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Hepcidin knockout exacerbates hindlimb
unloading-induced bone loss in mice through
inhibiting osteoblastic differentiation

Xin Chen'??, Jianping Wang'??, Chenxiao Zhen'*?, Gejing Zhang'*?, Zhougqi Yang'*?, Youjia Xu* and
Peng Shang®*”

Abstract

Background An oligopeptide hepcidin is encoded by the human HAMP gene (Hamp in mice). Its deficiency can
result in iron overload, while excess may lead to iron deficiency. Hepcidin knockout mice exhibited iron accumulation
in multiple tissues, accompanied by degeneration of bone microarchitecture and reduced biomechanical properties.
Astronauts who are exposed to weightlessness during prolonged spaceflight experience bone loss. After space
missions, an interrelation exists between iron stores and bone mineral density (BMD). Bone loss in mice due to
unloading is linked to iron excess and involves hepcidin. The potential role of hepcidin in unloading-induced bone
loss remains unclear.

Methods Our study conducted relevant experiments using hepcidin knockout mice and their primary osteoblasts
as the research subjects. We used the hindlimb unloading (HLU) model and the random positioning machine (RPM)
system to simulate weightlessness in vivo and in vitro.

Results HLU mice exhibited reduced hepcidin levels in the serum and liver. Hepcidin knockout further diminished
BMD and bone mineral content (BMC) in the femurs of HLU mice. Similarly, the bone volume fraction (BV/TV) and
connectivity density (Conn.Dn) followed this downward trend, whereas trabecular separation (Th.Sp) showed an
inverse pattern. Moreover, hepcidin knockout decreased the ultimate load and elastic modulus in the tibias of HLU
mice. Hepcidin knockout decreased PINP levels in the serum, a commonly used marker for bone formation, alongside
elevated iron levels in the serum, liver, and bone of HLU mice. We also found higher serum MDA and SOD levels in
these mice. In vitro, experimental data indicated that hepcidin knockout suppresses the osteoblastic differentiation
capacity under RPM conditions. Additionally, this condition upregulates SOST protein levels and downregulates LRP6
and B-catenin protein levels in osteoblasts.

Conclusion Hepcidin knockout exacerbates bone loss in HLU mice, most likely due to reduced osteoblastic activity.

Keywords Hindlimb unloading, Bone loss, Hepcidin, Osteoblast, Wnt/-catenin signaling pathway, Random
positioning machine
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Introduction

Iron, a critical component in the human body, is essen-
tial for oxygen metabolism, energy production, and the
maintenance of DNA integrity [1-3]. However, iron
excess can be toxic and potentially irreversible damage
to tissues and organs, including bone [4]. Osteoporosis
is a condition with fragile bones, heightening the likeli-
hood of fractures. Data from clinical studies indicate that
osteoporosis is linked to iron overload in conditions like
hereditary hemochromatosis, B-thalassemia, and meno-
pause [5-7]. Iron overload is a condition of iron accu-
mulation in the body’s multiple organs. Furthermore,
iron overload negatively impacts the bone remodeling
process, which is crucial for maintaining skeletal health
and involves osteoblasts (bone formation cells) that build
bone and osteoclasts (bone resorption cells) that break
it down [8, 9]. Iron overload suppresses the function of
osteoblasts and enhances the activity of osteoclasts [10,
11]. This imbalance is mainly linked to the increased gen-
eration of reactive oxygen species (ROS), metabolites of
molecular oxygen [10, 11].

Hepcidin, the central iron-regulatory hormone pro-
duced by the liver, maintains the body’s iron balance by
binding to its receptor, ferroportin (FPN) [12, 13]. FPN’s
function is to transport iron from duodenal enterocytes
(the absorption site of dietary iron) and facilitate the
release of iron from macrophages and hepatocytes [12,
13]. Upon interaction with FPN, hepcidin triggers its
degradation, thus suppressing the release of iron from
cells. Postmenopausal women with osteoporosis exhibit
lower levels of hepcidin in their blood [14]. In mice,
insufficient hepcidin is linked to iron accumulation and
bone loss [15, 16]. During spaceflight, bone loss is a
critical health issue, which occurs when the rate of bone
resorption surpasses that of bone formation [17]. Obser-
vations from space missions have indicated an elevation
in astronauts’ ferritin levels, a key indicator for assessing
the body’s iron levels [18]. Animal studies have demon-
strated that bone loss due to unloading is linked to iron
overload, with hepcidin playing a regulatory role in this
process [19]. However, the exact function of hepcidin in
this process remains unclear.

