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A B S T R A C T

Objective: Hepcidin deficiency is known to cause body iron accumulation and bone microarchitecture defects, but
the exact underlying mechanisms of hepcidin deficiency-induced bone loss remain unclear. Our objective was to
understand the molecular mechanism of hepcidin deficiency-induced bone loss.
Methods: The bone phenotypes of wild type (WT) and hepcidin knockout (Hepcidin-KO) mice were measured by
microcomputed tomography. The osteoclastic marker of the bone was measured by tartrate-resistant acid
phosphatase staining. The osteoblastic marker of the bone was measured by immunostaining of osteocalcin.
Primary osteoblastic and osteoclastic differentiation was performed using bone marrow cells. The mature oste-
oclast was determined by tartrate-resistant acid phosphatase staining, pit formation assay and relative gene
expression. The mature osteoblast was determined by alkaline phosphatase activity, alkaline phosphatase stain-
ing, Alizarin Red staining and relative gene expression. The protein expression of β-catenin, TCF4/TCF7L2 and
Forkhead box O3a (FOXO3a) was measured by Western blot and their combination by co-immunoprecipitation. In
vivo study was performed by tail vein administration of FOXO3a-RNAi using an adeno-associated virus in Hep-
cidin-KO mice.
Results: We found that Hepcidin-KO mice exhibited iron accumulation and bone loss compared with WT mice. The
osteoclastic differentiation of bone marrow-derived macrophages from Hepcidin-KO mice was not significantly
different from that of bone marrow–derived macrophages from WT mice. However, the osteoblastic differenti-
ation of bone marrow–derived mesenchymal stem cells from Hepcidin-KO mice was obviously decreased
compared with that of bone marrow–derived mesenchymal stem cells from WT mice. Furthermore, it was
confirmed in this study that upon hepcidin deficiency, β-catenin, TCF4/TCF7L2 and FOXO3a expression in bone
tissues was not altered, but β-catenin combination with TCF4/TCF7L2 was strongly inhibited by β-catenin
combination with FOXO3a, indicating that the canonical Wnt/β-catenin pathway was affected. Tail vein
administration of FOXO3a-RNAi using an adeno-associated virus in Hepcidin-KO mice resulted in bone mass
recovery.
Conclusion: These findings suggested that hepcidin deficiency might cause bone loss by interfering with the ca-
nonical Wnt/β-catenin pathway via FOXO3a, and FOXO3a inhibition would be a possible approach to treat
hepcidin deficiency-induced bone loss.
The translational potential of this article: Hepcidin deficiency, as well as iron accumulation, has been considered as a
risk factor for osteoporosis. For this kind of osteoporosis, inhibition of FOXO3a either by neutralized antibody or
AAV-mediated RNAi, represents an effective and promising method.
dics, The Second Affiliated Hospital of Soochow University, 215004, Suzhou, China.

buted equally to this article and should be considered as first authors.

1 March 2020; Accepted 23 March 2020

evier (Singapore) Pte Ltd on behalf of Chinese Speaking Orthopaedic Society. This is an open access article under

mailto:xuyoujia@suda.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jot.2020.03.012&domain=pdf
www.sciencedirect.com/science/journal/2214031X
http://www.journals.elsevier.com/journal-of-orthopaedic-translation
https://doi.org/10.1016/j.jot.2020.03.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jot.2020.03.012
https://doi.org/10.1016/j.jot.2020.03.012


G. Li et al. Journal of Orthopaedic Translation 23 (2020) 67–76
Introduction

Iron accumulation has been reported to be associated with osteopo-
rosis and is thought to be an independent risk factor of osteoporosis
[1–3]. Postmenopausal osteoporosis, which was previously believed to
be due to estrogen deficiency, is now also considered to be the result of
iron accumulation [4–6]. The serum ferritin concentration increases
when the estrogen level decreases in females during ageing after
approximately 45 years, which is a perimenopausal period [7]. During a
long-duration space flight on the International Space Station, serum
ferritin and body iron levels were shown to be increased early in flight,
and serum ferritin was positively correlated with a hip bone mineral
density (BMD) decrease [8].

