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Abstract

Osteoporosis (OP) is a disease associated with bone loss and microstructure degradation. Recent studies have shown that iron
accumulation may be a risk factor for OP. Bone marrow mesenchymal stem cells (MSCs) are multipotent cells and precursors to
osteoblasts. MSCs play an important role in OP. Therefore, we evaluated the correlation between MSCs and OP in an environ-
ment of iron accumulation. Serum P1NP was decreased in iron accumulation mice. Micro-CT revealed that iron accumulation
decreased bone mineral density and spatial structural parameters. Iron accumulation inhibited MSC quantity in bone marrow.
However, the iron chelator deferoxamine (DFO) rescued the suppression. Iron accumulation also changed the MSC cell cycle.
Iron elevated MSC cell ROS level and NOX4 protein expression. MSC apoptosis was increased, and more caspase3 was cleaved
after iron intervention. Our data suggests that iron accumulation inhibits MSC quantity and induces MSC apoptosis. Bone loss
from iron accumulation may correlate with the inhibition of MSCs.
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Introduction

Osteoporosis is a disease characterized by trabecular structure
degradation and brittle fractures [1].In 2006, Weinberg pro-
posed iron loading as a risk factor for osteoporosis [2].
Clinical and animal research has demonstrated a close rela-
tionship between iron accumulation and bone loss. The asso-
ciation between iron accumulation and osteoporosis in pa-
tients with hereditary hemochromatosis has been observed in
clinical, and the degree of bone loss was associated with the
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severity of iron overload [3]. Iron accumulation may cause
osteoporosis in patients with thalassemia major, and iron che-
lators may abrogate the effects by reducing osteoclast activity
[4]. The incidence of postmenopausal osteoporosis (type 1
osteoporosis), over the age of 50 years, is approximately
50% [5]. Tron accumulation occurs in postmenopausal women
[6], and an intervention for iron accumulation may improve
postmenopausal osteoporosis. Clinical studies have shown
that iron accumulation may be a risk factor for postmenopaus-
al osteoporosis [7—-10]. However, the underlying mechanism
of iron accumulation induced osteoporosis is still unknown.
Tsay et al. demonstrated that iron overload in mice results in
increased bone resorption and oxidative stress, leading to
changes in bone microarchitecture and material properties
and thus bone loss [11]. N-acetyl-L-cysteine, an antioxidant,
prevented the effects of iron overload. The inhibition of oste-
oblast activity, mineralization, and specific gene expression
may be attributed to the ferroxidase activity of ferritin [12].
Bone marrow mesenchymal stem cells (MSCs), also known
as marrow stromal cells, are a type of mesodermal pluripotent
stem cell [13] that can differentiate into osteoblasts,
chondrocytes, fat cells, muscle cells, endothelial cells, and myo-
cardial cells [14]. MSCs are progenitor cells of osteoblasts.
Traditionally, researchers consider osteoporosis to be associated
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with aging MSCs in tissues. The decline in MSC population
decreases bone formation, bone mass, and bone strength,
destroying the bone’s microenvironment. Lower differentiation
rates of MSCs results in low quality bone remodeling and re-
duces the replacement of aged or damaged bone tissue. In vitro,
umbilical cord blood MSCs increased cell apoptosis and ROS
levels and reduced colony formation after intervention with
ferric ammonium citrate (FAC). The study found that iron ac-
cumulation produced ROS that damaged MSC proliferation
and inhibited the ability of MSCs to support hematopoiesis
[15]. Further study found that iron intervention in MSCs in-
creased apoptosis and was accompanied by the upregulation
of p-p38MAPK, p38MAPK, and p53 protein expression levels,
revealing that the apoptosis mechanism may be related to stim-
ulation of the p38MAPK-p53 pathway [16]. Iron accumulation
suppressed MSCs; however, the iron chelator deferoxamine
(DFO) inhibited the suppression [17]. Hepcidin, a hormone of
iron metabolism in the body, has effects on the osteogenic dif-
ferentiation of MSCs. Hepcidin stimulated the intracellular
BMP2/Smad and MAPK/p38 pathway of MSCs to promote
osteogenic differentiation [18]. MSCs play an important role
in OP. Therefore, we evaluated the correlation between MSCs
and OP in an environment of iron accumulation.

