 1.

RANKL Blocking

Neutralizing antibody (AB) specific for RANKL (Affinity,
Cincinnati, OH, USA) were used to block specific proteins
in the CM. AB of 1 pg/ml were incubated with CM at 37
°C for 1 h prior to adding to cells. Osteoclast formation,
bone resorption, and f-actin staining experiments were sub-
sequently performed as above.

Apoptosis Inhibition

QVD (MCE, Monmouth Junction, NJ, USA), the pan-cas-
pase apoptosis inhibitor, has been used in previous study to
prevent osteocyte apoptosis in vivo or in vitro [14]. MLO-Y4
cells and primary osteocytes were treated with QVD at 5 pM
to inhibit cell apoptosis induced by iron overload.

Statistical Analysis
All experiments were performed in duplicate. More than

three samples were examined in each assay. All data were
presented as mean + standard deviation (SD). The Student ¢

@ Springer

Table 1 Sequence of primers used for quantitative real-time PCR

Genes Primers Primer sequence (5'-3")
BAX Forward ATGGGCTGGACACTGGACTTC
Reverse TCTTCCAGATGGTGAGCGAGG
BCL-2 Forward TGTGTGGAGAGCGTCAACAG
Reverse CATCCCAGCCTCCGTTATCC
NFATc1 Forward CCAGCTTTCCAGTCCCTTCC
Reverse ACTGTAGTGTTCTTCCTCGGC
MMP9 Forward CTGGACAGCCAGACACTAAAG
Reverse CTCGCGGCAAGTCTTCAGAG
integrin p3 Forward CCACACGAGGCGTGAACTC
Reverse CTTCAGGTTACATCGGGGTGA
CTSK Forward GAAGAAGACTCACCAGAAGCAG
Reverse TCCAGGTTATGGGCAGAGATT
RANKL Forward CAGCATCGCTCTGTTCCTGTA
Reverse CTGCGTTTTCATGGAGTCTCA
OPG Forward TACCTGGAGATCGAATTCTGCTT
Reverse CCATCTGGACATTTTTTGCAA

test was used to compare the difference between the Fe-CM
group and the Fe-CM + RANKL AB group, and the Fe-CM
group and the Fe + QVD-CM group. The other data were
analyzed based on one-way ANOVA with Dunnett’s mul-
tiple comparisons test. Differences were considered to be
significant at p <0.05. All statistical analysis was performed
using the GraphPad Prism 7.0 software (La Jolla, CA, USA).

Results
Effects of Iron on Cell Viability in MLO-Y4 Cells

In present study, the CCK-8 assay results indicated that iron
had toxic effects. After a 24 h exposure to FAC, the viabil-
ity of MLO-Y4 cells was found to be significantly inhib-
ited by iron exceeding 20 pM in a dose-dependent manner
(Fig. 1a). Furthermore, the iron chelator DFO over 20 pM
also decreased the viability of MLO-Y4 cells in a dose-
dependent manner (Fig. 1b).

Iron Overload Induces Osteocyte Apoptosis

As shown in Fig. 2a and b, TUNEL staining for DNA frag-
mentation showed that cell apoptosis in MLO-Y4 cells and
primary osteocytes can be elevated by excessive iron. The
quantitative analysis of apoptosis by flow cytometry also
revealed that Fe exposure with 40 pM significantly increased
the cell apoptosis in MLO-Y4 cells (Fig. 2c and d). In con-
trast, iron overload-induced enhancement effect on osteocyte
apoptosis was eliminated by DFO of 20 pM. Furthermore,
iron overload exposure markedly upregulated proapoptotic
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Fig. 1 Cytotoxic effects of iron on the viability of osteocytes. Viability of osteocytes was evaluated by CCK-8 assay after treatment with Fe
(from FAC) (a) and DFO (b) for 24 h. Data are presented as the mean + standard deviation (n=35). *P <0.05 compared with 0 uM

BAX gene expression while downregulated antiapoptotic
BCL-2 expression, thus the BAX/BCL-2 ratio was dramati-
cally enhanced by excessive iron in osteocytes after exces-
sive iron loading (Fig. 2e).

Osteoclast Differentiation is Promoted by the CM
from Fe-exposed Osteocytes

TRAP is highly expressed in osteoclasts, thus osteoclast for-
mation is generally evaluated by TRAP staining. Compared
with the Ctrl-CM group, the number of TRAP-positive mult-
inucleated cells was increased in the CM from Fe-treated
osteocytes (Fig. 3a). Furthermore, the CM from Fe-pro-
cessed osteocytes significantly promoted TRAP activity at 2
and 4 d of osteoclast differentiation (Fig. 3b). In gene levels,
the expression of some genes related to osteoclastogenesis,
including NFATc1, MMP9, Integrin 3, and CTSK, was
markedly higher the Fe-CM group than the Ctrl-CM group
(Fig. 3c). The CM from DFO and Fe + DFO exposed osteo-
cytes had no any effects on osteoclast differentiation.