Iron chelators, such as desferrioxamine [9–11], deferasirox [12] and
lactoferrin [13], were all reported to promote osteogenesis and increase
bone mass, which are beneficial for both osteoporosis and fracture
healing.

To better understand the role of iron metabolism in bone metabolism,
we used a mouse model of hepcidin knockout (Hepcidin-KO) mice.
Hepcidin is an endogenous hormone peptide and has been found to be
the main regulator of iron homeostasis [14–16]. Hepcidin binds to fer-
roportin located on enterocytes. The combination of hepcidin and fer-
roportin could reduce ferroportin activity, which in turn inhibits iron
uptake and transfer from the gastrointestinal system to the circulatory
system, leading to decreased body iron content [17,18]. As previously
reported, when hepcidin was deficient in mice, iron accumulated in the
body, bone microarchitecture defects were obvious and bone
load-bearing capacity was undermined [19,20]. However, the molecular
mechanism of hepcidin deficiency–induced bone loss remains unclear.

In this study, we tested the osteoblastic differentiation of bone mar-
row–derived mesenchymal stem cells (BMSCs) and the osteoclastic dif-
ferentiation of bone marrow–derived macrophages (BMMs) from wild
type (WT) and Hepcidin-KO mice to determine which is responsible for
hepcidin deficiency–induced bone abnormalities. Furthermore, we
studied the role of Forkhead box O3a (FOXO3a), which is known to affect
the canonical Wnt/β-catenin signalling pathway, in the process of bone
loss caused by hepcidin deficiency.

Materials and methods

Experimental animals

Six-month-old WT and Hepcidin-KO (Hamp�/�) male mice were
provided by the Cambridge-Soochow University Genome Resource
Table 1
Primers used for quantitative reverse transcription-PCR.

Gene Primers (Forward/Reverse)

Mcsfr (F) 50- GGTGGCTGTGAAGATGCTAA -30

(R) 50- AGGTCCTCCGTGAGTACAGG -30

Nfatc1 (F) 50- ATACCTGGCTCGGTAACACC -30

(R) 50- CATGCTCCAGTGCTGTCTTT -30

Cathepsin K (F) 50- CAGCAGAACGGAGGCATTGA -30

(R) 50 '- CTTTGCCGTGGCGTTATACATACA -3'
TRAP (F) 5'- TTGCGACCATTGTTAGCCACATA -3'

(R) 5'- TCAGATCCATAGTGAAACCGCAAG -3'
Runx2 (F) 5'- TCGGAGAGGTACCAGATGGG -3'

(R) 5'- AGGTGAAACTCTTGCCTCGT -3'
ALP (F) 5'- GCTGATCATTCCCACGTTTT -3'

(R) 5'- ACCATATAGGATGGCCGTGA -3'
Osx (F) 5'- GCTCGTAGATTTCTATCCTC -3'

(R) 5'- CTTAGTGACTGCCTAACAGAGA -3'
Col1 (F) 5'- TGACTGGAAGAGCGGAGAGTA -3'

(R) 5'- GACGGCTGAGTAGGGAACAC -3'
FOXO3a (F) 5'- TAGGCTGCACTGGGGGGTAA -3'

(R) 5'- ACTGATCAGAGCTACAAGAC -30

GAPDH (F) 50- AGAACATCATCCCTGCATCC -30

(R) 50- AGTTGCTGTTGAAGTCGC -30
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Center. The mice on a C57Bl/6J background were maintained and
bred in a specific pathogen-free laboratory with a controlled temper-
ature (25�C) at Soochow University. The relative humidity was around
50%, and the mice were kept under 12 h light/12 h dark cycles. The
mice have free access to water and food. There were six mice in each
animal group. All animal experiments were performed in accordance
with institutional guidelines and approved by the Ethics Committee of
Soochow University.

Bone specimen processing

The femurs and tibias of the mice were obtained after removing the
adjacent muscle and soft tissue under a hood. The femurs were fixed in a
10% formalin solution for 48 h and used for microcomputed tomography
(micro-CT) detection. Then, after micro-CT, the femurs were decalcified
in a 10% ethylenediaminetetraacetic acid solution for 30 days and
embedded in a paraffin solution. The paraffinised specimens were
sectioned to 5-μm-thick sections with a sliding microtome. Then, one
section selected randomly from every five sections was stained with
tartrate-resistant acid phosphatase (TRAP) solution and immunostained
with osteocalcin (OCN). The tibias were flushed to be used for primary
osteoblast cell culture and osteoclast differentiation.