Materials and Methods
In Vivo Experiments
Animal Experiments

All animal experiments were approved by the Animal Care
Committee of Soochow University. The mice were obtained by
the Soochow University Experiment Animal Center and housed
in the specific pathogen-free barrier system with normal diet and
water in the animal facility of Soochow University. Eight-week-
old C57 male mice (weight 25 = 1 g) were randomly divided into
a control group (Ctrl), an iron intervention group (FAC), and a
DFO group (FAC + DFO). Each group included six mice. The
FAC group was intraperitoneally injected with 0.1 g/kg of ferric
ammonium citrate (FAC) for 8 weeks [11]. DFO was dissolved
in normal saline to a concentration of 1%. The (FAC + DFO)
group was intraperitoneally injected with 0.1 g/kg of FAC for
8 weeks, and 0.2 mg/kg of DFO was administered intraperitone-
ally from the fourth to eighth week [19]. The control group mice
were injected with 0.1 g/kg of normal saline.

Serum Ferritin and Bone Turnover Detection

Blood was taken by orbital bleed and then centrifuged
at 1000xg for 10 min to acquire the serum. Serum fer-
ritin (ABCam) and serum PINP (USCNIife) were de-
tected by ELISA.

Histology

Tibiae were collected and fixed over night at 4 °C, decalcified
in 14% EDTA for 1 week and paraffin embedded. Serial sec-
tions (5 wm) were deparaffinized and rehydrated to water for
hematoxylin and eosin (H&E) staining.

Micro-CT Scan

Micro-CT (SkyScan 1176; Kontich, Belgium) scans were
conducted for distal femoral three-dimensional reconstruction
and parameter analysis. Femora were dissected after soft tis-
sue was removed. Samples of Femora were stored in 4% para-
formaldehyde. The details were as described previously [20,
21]. Parameter analysis included bone mineral density
(BMD), bone volume/tissue volume (BV/TV), trabecular
thickness (Tb. Th), and trabecular number (Tb. N).

MSC Proportion Detection

Mouse femora and tibiae were stripped, and bone marrow
cells were washed with a PBS suspension. CD45 PerCP/
Ter119 PE/Sca-1 APC/PDGFR FITC marked MSCs were
the proportion of MSCs detected by flow cytometry (Aria
I, BD Biosciences). Antibody staining and flow cytometric
analysis were conducted as described previously [22].

Quantitative RT-PCR Analysis

Tibiae were dissected after soft tissue was removed. Total
RNA was prepared from the femora by liquid nitrogen
and mixed in 1 ml Trizol. Total RNA was reverse-
transcribed into cDNA using a reverse transcription kit
(Invitrogen) following the manufacturer’s instructions.
The cDNA was mixed as described previously [23]. The
following primer were used: runt-related transcription fac-
tor 2, Runx2; bone y-carboxyglutamate protein, BGLAP.
Each experiment was performed in duplicate and the re-
sults were standardized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). The primer-probe sets used are
presented in Table 1.

In Vitro Experiment
Cell Culture

Bone marrow MSCs were derived from C57 mice femoral
bone marrow. The bone marrow was washed with PBS and
centrifuged at 500xg for 5 min. The lower precipitation
contained 10% FBS, 100 pg/mL penicillin, and 100 pg/mL
o-MEM in 5% CO2 at 37 °C. The cells were divided into the
control group and experimental group. The experimental
group was treated with 100 umol/L FAC for 24 h. The control
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Table 1 Primers used for

quantitative RT-PCR Gene

Accession no.

Primers (forward/ reverse)

Runx2

BGLAP

NM_001145920

NM_007541

(F) 5'- AACTTCCTGTGCTCCGTGCTG-3'
(R) 5-CGTTGAACCTGGCTACTTGG-3'

(F) 5-GACCATCTTTCTGCTCACTCTG-3'
(R) 5-GTTCACTACCTTATTGCCCTCCTG-3'

group was treated with PBS for 24 h. The FAC + DFO group
was treated with FAC for 24 h, and then treated with 10 umol/
L DFO for another 24 h [24].

Cell Cycle

Cells were washed in cold PBS with 70% alcohol twice at
4 °C overnight. Cells were incubated in 0.5 mL of 50 pg/
mL propidium iodide (PI) solution containing 20 pg/mL
RNase A in the dark. The cell suspension was for antibody
staining, and the cells were detected by flow cytometry.
Details were described previously [25].