Materials and methods

Animals procedures

Male mice (eight weeks old), including wild type (WT)
and hepcidin knockout (Hamp™~) with C57BL/6] back-
ground were originally obtained from Soochow Univer-
sity. We utilized a standard diet to feed the mice. They
were kept in an animal room with 12 h of light and 12 h
of darkness. The room temperature is 24+ 2 °C and rela-
tive humidity is adjusted to 45-50%. One week prior to
the experiment, the mice were acclimated to tail cages
to familiarize them with the new environment. All
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procedures adhered to the guidelines set by the Insti-
tutional (Animal Care and Use Committee). Random
grouping: (1) Hamp*/*-control (wild type mice housed
in normal condition for 28 days), (2) Hamp” *-HLU (wild
type mice maintained under hindlimb unloading condi-
tion for 28 days), (3) Hamp~/~-control (hepcidin knock-
out mice housed in normal condition for 28 days), (4)
Hamp™'~-HLU (hepcidin knockout mice maintained
under hindlimb unloading condition for 28 days).

Simulated weightlessness using hindlimb unloading
technology

To reduce mechanical loading on the hindlimbs, the
Hamp**-HLU group and the Hamp™/~-HLU group
mice were maintained under hindlimb unloading condi-
tions for 28 days. We refer to the methods set by Morey
Holton and Globus [20]. The operation steps are as fol-
lows: We applied medical tape to wrap around the tail
and then fixed it to a copper wire ring. Then, we attached
the copper wire ring to a pulley on an overhead bar. The
hindlimbs of mice were elevated to maintain a 30° head-
down tilt, while the forelimbs remained physiologically
loaded. The mice can move and obtain food freely. The
control and the Hamp~/~ groups were kept under identi-
cal conditions but without the tail suspension equipment.

Simulated weightlessness using a random positioning
machine

We utilized the RPM system to simulate weightlessness in
vitro. The device is composed of two rotating frames (the
inner frame and the outer frame), which can be rotated
at random speed and direction, and controlled using spe-
cial software. RPM rotates at random speeds, ensuring
that the average gravity vector reliably converges to zero
over time. The samples were fixed in the inner frame.
We put the RPM system into an ordinary incubator. The
control and Hamp~'~ groups were placed into the same
incubator. Random grouping: (1) Hamp*/*-control (cul-
tivation of primary osteoblasts derived from WT mice
under normal conditions), (2) Hamp*/*-RPM (cultivation
of primary osteoblasts derived from WT mice in random
positioning machine), (3) Hamp~/~-control (cultivation of
primary osteoblasts derived from Hamp~/~ mice under
normal conditions), (4) Hamp~~-RPM (cultivation of pri-
mary osteoblasts derived from Hamp~~ mice in random
positioning machine).

Tissue collection and sample Ppreparation

Before euthanasia, the mice were anesthetized to ensure
they were in a painless and unconscious state. The anes-
thetic used was pentobarbital sodium, administered at
a dosage of 50 mg/kg via intraperitoneal injection. Sub-
sequently, under anesthesia, we used cardiac puncture
technology to obtain the mice’s blood samples, followed
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by euthanasia of the mice through cervical dislocation.
Finally, we collected the tissues of the mice and pro-
ceeded with processing and preservation.

BMD and BMC measurement

On the 28th day of the experiment, pentobarbital sodium
was intraperitoneally injected to anesthetize the mice,
and then they were placed under a dual-energy X-ray.
The femurs were scanned using the bone density instru-
ment. Then, the instrument’s built-in software is used to
analyze the femur’s BMD and BMC.

Analysis of the femurs using uCT

We used the pCT SkyScan-1176 model manufactured
by Bruker to perform the analysis of three-dimensional
images of the femurs of the experimental animals. Then,
using NRecon, a specialized computer software, we
transformed these complex data into three-dimensional
visual models. To ensure the reliability of the results, we
determined key parameters during the pCT scanning
process. The trabecular bone region of interest (ROI) was
the interval of 0.5-1.5 millimetres after the disappear-
ance of the distal femoral growth plate. We applied the
CTAn tool to study the characteristics of the sample data.
To define the range of these features, we set the grayscale
threshold to 80. Our observations focused on many key
parameters, such as BV/TV (unit: %) and Conn.Dn (unit:
1/mm?3). At the same time, we also calculated Tb.Sp (unit:
mm). The cortical bone region of interest is located 5-6
millimetres beyond the distal femoral growth plate. We
used a standard set of grey levels, whose limit is 105.
Based on this, we examined some key data to measure
the condition of the cortical bone, these parameters
include Tt.Ar (unit: mm?), Ct.Ar (unit: mm?), and Ct.Th
(unit: mm). Their full English names are total area, corti-
cal area, and cortical thickness.