Micro-CT scanning

Femurs were placed in a sample holder with gauze and scannedwith a
micro-CT machine (Skyscan 1176, Belgium) using a 9-μm resolution,
50 kV, 500 μA and 0.5� rotation step. A trabecular bone analysis was
performed on the distal femurs. Analytic indices included the BMD, bone
volume over total volume (BV/TV) ratio, trabecular number (Tb.N),
trabecular separation (Tb.Sp) and trabecular thickness (Tb.Th). The
calculation methods for the bone parameters have been previously
described [21].

Bone immunohistology

Randomly selected sectioned samples were hydrated in alcohol with
descending concentrations, followed by xylene deparaffinisation. Then,
the samples were reacted with 1x target retrieval solution at 65�C for 1 h
to expose the antigenic sites. Next, the samples were rinsed with 1x
phosphate-buffered saline (PBS) and analysed after pretreatment with a
1% peroxide-methanol solution for 30 min to quench endogenous
peroxidase activity. After that, the samples were incubated with diluted
1x PBS with 5% normal bovine serum, 0.3% Triton X-100 and 1% bovine
serum albumin at 37�C for 1 h to avoid nonspecific immune reactions to
antigens. The specimens thereafter were reacted with diluted primary
anti-osteocalcin antibody (OCN, 1:50) for 12 h at 4�C and rinsed with
PBS. The sections then were incubated with the secondary antibody
biotinylated anti-mouse immunoglobulin G (IgG) (1:200) for 1 h at 37�C
and reacted with mixed liquid.

Bone section TRAP staining

Sectioned samples were stained with a TRAP staining solution at 37�C
for 10 min. The TRAP staining solution is composed of 0.3 mg/ml fast red
violet LB, 50 mM sodium acetate, 100 mg/ml naphthol AS-MX phos-
phate, 0.1% Triton X-100 and 30 mM sodium tartrate.

Primary BMM culture

BMMs were prepared as reported previously [22]. Murine bone
marrow cells were obtained by flushing the tibias and then cultured in
α-Minimum Essential Medium (α-MEM) (Invitrogen, Carlsbad, CA, USA)
for 24 h with 10% fetal bovine serum (FBS) and macrophage
colony-stimulating factor (M-CSF) (10 ng/ml; PeproTech, Rocky Hill, NJ,
USA). Nonadherent cells were then collected and cultured for 3 days in



Figure 1. Micro-CT analysis of the trabecular bone of the distal femur fromWT and Hepcidin-KO mice at 6 months of age. (A) Representative three-dimensional image
of the trabecular bone of the distal femur from WT mice; (B) representative three-dimensional image of the trabecular bone of the distal femur from Hepcidin-KO mice;
(C) bone mineral density (BMD); (D) bone volume versus total volume (BV/TV) ratio of the distal femur from WT and Hepcidin-KO mice; (E) trabecular number (Tb.N)
of the distal femur from WT and Hepcidin-KO mice; (F) trabecular separation (Tb.Sp) of the distal femur from WT and Hepcidin-KO mice; (G) TRAP staining of distal
femur sections from WT; (H) TRAP staining of distal femur sections from Hepcidin-KO mice; (I-J) Magnified views of the projected areas indicated by the black box in
G-H; (M) OCN expression in distal femur sections from WT; (N) OCN expression in distal femur sections from Hepcidin-KO mice; (O-P) Magnified views of the
projected areas indicated by the black box in M-N; (K) quantification of TRAPþ OCs per bone surface; (L) quantification of the mean intensity for the OCN immu-
nostaining. Data are means � SD from six mice. *p < 0.05 by Student t test. NS ¼ not significant; WT ¼ wild type; Hepcidin-KO ¼ hepcidin knockout; OCN ¼
osteocalcin; Micro-CT ¼ microcomputed tomography.