Cell ROS

According to the manufacturer’s instruction steps, ROS was
measured by incubating cells with the CellROX (Molecular
the Probes) dye (10 uM) at 37 °C for 15 min. Flow cytometry
was used to detect mitochondrial peroxide. Details were de-
scribed previously [26].

Cell Apoptosis

MSCs were collected and washed with PBS. The cells were
stained with PI and the Annexin-V kit (US Everbright Inc.),
and cell apoptosis was measured by flow cytometry. Details
were described previously [27].

Western Blot

MSCs were collected and washed with PBS. Protein levels
were measured using the BCA protein assay. The proteins
(30 pg/well) were separated by 12% SDS-polyacrylamide gel
electrophoresis and transferred to a polyvinylidenedifiuoride
(PVDF) membrane. The membrane was incubated in 5% skim
milk for 1 h at room temperature with the primary antibody and
at 4 °C overnight. The following antibodies were used: anti-
NOX4 antibody (Santa-Cruz Biotechnology) and anti-
caspase3(Cell Signaling Technology). The antibodies were ap-
plied to probe the membranes. After washing five times in
TBST and incubating with HRP-conjugated secondary anti-
body (anti-GAPDH, Sigma-Aldrich Corp) diluted 1:2000 in
TBST for 1 h, the reagent was developed using an ECL kit
(Biological Industries). The results were analysis by Image].

@ Springer

Statistical Analysis

The experimental data are presented as the mean + s.d.
Each group included six samples. The differences be-
tween each group were evaluated using one-way
ANOVA followed by Bonferroni post-tests. The statistical
data were analyzed by SPSS19.0 software. P<0.05 was
considered statistically significant.

Results

Iron Accumulation Leads to Bone Loss in the Animal
Model

The iron accumulation model was verified by serum ferritin
levels. The results of the ELISA analysis showed that the
ferritin level of the FAC group was significantly higher than
that of the control group (Fig. 1a). Serum P1NP is an indicator
of osteogenic function. The results revealed that FAC
inhibited serum P1NP levels compared with the control group
(Fig. 1b). Animals in the FAC group exhibited normal body
weight (Fig. 1c). H&E stain of bone tissue revealed that the
trabeculae were destroyed in the FAC group (Fig. 1d). H&E
staining revealed iron deposition in liver tissue (Fig. le).
Runx2 and Bglap are osteogenesis genes. Quantitative real-
time polymerase chain reaction (RT-PCR) indicated that
Runx2 and Bglap expression were decreased (Fig. 1f).
Micro-CT three-dimensional reconstruction showed that the
structure of trabeculae was destroyed, bone trabeculae became
spars, and continuity declined after 8 weeks of the FAC inter-
vention (Fig. 2a). Micro-CT indicated that the bone volume
fraction, number of trabeculae and trabecular thickness were
decreased in the FAC group; however, trabecular spacing was
increased (Fig. 2b—g). *P < 0.05.

FAC Inhibited MSCs In Vivo and In Vitro

In the animal model, MSCs were marked by CD45 PerCP/
Ter119 PE/Sca-1 APC/PDGFR FITC in bone marrow cells.
The MSC proportion in bone marrow cells was reduced in the
FAC group (Fig. 3a, b). In vitro, MSCs were cultured and
treated with FAC. We also tested the cell cycle. The cell cycle
results revealed that FAC changed the MSC GO/G1 cell cycle
ratio relative to the control group (Fig. 3¢, d). *P <0.05.
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Fig. 1 Iron accumulation animal model. a Serum ferritin (FER) Elisa
result in control (Ctrl) group, ferric ammonium citrate (FAC) group
and DFO (FAC + DFO) group. Iron accumulation induced high level
of FER. b Serum osteogenesis index PINP Elisa result. Iron accu-
mulation inhibited serum PINP. ¢ Body weight in both group. Both
groups have normal body weight. d H&E stain in bone tissue. FAC

DFO Rescued the Suppression of MSCs Induced
by FAC

Iron accumulation leads to bone loss and suppressed
MSCs. The iron chelator, DFO, inhibited the suppression.
Serum ELISA results revealed that DFO decreased iron