Bone Resorption Capacity of Osteoclast is Enhanced
by the CM from Fe-exposed Osteocytes

Osteoclasts can degrade bone matrix by secreting some
proteases, a process known as bone resorption. Herein,
osteoclastic bone resorption ability was examined by pit
formation assay. The area of pits in the Fe-CM group was
higher than the Ctrl-CM group (Fig. 4a). Mature osteoclasts
can form a circle of actin (actin rings) which fix themselves
to the bone surface and constitute a closed area to degrade
bone matrix. In consequence, the formation of actin rings
can be used as a marker to evaluate the bone resorption
capacity of osteoclast. Compared with the Ctrl-CM group,
the CM from Fe-processed osteocytes significantly elevated
the number of actin rings on day 4 of osteoclast differentia-
tion (Fig. 4b). There were no any effects of the CM from

DFO and Fe + DFO treated osteocytes on osteoclastic bone
resorption capacity.

Effects of Iron Overload on RANKL/OPG Gene
Expression and Secretion in MLO-Y4 Cells

We examined gene levels of RANKL and OPG in osteo-
cytes to evaluate if apoptosis affected the expression of
RANKL and OPG in osteocytes. Iron overload loading on
MLO-Y4 cells increased the expression of RANKL gene.
Although the gene level of OPG was not altered, the increase
in RANKL contributed to a significant increase in RANKL/
OPG ratio under excessive iron exposure (Fig. 5a). Consid-
ering our observed changes in RANKL gene expression, we
next investigated whether iron overload may cause MLO-
Y4 cells to produce a higher amount of soluble RANKL
(sRANKL). We collected CM from iron-exposed osteo-
cytes and measured the amount of SRANKL and soluble
OPG (sOPG) using ELISA. The results showed excessive
iron exposure remarkably increased the concentration of
SRANKL in the CM from Fe-treated osteocytes, whereas
iron overload stimulation did not alter the levels of SOPG
(Fig. 5b). The sSRANKL/sOPG ratio in the CM from Fe-
processed osteocytes was also observably higher than that
in the Control group. Furthermore, when the excess iron
in osteocytes was chelated by DFO, the increased RANKL
secretion and gene expression returned to the control levels.

Blocking RANKL in the CM from Fe-exposed
Osteocytes Inhibits Osteoclastic Formation
and Bone Resorption Capacity

To confirm if the apoptosis-induced increase in osteoclast
differentiation are indeed due to the increased RANKL
protein secretion, we applied a RANKL-blocking anti-
body to the CM from iron-exposed osteocytes prior to
incubating with Raw264.7 cells. The results demonstrated
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Fig.2 Iron-induced apoptosis in osteocytes. TUNEL staining evalu-
ated apoptosis in MLO-Y4 cells (a) and primary osteocytes (b);
scale bar=50 um. ¢ Flow cytometric analysis of osteocytes stained
with Annexin V-FITC/PI to examined cell apoptosis. d Percentage of

RANKL-blocking antibody abolished the osteocyte apopto-
sis-induced increase in osteoclast formation, bone resorption
capacity, and actin rings formation (Fig. 6).

The CM from Apoptosis-Inhibited Osteocytes
Prevents Osteoclastic Formation and Bone
Resorption Capacity

To assess whether osteocyte apoptosis is necessary for

increased osteoclast differentiation induced by the CM
from iron-exposed osteocytes, we performed a pan-caspase
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apoptosis rates were analyzed. e Gene expression of BAX, BCL-2,
and BAX/BCL-2 ratio was determined by quantitative real-time PCR.
Data are presented as the mean + standard deviation (n=3). *P <0.05
compared with the Ctrl group

inhibitor (QVD) to iron-exposed MLO-Y4 cells and pri-
mary osteocytes. TUNEL staining showed iron-induced
osteocyte apoptosis was blocked by QVD in MLO-Y4 cells
(Fig. 7a) and primary osteocytes (Fig. 7b). ELISA assay
displayed QVD reduced the concentration of SRANKL in
the CM from Fe-treated osteocytes (Fig. 7¢). Furthermore,
the osteocyte apoptosis-induced increase in osteoclast for-
mation, bone resorption capacity, and actin rings forma-
tion in BMDMs was prevented by the CM derived from
co-incubated MLO-Y4 cells (Fig. 7d, f, and h) and primary
osteocytes (Fig. 7e, j, and i) with iron and QVD.
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bone resorption capacity. a RAW264.7 cells were seeded in the Osteo
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osteoclastic bone resorption capacity; scale bar=100 um. b Actin