G. Li et al. Journal of Orthopaedic Translation 23 (2020) 67–76
α-MEM with 10% FBS and M-CSF (30 ng/ml). The adherent cells after 3
days of culture were used as BMMs.

Determination of osteoclastic differentiation

BMMs (1 � 105 cells/cm2) were cultured in medium supplemented
with 30 ng/ml M-CSF and 100 ng/ml receptor activator of nuclear
factor kappa-В ligand (RANKL). The cells were collected at 48 h to
69
determine osteoclastic differentiation by measuring the messenger RNA
(mRNA) expression of osteoclastic markers (Nfatc1, cathepsin K, Mcsfr
and TRAP). As for TRAP staining, cells at 4 days were fixed at room
temperature with 4% formaldehyde for 30 min. The cells were washed
with PBS twice and then stained with a TRAP staining solution at 37�C
for 30 min. TRAP-positive multinucleated cells with more than three
nuclei were counted. As for the pit formation assay, BMMs were seeded
in Osteo Assay Surface 24-well plates (Corning, NY, USA) at a density of



Figure 1. (continued).
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2.5 � 104 cells/well and then cultured in medium supplemented with
M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 4 days. The media was
then removed from the wells, and 100 μL of a 10% bleach solution was
added. The cells were incubated with the bleach solution at room
temperature for 5 min. Then, the wells were washed twice with distilled
water and dried at room temperature for 5 h. Individual pits or multiple
pit clusters were observed by a microscope at 100� magnification. The
ratio of the resorbed area to the total area was calculated using ImageJ
software.

Quantitative reverse transcription-polymerase chain reaction analysis

The total RNA was extracted using TRIzol reagent from cells and
reverse transcribed into complementary DNA (cDNA) using a commercial
kit (Invitrogen). Polymerase chain reaction (PCR) assays were performed
with a total reaction volume of 10 μL: 2 � Taq PCR mix (5 μL), nuclease-
free water (4 μL), cDNA (0.5 μL) and forward or reverse primers (0.5 μL.
PCR conditions were as follows: 94�C for 20 s, 58�C for 30 s and 72�C for
30 s for 38 cycles. The details of the primer sequences are shown in
Table 1.

Primary BMSC culture

BMSCs were prepared as described previously [23]. Bone marrow
cells were obtained by flushing the tibias and then cultured for 24 h in
α-MEM with 10% FBS and M-CSF (10 ng/ml). Nonadherent cells were
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removed, and the adherent cells were continuously cultured with fresh
medium. When the primary cultures become almost confluent, the cells
were treated with 0.5 ml of 0.25% trypsin for 2 min at room temperature.
The adherent cells after 3 weeks of culture were used as BMSCs.

Determination of osteoblastic differentiation

For alkaline phosphatase (ALP) activity, the cells were treated in
accordance with the instructions of the kit (Nanjing Jiancheng Bioengi-
neering Institute, Jiangsu, China). For ALP staining, the cells were fixed
with 70% ethanol, incubated with 1% N,N-dimethyl formamide, 0.01%
naphthol, AS-MX phosphate and 0.06% fast blue BB for 15 min. For
Alizarin Red staining, cells were washed with PBS and fixed with 10%
paraformaldehyde. After washing, cells were stained with 40 mM freshly
Alizarin Red solution (PH ¼ 4.2) and incubated for 10 min at room
temperature. Alizarin was aspirated, and the wells were washed at least 3
times before observation. Calcium deposits can be visualised by red
colour. To quantify the staining, cultures were destained using 10%
cetylpyridinium chloride in 10 mM sodium phosphate, pH7.0, for 15 min
at room temperature. Aliquots of exacts were diluted 10-fold in 10%
cetylpyridinium chloride solution, and Alizarin Red concentration was
determined by absorbance measurement at 562 nM.