FAC+DFO

Fig. 2 Iron accumulation causes low bone mass. DFO is iron
chelator. DFO rescues bone loss induced by iron accumulation. a
Representative miro-CT three-dimensional reconstruction of femur.
The upper is cortical bone and the bottom is trabecula. Iron accu-
mulation destroyed trabecula and thinned cortical bonel. b—g Micro-

group trabecular was destroyed. e H&E stain in liver tissue. Iron
deposition was seen in FAC group. f Quantitative real-time poly-
merase chain reaction (RT-PCR) analysis of expression of osteogen-
esis gene Runx2 and Bglap. Iron accumulation inhibited Runx2 and
Bglap mRNA expression. Each group included six mice. *P < 0.05

accumulation and increased PINP (Fig. la, b). The
DFO and FAC group both exhibited normal body
weight (Fig. 1c). Micro-CT revealed that DFO inhibited
iron accumulation induced bone loss (Fig.2a, b—g). DFO
also attenuated suppression of MSC numbers (Fig. 3a,
b). *P<0.05.
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CT parameter analysis of femur. Micro-CT parameter of FAC group
was inhibited. BMD, bone mineral density; BV/TV, bone volume
per total tissue volume; Tb.Th, trabecular thickness; Tb.Sp, trabec-
ular separation; Tb.N, trabecular number. Each group included six
mice.*P <0.05
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Fig. 3 a, b MSC proportion of bone marrow cells was detected by flow
cytometry. FAC inhibited MSC proportion. DFO rescued decreased MSC
proportion induced by FAC.*P <0.05. ¢ MSC cell cycle was detected.

FAC Generated More ROS in MSCs

Iron accumulation may activate cellular ROS levels. To test
whether FAC activates ROS in MSCs, we measured ROS

A

M1 represents GO/G1. M2 represents S. M3 represents G2/M. FAC
changes GO/G1. Each group included six samples.*P < 0.05

levels in MSCs. The flow cytometry results revealed that
FAC increased ROS levels in MSCs. The iron chelator,
DFO, decreased ROS levels (Fig. 4a, b). NOX4 protein,
which is crucial to ROS activity, was assessed. The western
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Fig.4 a, b MSC ROS level was measured by flow cytometry. *P < 0.05.
Tron accumulation elevated ROS level in MSCs. Iron chelator, DFO,
decreased ROS level to normal. ¢ NOX4 is a basic activator of ROS.
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NOX4 protein expression was detected in MSCs in iron accumulation
environment. Iron accumulation increased NOX4 protein expression.
DFO attenuated this effect. Each group included six samples. *P < 0.05
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blot results showed that FAC increased the level of NOX4
protein, which corresponds to increased ROS. DFO decreased
NOX4 protein expression (Fig. 4¢). *P < 0.05.

FAC Induced MSCs Apoptosis

The proportion of MSCs among bone marrow cells was re-
duced by the FAC intervention. MSC apoptosis was tested in
vitro. FAC induced MSC apoptosis. Treatment with the DFO
decreased cell apoptosis (Fig. 5a, b). Subsequently, we evalu-
ated the levels of caspase3 protein, which is involved in the
classical apoptotic pathway after being cleaved. The results
indicated that FAC promoted cleavage of caspase3. DFO
inhibited this trend (Fig. 5¢). *P < 0.05.

Discussion

Our results showed that iron intervention resulted in higher
serum ferritin levels, which illustrated that we successfully
established an iron accumulation animal model. Micro-CT
three-dimensional reconstruction of mouse distal femur re-
vealed structural changes of trabecular thinning and bone
trabecular space reduction in response to the iron interven-
tion, suggesting that iron accumulation is associated with
decreased bone mass. Our research determined that iron
accumulation destroyed trabecular and cortical bone and

A

Ctrl FAC

confirmed the finding that iron overload mice exhibited
cortical thinning of bone. Hepcidin is the key regulator of
iron homeostasis. Hepcidinl gene knockout mice exhibit
iron accumulation. Lower cortical bone thickness was ob-
served in Hepcidinl gene knockout mice [28].Tsay reported
that iron accumulation had a negative effect on bone volume
in this animal model, which may be related to the accumu-
lation of iron leading to elevated ROS [11]. Changes includ-
ed trabecular and cortical bone thinning, which were asso-
ciated with increased resorption. In addition, iron accumu-
lation facilitated osteoclast differentiation and bone resorp-
tion through the production of ROS [29].