Biomechanical analysis

We applied a three-point bending test to assess the bio-
mechanical characteristics of the tibias. We have cho-
sen a loading speed of one millimetre per minute. After
breaking the tibia, the machine will continue to work for
two millimetres before stopping. Data were automatically
recorded in the computer matched to the machine and
generated a load-displacement curve. We used the Mat-
lab analysis platform to provide an in-depth analysis of
the key biomechanical properties of the tibia.

Histological evaluation

We used a semi-automated rotary microtome to cut
femur and liver samples into 5 pum thick after paraffin
embedding. To observe iron deposition status, the slides
were selected to be subject to Prussian blue supple-
mented by the intensification with 3,3’-diaminobenzidine
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(DAB). The staining principle is that ferric iron in tissues
can form a blue ferric ferrocyanide precipitate with ferro-
cyanides. DAB is added and it undergoes a redox reaction
with precipitated ferric iron to form brown compounds,
enhancing the specificity of detection.

Iron detection

The samples were placed in a designated container and
subjected to a four-hour baking process at 120 °C to
remove moisture. Then let it cool naturally to room
temperature, weigh it, and record the results in detail.
We will then put these dehydrated samples in a high-
temperature environment, namely a resistance oven, for
six hours of high-temperature treatment. In the same
way, after it has cooled to room temperature, measure
its weight again and record the result. The last step is to
remove the samples that have completed the above two
steps from the original container and put them in a 1.5
mL centrifuge tube. We added 300 pl of concentrated
nitric acid solution into each centrifuge tube and treated
them at 70 °C for two hours. Finally, we utilized atomic
absorption spectroscopy to detect the iron content of the
samples.

Assessment of biochemical markers

We tested the mice serum levels of PINP (aminoterminal
propeptide of type I procollagen), Trap-5b (tartrate-resis-
tant acid phosphatase 5b), and hepcidin using mouse-
specific ELISA kits (Gene Beauty Biotechnology Co.,
Ltd, China). The specific steps were performed as per the
manufacturer’s guidelines.

Immunoblotting

First, we need to remove the samples from — 80 °C. Then
add RIPA into the samples to obtain the total protein.
The protein concentration is then measured. Next, we
put the mixture containing about thirty micrograms of
protein on an SDS-PAGE gel electrophoresis machine for
further analysis. Once this step is complete, the proteins
need to be transferred to a membrane called PVDEF, and
then they are exposed to 5% ambient skimmed milk for
two hours. The last step is to wash the membrane and
soak it at 4 °C with the appropriate antibodies overnight.
Then replace it with the secondary antibody and incubate
it in a shaker for two hours. Finally, we washed the mem-
branes and collected the images using a chemilumines-
cence instrument.

Serum oxidative stress indexes evaluation

Before testing, serum samples were removed from the
frozen state, and thawed on ice. We used the histochemi-
cal reaction method to evaluate the levels of serum oxi-
dative stress indicators (MDA and SOD). The specific
steps of the operation are carried out according to the
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instructions in the kits. MDA stands for malondialde-
hyde; SOD denotes superoxide dismutase.

Primary osteoblasts extraction and culture

We obtained primary osteoblasts from the calvaria of
neonatal (3-5 days) wild type and hepcidin knockout
mice. Then, we washed isolated calvaria three times with
a precooled medium and added it to a collagenase and
trypsin mixture. After digesting at 37°C for 4 min, cen-
trifuging and discarding the supernatant. We added pre-
cipitate to the collagenase and trypsin mixture, digested
at 37°C for 20 min, and collected primary osteoblasts
using centrifugation for 10 min. Repeat digestion and
centrifugation of the precipitate twice. Then wash twice
with PBS and subculture with normal complete osteo-
blast medium.

Determination of osteoblastic differentiation

Inoculate cells at an appropriate density in an 18 mm
dish. When the cell density is suitable, replace the con-
ventional culture medium with an osteogenic differentia-
tion culture medium and incubate continuously in RPM
for 7 days. We employed ALP and alizarin red S (ARS)
staining techniques to assess ALP activity and the for-
mation of mineralized nodules. We observed and pho-
tographed staining results using a stereomicroscope, and
analyzed the stained area using the Image] tool. We uti-
lized immunoblotting to measure the protein expression
associated with osteogenic differentiation.

Data analysis

Mean + standard deviation (SD) was applied to present
the experimental results. We utilized GraphPad Prism 8.0
to perform statistical analysis and graph plotting. When
there were two groups, we utilized an unpaired t-test.
When comparing multiple groups, we used a two-way
ANOVA, with subsequent application of Tukey’s multi-
ple comparison post hoc test. A P-value below 0.05 was
considered statistically significant.
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Results

Assessment of mice’s hepcidin levels

We assessed the serum and liver hepcidin levels of the
mice through an ELISA kit and Western blot analysis,
respectively. We found that the HLU group had lower
hepcidin levels in the serum and liver than the control
group (Fig. 1).