Western blot analysis and co-immunoprecipitation

Cells were washed with PBS and lysed with



Figure 2. Hepcidin deficiency does not alter osteoclastic differentiation or activity. (A) Representative images of TRAP-positive cells (a marker of mature osteoclasts)
differentiated from the BMMs of WT mice; (B) representative images of TRAP-positive cells (a marker of mature osteoclasts) differentiated from the BMMs of Hepcidin-
KO mice; (C) statistical analysis of the number of TRAP-positive cells from the BMMs of WT and Hepcidin-KO mice. (D) Representative images of the resorption pits of
mature osteoclasts from the BMMs of WT mice; (E) representative images of the resorption pits of mature osteoclasts from the BMMs of Hepcidin-KO mice; (F)
statistical analysis of the resorption area of mature osteoclasts from the BMMs of WT and Hepcidin-KO mice; (G) mRNA expression of the osteoclastic markers
cathepsin K; (H) mRNA expression of the osteoclastic marker Mcsfr; (I) mRNA expression of the osteoclastic markers Nfatc1; (J) mRNA expression of the osteoclastic
markers TRAP during osteoclastic differentiation. Data are means � SD from six mice. NS ¼ not significant; WT ¼ wild type; Hepcidin-KO ¼ hepcidin knockout; BMM
¼ bone marrow–derived macrophage.
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radioimmunoprecipitation assay lysis buffer. Protein was assessed with a
bicinchoninic acid Protein Assay Kit (Beyotime, Beijing, China). 40 mg
total protein was mixed with 5� sodium dodecyl sulfate–polyacrylamide
gel electrophoresis sample loading buffer, boiled for 5 min at 100�C and
loaded onto sodium dodecyl sulfate–polyacrylamide gel electrophoresis
gels. Afterwards, the proteins were subjected to sodium dodecyl sulfate
electrophoresis at 120 V for 2 h and transferred to polyvinylidene
difluoride membrane by electroblotting at 330 mA for 60 min. The
membranes were then blocked with 5% nonfat milk in tris-buffered
71
saline containing 0.1% Tween 20 (TBST) for 1 h, washed with TBST,
incubated with primary antibody diluted in TBST at room temperature
for 2 h. Again, the membranes were washed with TBST and incubated for
1 h with the appropriate horseradish peroxidase–conjugated secondary
antibody. Co-immunoprecipitation was performed as described previ-
ously [24]. The primary antibodies used in this experiment were as fol-
lows: antibodies against β-catenin (BD Biosciences, Franklin Lakes, NJ,
USA), antibodies against glyceraldehyde 3-phosphate dehydrogenase
(Abcam, Cambridge, United Kingdom), antibodies against TCF4/TCF7L2



Figure 3. Hepcidin deficiency inhibits
osteoblastic differentiation and activity.
(A) Representative images of ALP stain-
ing of osteoblasts differentiated from the
BMSCs of WT mice; (B) representative
images of ALP staining of osteoblasts
differentiated from the BMSCs of Hep-
cidin-KO mice; (C) ALP activity of oste-
oblasts differentiated from the BMSCs of
WT and Hepcidin-KO mice; (D) repre-
sentative images of Alizarin Red staining
of osteoblasts differentiated from the
BMSCs of WT mice; (E) representative
images of Alizarin Red staining of oste-
oblasts differentiated from the BMSCs of
Hepcidin-KO mice; (F) the intensity of
Alizarin Red staining was quantified
with 10% CPC; (G-H) mRNA expression
of the osteoblastic markers ALP, COL 1,
Osx and Runx2 during osteoblastic dif-
ferentiation. Data are means � SD from
six mice. *p < 0.05 by Studentt test. ALP
¼ alkaline phosphatase; CPC ¼ cetyl-
pyridinium chloride; WT ¼ wild type;
Hepcidin-KO ¼ hepcidin knockout;
BMSC ¼ bone marrow–derived mesen-
chymal stem cell.
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(Cell Signaling Technology, Danvers, MA, USA), antibodies against
β-actin, FOXO3a and normal mouse IgG (Santa Cruz Biotechnology,
Dallas, TX, USA).
Adeno-associated virus vector construction and delivery