Discussion

Iron is involved in numerous cell biological activity,
including DNA replication and cell respiration, thus it is
essential for cell growth [19]. Iron-deprivation inhibits the
proliferation of various mammalian cells [20]. DFO, an
effective iron chelator, can inhibit osteoblastic prolifera-
tion and viability [7, 21]. In another aspect, excessive iron
has a toxic effect on cells since iron is a highly transi-
tion metal and can catalyze the formation of damaging
hydroxyl radicals. Numerous studies showed that the pro-
liferation and viability of osteoblasts and bone marrow
mesenchymal stem cells (BMMSCs) can be reduced by

Ctrk-CM  DFO-CM  Fe-CM (Fe+DFO)-CM

ferentiation, including NFATcl, MMP9, Integrin 3, and CTSK was
determined by quantitative real-time PCR. Data are presented as the
mean +standard deviation (n=3). *P<0.05 compared with the Ctrl

group
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ring was stained by rhodamine-conjugated phalloidine staining; scale
bar=100 pm. Data are presented as the mean=standard deviation
(n=3). *P<0.05 compared with the Ctrl group

iron overload [22-25]. Osteocyte, a terminally differenti-
ated cells from osteoblasts and BMMSCs. Consistent with
osteoblasts and BMMSCs, we also found low levels of iron
induced by DFO and excessive iron from FAC significantly
inhibited cell viability of osteocytes in a dose-dependent
manner in the present study. These results indicate that
iron in osteocytes requires be strictly regulated, and too
high or too low levels of iron will damage osteocytes.
Iron overload exerts deleterious effects on various
cell types and the mechanism of iron toxicity occurs are
closely associated with apoptosis [26, 27]. In bone and
bone marrow, previous studies also found cell apopto-
sis can be induced by iron overload in osteoblasts and
BMMSCs [15, 16, 28, 29]. In this study, we demonstrated
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Fig.5 Effects of iron on gene
expression and protein secre- *
tion of RANKL and OPG in
osteocytes. a Gene expression
of RANKL and OPG was exam-
ined by quantitative real-time
PCR. b The secretion of soluble
RANKL (sRANKL) and soluble
OPG (sOPG) was determined
by ELISA kit. Data are pre- ol
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Fig.6 Blocking RANKL
abolished osteoclastic differ-
entiation and bone resorption
capacity induced by the CM
from the iron-exposed osteo-
cytes. a TRAP staining detected
osteoclast formation; scale
bar=50 um. b Pits formation
assay evaluated bone resorption
capacity; scale bar=100 pm. ¢
Actin ring was stained by rho-
damine-conjugated phalloidine
staining; scale bar=100 pm.
Data are presented as the

mean =+ standard deviation
(n=3). *P<0.05

Fe-CM

that iron overload markedly induced apoptosis in osteo-
cytes. While the increased apoptosis of osteocytes can be
rescued to the normal level by DFO. BAX as a proapop-
totic factor and BCL-2 as an antiapoptotic factor have been
implicated in the regulation of apoptosis of various cells
[30]. Our PCR results showed that iron overload increased
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the gene expression of BAX and decreased BCL-2 expres-
sion in osteocytes, hence leads to a significant increase in
the BAX/BCL-2 ratio was significantly increased under
excessive iron stimulation. However, although excessive
iron can induce osteocyte apoptosis in vitro, it is not clear
whether iron overload can induce osteocyte apoptosis
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Fig.7 CM from apoptosis-inhibited osteocytes prevented osteoclastic
formation and bone resorption capacity in BMDMs. TUNEL stain-
ing evaluated apoptosis in MLO-Y4 cells (a) and primary osteocytes
(b); scale bar=50 pm. ¢ The secretion of soluble RANKL (sRANKL)
was determined by ELISA kit. TRAP staining detected osteoclast
formation induced by the CM from MLO-Y4 cells (d) and primary
osteocytes (e); scale bar=50 pm. Pits formation assay evaluated

in vivo, and its exact mechanism needs to be explored by
more experiments.