Bone mass loss may be associated with inhibited func-
tion in osteogenesis. MSCs are capable of differentiating
into precursor osteoblasts cells and eventually differentiate
into mature osteoblasts [30]. Reductions in serum PINP,
Runx2 and BGLAP suggested that osteoblasts were re-
duced, which results from a decreased number of precursor
osteoblasts and upstream MSCs. The proportion of CD45-
Ter119-Sca-1+PDGFR+ marked MSC bone marrow cells
[22] were reduced in the iron accumulation model.
Previous studies revealed that iron accumulation was antag-
onistic towards MSCs; Lu found that iron accumulation
produced ROS, which inhibited MSC proliferation [15].
The results indicated that iron accumulation inhibited
MSCs, which are the precursor cells of osteoblasts, leading
to a better understanding of osteoporosis risk.
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Fig. 5 a, b MSC apoptosis is tested by flow cytometry. Iron
accumulation induced MSC cell apoptosis. DFO rescued the trend.
*P <0.05. ¢ Caspase3 is involved in classical apoptotic pathways

after cleavage. Cleaved caspase3 protein expression was detected.
Iron accumulation increased cleaved caspase3 in MSCs. Each group
included six samples. *P <0.05
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Previous studies have suggested that iron accumulation may
augment ROS levels, leading to diseases such as osteoporosis
[31]. ROS production is stimulated by changes in cell metabo-
lism and the environment such as altered mitochondrial respi-
ration, damaged DNA, and the availability of lipids and pro-
teins. ROS production is catalyzed by the Fenton reaction, and
our previous research showed that iron accumulation inhibited
osteoblast differentiation and mineralization by producing ROS
[32]. ROS affects osteogenic transcriptional proteins, including
Runx2, Wnt-Bcatenin, and ERK [33-35]. In addition, iron in-
fluences osteoclast differentiation and bone absorption by pro-
ducing ROS [11]. The experimental FAC intervention in vitro
revealed that iron accumulation increased MSC ROS levels,
suggesting that iron uses ROS to suppress MSCs.

The NOX family has seven subtypes and uses the pyridine
nucleotide NADPH as an electron donor and molecular oxygen
as an electron acceptor; this family causes a catalytic decline in
subprime peroxide and generates ROS [36]. NOX subtypes
may affect MSC differentiation. ROS and bone disease are
induced by NOX, and NOX4 is a basic activator of ROS.
NOX4 special nucleotide polymorphisms result in a higher
bone turnover index, and decreased BMD was observed in
NOX4 knockout mice; NOX4 expression is thought to reduce
BMD [37]. High expression of NOX4 can promote the differ-
entiation of MSCs into adipocytes [38—40]. Our experimental
western blot results indicated that iron intervention increased
NOX4 expression.

This study found that MSC apoptosis was induced by in-
creasing iron accumulation, resulting in a decline in cell num-
ber. Apoptosis is regulated, programmed cell death that in-
cludes a variety of biological and morphological changes and
pathways. Proteolytic enzymes play an important role in signal-
ing pathways in apoptosis; the caspase (cysteinyl aspartate-
specific proteases) family plays a key role in the apoptosis
process [41]. Caspase proteolysis augments and integrates ap-
optotic pathways [42]. Caspase3 is an important protein in clas-
sic apoptosis that is activated by the intrinsic (mitochondrial)
and extrinsic (death ligand) apoptotic pathways [43, 44]. The
caspase3 proenzyme itself is not active; the inactive proenzyme
of caspase3 needs to be activated by protease pl7 or pl2.
Caspase3 is involved in classical apoptotic pathways after
cleavage [45, 46]. To detect the possible mechanism underlying
MSC apoptosis, our experiment examined caspase3 expression.
Our result revealed that cleaved caspase3 expression increased,
suggesting that apoptosis in MSCs was induced by iron accu-
mulation. The cell apoptosis mechanism may be related to cas-
pase3 activation. In addition, caspase3 is also found in other
cells with FAC-induced apoptosis.

In summary, the functional decline in osteogenesis from iron
accumulation is correlated with MSC inhibition. This mechanism
may be related to iron induced NOX4 expression and ROS ac-
tivation. Our research leads to a better understanding of osteopo-
rosis risk and serves as a potential target for clinical therapeutics.
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