The adeno-associated virus (AAV) vectors GV487 (U6-MCS-CAG-
EGFP) expressing mouse FOXO3a short hairpin RNA (shRNA) (50-
GCTCTTGGTGGATCATCAA-30) or control shRNA (50-CGCTGAG-
TACTTCGAAATGTC-30) were constructed by Genechem (Shanghai,
China). The AAV vectors were administered by tail vein injection (100 μL
total volume) at a dose of 3.86 � 1011 vg per animal in the study group
(KOþ FOXO3a-RNAi) using a 30-gauge ultra-fine insulin syringe and at a
dose of 4.29 � 1011 vg per animal in the control group (KOþ FOXO3a-
NC). One month after this single injection, the mice were euthanised, and
their bones were collected for micro-CT scanning. There were six mice in
72
each animal group. All animal experiments were performed in accor-
dance with institutional guidelines and approved by the Ethics Com-
mittee of Soochow University.
Statistical analysis

The data are presented as the means � standard deviation of three
independent experiments. The differences between two groups were
analysed by Student t test using GraphPad Prism Software, version 4.0. A
p value < 0.05 was considered statistically significant.

Results

Hepcidin deficiency causes bone loss

To assess the effect of hepcidin deficiency on the bone



Figure 4. Hepcidin deficiency diverts β-cat-
enin from TCF4/TCF7L2 to FOXO3a. (A)
Protein expression of β-catenin in bone tis-
sues from WT and Hepcidin-KO mice ac-
cording to Western blot; (B) Co-IP analysis of
the β-catenin and TCF4/TCF7L2 association
and the β-catenin and FOXO3a association in
bone tissues from WT and Hepcidin-KO mice.
The blots are representative of three inde-
pendent experiments. Co-IP ¼ co-immuno-
precipitation; WT ¼ wild type; Hepcidin-KO
¼ hepcidin knockout; FOXO3a ¼ Forkhead
box O3a.
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microarchitecture, micro-CT was performed. Micro-CT analysis of the
distal femur showed significant bone loss in Hepcidin-KO mice (Fig. 1A)
but not in WT mice (Fig. 1B). The BMD (Fig. 1C), BV/TV ratio (Fig. 1D)
and Tb.N (Fig. 1E) were all significantly lower in Hepcidin-KO mice than
in WT mice. Tb.Sp (Fig. 1F) was increased, and the Tb.Th (data not
shown) was not altered in Hepcidin-KO mice compared with that in WT
mice. In addition, our group previously reported that hepcidin-KO mice
exhibited body iron accumulation [19]. In this study, WT and
Hepcidin-KO mice had similar osteoclastic function according to TRAP
staining (Fig. 1G–1K), whereas Hepcidin-KO mice exhibited less osteo-
blastic function as indicated by OCN immunostaining (Fig. 1L–P).

Hepcidin deficiency does not alter osteoclastic differentiation or activity

To test whether hepcidin deficiency–induced bone loss is associated
with osteoclastic differentiation and activity, we obtained primarymouse
BMMs from the tibia and evaluated the process of osteoclast differenti-
ation in the presence of M-CSF and RANKL. The number of TRAP-positive
cells in the BMMs from Hepcidin-KO mice was not significantly different
from that of WTmice (Fig. 2A–2C). As indicated by a pit formation assay,
the bone resorption area after osteoclast induction was also not signifi-
cantly altered (Fig. 2D–2F). Consistent with the TRAP staining and pit
assay results, there were no significant differences in the mRNA expres-
sion of osteoclastic markers, including cathepsin K (Fig. 2G), Mcsfr
(Fig. 2H), Nfatc1 (Fig. 2I) and TRAP (Fig. 2J), between the two groups.
Therefore, hepcidin deficiency-induced bone loss is not associated with
osteoclastic differentiation.

Hepcidin deficiency inhibits osteoblastic differentiation and activity

To ascertain whether hepcidin deficiency–induced bone loss is asso-
ciated with osteoblastic differentiation and activity, we obtained primary
mouse BMSCs from the tibia and evaluated the process of osteoblast
differentiation in the presence of osteogenic culture medium. ALP
staining and Alizarin Red staining showed that hepcidin deficiency
inhibited osteoblastic differentiation (Fig. 3A–3B, Fig. 3D–3F), and an
ALP activity analysis showed that hepcidin deficiency inhibited osteo-
blastic activity (Fig. 3C). Consistent with the ALP staining, Alizarin Red
staining and ALP activity assay results, mRNA expression of the
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osteoblastic markers ALP, collagen type 1 (COL1), osterix (Osx) and runt-
related transcription factor 2 (Runx2) was significantly lower in the
Hepcidin-KO group than in the WT group (Fig. 3G and 3H). Therefore,
bone loss caused by hepcidin deficiency may be because of reduced
osteoblastic differentiation and activity in the absence of hepcidin.