Osteoclasts, derived from the monocyte/macrophage
haematopoietic lineage, play a crucial role in normal bone
remodeling and calcium metabolism. Increased osteoclastic
numbers and serum bone resorption makers have been found
in bone surface of iron overload mice [2, 31]. Osteoclasts
require high levels of iron to maintain high energy from
mitochondrial metabolism to degrade bone matrix [32].
This seems to suggest that iron plays a direct role in pro-
moting osteoclast differentiation and increases bone resorp-
tion in iron overloaded mice. Indeed, many in vitro studies
have shown that excessive iron supplementation in culture
medium can stimulate osteoclastic differentiation, activation,
and bone resorption ability [4, 33, 34]. However, osteoclast
activity can be effectively regulated by osteocyte through
producing RANKL which is an essential pro-osteoclasto-
genic cytokine [35]. Present study demonstrated that the
conditioned medium (CM) from excessive iron-treated oste-
ocytes significantly enhanced osteoclastic differentiation,

(g):'

| -
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bone resorption capacity triggered by the CM from MLO-Y4 cells (f)
and primary osteocytes (g); scale bar=50 um. Actin ring formation
induced by the CM from MLO-Y4 cells (h) and primary osteocytes
(i) was stained by rhodamine conjugated phalloidine staining; scale
bar=50 pm. Data are presented as the mean+standard deviation
(n=3). *P<0.05

bone resorption capacity, and actin rings formation. These
data suggest that iron overload can indirectly promote osteo-
clast differentiation and function by regulating osteocytes.
However, the use of osteo assay surface plates to evaluate the
bone resorption capacity of osteoclasts is a limitation in this
study. The osteo assay surface plate is only a mineral coated
plate and do not contain any bone matrix. Therefore, it is
possible that the resorptive effect would be different (i.e.,
bigger/smaller) if the cells were grown on bone or dentine.
We will explore in more detail the effects of iron overload on
bone resorption through osteocytes in future in vivo study.
RANKL is expressed in bone and bone marrow by vari-
ety of cell types, including osteoblasts, osteocytes, BMSCs
and lymphocytes. It has been reported that osteocytes are
the major secretory cells of RANKL and have a greater
capacity to support osteoclastogenesis than osteoblasts and
BMMSCs [9, 10]. OPG is an anti-osteoclastogenic factor,
which can also be secreted by osteocytes. The binding of
OPG to RANKL blocks its binding to receptor activator
of NFkB (RANK) and further prevents the activation of
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osteoclasts activity. Because OPG can be secreted in the
same zone as RANKL, probably by the same type of cells
that produce RANKL, the ratio of RANKL and OPG at a
particular site is a main determinant of the magnitude of
osteoclast formation and bone resorption at that location
[36]. Studies also showed the increased RANKL expres-
sion in bone and elevated RANKL secretion in serum
can be found in iron overloaded mice [2, 37]. However,
the expression and secretion of OPG were not affected
by iron overload, so the RANKL and OPG was also sig-
nificantly enhanced by excessive iron in mice. Moreover,
there is a great deal of evidence that osteocyte apoptosis
triggers the production of RANKL in osteocytes [14, 38,
39]. Consistent with these data, our study showed iron
overload induced the increase in osteocyte apoptosis and
elevated the expression of RANKL, but had no effect on
OPG expression in osteocytes. After apoptotic osteocytes
were induced by excessive iron, and then incubated with
serum-supplemented medium to obtain CM. ELISA assay
found that the secretion of RANKL increased significantly,
but the levels of OPG did not change obviously in the CM.
The RANKL/OPG ratio was also significantly increased in
excessive iron-exposed osteocytes and the CM.

In conclusion, we found that iron overload significantly
promoted cell apoptosis in osteocyte-like MLO-Y4 cells
and primary osteocytes derived from long bone of mice in
the current study. We also found that the in vitro osteoclas-
togenesis and osteoclastic bone resorption capacity was
significantly promoted by the CM from osteocytes with
iron overload stimulation. The underlying mechanism by
which the CM from iron-treated osteocytes enhanced oste-
oclast activity was that the secretion of SRANKL in the
osteocytic CM was increased by excessive iron exposure.
Moreover, addition of RANKL-blocking antibody com-
pletely abolished the apoptotic osteocyte-induced increase
in osteoclast formation and bone resorption capacity. Our
study represents the first effort identifying how osteocytes
respond to iron overload and how osteocytes regulate the
activity of osteoclasts under excessive iron exposure. This
study is not only helpful to enrich our basic knowledge of
the biological behaviors of osteocytes under iron overload,
but also contributes to a more comprehensive understand-
ing of the regulatory mechanism of iron overload on bone
tissue and related bone diseases (e.g., osteoporosis).
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