Hepcidin deficiency diverts β-catenin from T-cell factor (TCF4/TCF7L2) to
FOXO3a

To further determine why hepcidin deficiency inhibited osteoblastic
differentiation and activity, the canonical Wnt/β-catenin pathway was
examined because of its important role in osteogenesis and bone for-
mation [25,26]. As previously reported by our group [19], hepcidin
deficiency caused body iron accumulation, and iron is known to cause
oxidative stress through the Fenton reaction [27]. Moreover, oxidative
stress is known to affect the canonical Wnt/β-catenin pathway via
FOXO3a [28]. Thus, we tested whether hepcidin deficiency affected the
canonical Wnt/β-catenin pathway. β-catenin protein expression was not
significantly different in the bone tissues fromWT and Hepcidin-KOmice
as assessed by Western blot (Fig. 4A). However, co-immunoprecipitation
analysis showed that β-catenin combined more with TCF4/TCF7L2 (a
factor of the TCF/LEF family) in the bone tissues from WT mice, and
β-catenin combined more with FOXO3a (a factor of the Forkhead box O
family) in the bone tissues from Hepcidin-KO mice (Fig. 4B). Therefore,
reduced osteoblastic differentiation and activity caused by hepcidin
deficiency may be because of diverting β-catenin binding from
TCF4/TCF7L2 to FOXO3a in the absence of hepcidin, thus affecting the
canonical Wnt/β-catenin pathway.

AAV-mediated delivery of FOXO3a-RNAi alleviates bone loss in hepcidin-
KO mice

To confirm the in vivo function of FOXO3a in bone metabolism, we
examined the effect of AAV-mediated delivery of FOXO3a-RNAi on the
bone mass of Hepcidin-KO mice. When FOXO3a-RNAi was delivered by
tail vein administration, the bone loss phenotype in Hepcidin-KO mice
was alleviated after 1 month (Fig. 5A and 5B). Bone morphometric
analysis showed an increase in BMD (Fig. 5C), BV/TV (Fig. 5D) and Tb.N
(Fig. 5E) and a decrease in Tb.Sp (Fig. 5F) after FOXO3a-RNAi



Figure 5. AAV-mediated delivery of FOXO3a-RNAi alleviates bone loss in Hepcidin-KO mice. (A-F) Micro-CT of the trabecular bone of the distal femur from Hepcidin-
KO mice treated with either FOXO3a-RNAi or FOXO3a-NC. (A) Representative three-dimensional image of the trabecular bone of the distal femur from Hepcidin-KO
mice treated with FOXO3a-NC; (B) representative three-dimensional image of the trabecular bone of the distal femur from Hepcidin-KO mice treated with FOXO3a-
RNAi; (C) bone mineral density (BMD) of the distal femur from Hepcidin-KO mice treated with FOXO3a-NC and FOXO3a-RNAi; (D) bone volume to total volume (BV/
TV) ratio of the distal femur from Hepcidin-KO mice treated with FOXO3a-NC and FOXO3a-RNAi; (E) trabecular number (Tb.N) of the distal femur from Hepcidin-KO
mice treated with FOXO3a-NC and FOXO3a-RNAi; (F) trabecular separation (Tb.Sp) of the distal femur from Hepcidin-KO mice treated with FOXO3a-NC and FOXO3a-
RNAi; (G) mRNA expression of FOXO3a in the femur of Hepcidin-KO mice treated with FOXO3a-NC and FOXO3a-RNAi; (H) protein expression of FOXO3a in the femur
of Hepcidin-KO mice treated with FOXO3a-NC and FOXO3a-RNAi. Data are means � SD from six mice. *p < 0.05 by Student t test. AVV ¼ adeno-associated virus; WT
¼ wild type; Hepcidin-KO ¼ hepcidin knockout; Micro-CT ¼ microcomputed tomography; FOXO3a ¼ Forkhead box O3a.
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administration, whereas Tb.Th was not altered after FOXO3a-RNAi
administration (data not shown). In addition, we confirmed decreased
expression of FOXO3a mRNA (Fig. 5G) and protein (Fig. 5H) in bone
tissues after FOXO3a-RNAi delivery.

Therefore, we confirmed the role of FOXO3a in hepcidin deficiency-
–induced bone loss and provide a possible approach to treat hepcidin
deficiency–induced bone loss by inhibiting FOXO3a.

Discussion

As previously reported [19], hepcidin deficiency causes body iron
accumulation, possibly via its unique role in regulating body iron
metabolism. Hepcidin is an endogenous hormone peptide that is the main
regulator of iron homeostasis [14–16]. Hepcidin can bind to ferroportin,
74
which is thought to be the only export protein located on enterocytes.
The combination of hepcidin with ferroportin could reduce ferroportin
activity by causing internalisation, which in turn inhibits iron uptake and
transfer from the gastrointestinal system to the circulatory system, thus
leading to decreased body iron content [17,18]. Therefore,
hepcidin-deficient mice exhibit body iron accumulation, making it an
optimal model for studying iron accumulation-induced osteoporosis.
Clinical studies showed that hepcidin levels were markedly decreased in
patients with osteoporosis [29]. Animal studies of mice showed similar
results when hepcidin was absent [19,20].

Iron accumulation is known to produce oxidative stress through the
Fenton reaction [27] and has recently been considered an independent
risk factor for osteoporosis [3]. In this study, we found that hepcidin
deficiency affected osteoblastic differentiation and activity, rather than



Figure 6. Schematic overview of the role of FOXO3a in hepcidin deficiency-induced bone loss. FOXO3a ¼ Forkhead box O3a.
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osteoclastic differentiation and activity. This is consistent with previous
reports [30–32] that iron accumulation can inhibit either osteoblasto-
genesis or osteoblastic function directly. Furthermore, it was reported
that when iron accumulates, bone mesenchymal stem cell apoptosis is
induced, and osteoblast autophagy and apoptosis are increased [33–35].
Regarding signalling pathways, the hedgehog pathway and
sphingosine-1-phosphate/sphingosine-1-phosphate receptor signalling
axis were found to be involved in the reduced osteoblastic function
associated with iron accumulation [36,37].

Interestingly, ion accumulation is also reported to stimulate osteo-
clastogenesis [38,39]. The NF-κB signalling pathway and transient re-
ceptor potential vanilloid type 1 channels were found to be involved in
iron accumulation-related osteoclastic function [40,41]. This is different
from our study results and indicates different roles of hepcidin deficiency
and iron accumulation in bone metabolism that should be investigated.

Iron accumulation–induced oxidative stress has recently been shown to
divert β-catenin from T-cell factor to FOXO, thus affecting the canonical
Wnt/β-catenin pathway and leading to bone loss [28]. TCF4/TCF7L2 (a
factor of the TCF/LEF family) and FOXO3a (a factor of the Forkhead box O
family) were used in this study because of previous reports [28,42]. In this
study, we found that under normal conditions, β-catenin combined more
with TCF4/TCF7L2, a factor of the TCF/LEF family, leading to downstream
transcription and bone formation. Under hepcidin deficiency conditions,
β-catenin combined more with FOXO3a, thus inhibiting the canonical
Wnt/β-catenin pathway and causing bone loss. The results are consistent
with previous reports that highlighted the role of FOXO in bone formation
[28,43,44] and might account for the reduced osteoblastic differentiation
and activity after hepcidin deficiency.

Importantly, because of the lack of a neutralised FOXO3a antibody,
we used AAV-mediated FOXO3a-RNAi to inhibit FOXO3a transcription.
We then observed whether inhibiting FOXO3a expression is good for the
bone status of hepcidin-KO mice. In line with our expectations, delivery
of AAV-mediated FOXO3a-RNAi via tail vein administration significantly
alleviated bone loss in hepcidin-KO mice after 1 month.

In conclusion, hepcidin deficiency may cause bone loss by interfering
with the canonical Wnt/β-catenin pathway via FOXO3a (Fig. 6), thus
providing a possible approach to treat hepcidin deficiency–caused bone
loss by inhibiting FOXO3a.
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