The separate and joint effects of hepcidin status and
hindlimb unloading on BMD and BMC

We employed DXA scanning technology to evaluate the
BMD and BMC values in the femurs of the experimen-
tal animals. The DXA data indicated that HLU reduced
the femoral BMD and BMC in both genotypes of mice
(Fig. 2). Moreover, Hamp~'~ mice had lower femoral
BMD and BMC than Hamp*/* mice (Fig. 2). There was
no interaction between hepcidin status and hindlimb
unloading.

The separate and joint effects of hepcidin status and
hindlimb unloading on bone microarchitecture

Figure 3A showcased 3D reconstructed visuals of the
femoral trabecular bone. In both genotypes of mice, HLU
induced reductions in bone volume fraction and con-
nectivity density but increases in trabecular separation
(Fig. 3C). Compared to Hamp*/* mice, Hamp~'~ mice had
lower bone volume fraction and connectivity density and
higher trabecular separation (Fig. 3C). No interaction
between hepcidin status and hindlimb unloading was
observed.

Figure 3B displayed 3D reconstruction graphics of
the femoral cortical bone. The results showed that HLU
decreased cortical thickness and cortical area and did
not change total area (Fig. 3D). Hamp~'~ reduced corti-
cal thickness in control mice, Hamp~'~ did not affect
cortical area and total area across control and HLU mice
(Fig. 3D). There was no interaction between hepcidin sta-
tus and hindlimb unloading.
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Fig. 1 Hepcidin levels in each group were evaluated. (A) Presents serum hepcidin concentrations. (B) Image acquisition of hepcidin protein in the liver.

(C) Grayscale analysis of hepatic hepcidin protein. (n=4-5 per group)
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Fig. 2 Statistical charts of BMD and BMC. BMD (A) and BMC (B) in the femurs were displayed. (n=4-5 per group; P<0.05 is considered statistically signifi-

cant; * represents P<0.05 and ** denotes P<0.01)

The separate and joint effects of hepcidin status and
hindlimb unloading on biomechanical properties

In HLU mice, tibial biomechanical properties includ-
ing ultimate load, ultimate stress, elastic modulus, and
stiffness were reduced relative to control mice (Fig. 4).
Hamp~'~ mice had lower ultimate load and elastic mod-
ulus but unaffected ultimate stress and stiffness than
Hamp*/* mice (Fig. 4). There was no interaction between
hepcidin status and hindlimb unloading (Fig. 4).

The separate and joint effects of hepcidin status and
hindlimb unloading on serum PINP and Trap-5b levels
HLU reduced serum PINP levels and increased serum
Trap-5b levels in both genotypes of mice (Fig. 5).
Hamp™/~ decreased serum PINP levels across control
and HLU mice, Hamp™'~ elevated serum Trap-5b levels
in control mice (Fig. 5). No significant interaction was
noted between hepcidin status and hindlimb unloading.

The separate and joint effects of hepcidin status and
hindlimb unloading on iron levels

Perls DAB-enhanced iron staining data showed that HLU
increased iron levels in the liver and bone in both geno-
types of mice (Fig. 6A and B). Compared to Hamp*/*
mice, Hamp~'~ mice exhibited elevated iron levels in the
liver and bone (Fig. 6A and B). Moreover, we determined
iron levels in the serum, liver, and bone using atomic
absorption technology. The outcomes indicated that
HLU raised serum, liver, and bone iron contents across

Hamp*'* and Hamp ™/~ mice (Fig. 6C, D, and E). Hamp ™~
mice had higher serum, liver, and bone iron contents than
Hamp*/* mice (Fig. 6C, D, and E). There was no interac-
tion between hepcidin status and hindlimb unloading.

The separate and joint effects of hepcidin status and
hindlimb unloading on oxidative stress markers

The statistical data showed that HLU increased serum
MDA and SOD levels in Hamp~'~ mice (Fig. 7). Hamp ™'~
elevated serum MDA and SOD levels in control and HLU
mice (Fig. 7). There is a significant interaction between
hepcidin status and hindlimb unloading on serum MDA
levels.

The separate and joint effects of hepcidin status

and random positioning machine on osteoblastic
differentiation capacity

RPM inhibited the ALP activity and mineralization
capacity of primary osteoblasts derived from both geno-
types of mice (Fig. 8). Compared to primary osteoblasts
derived from Hamp*'* mice, those from Hamp™'~ mice
exhibited lower ALP activity and mineralization capacity
(Fig. 8). There was no interaction between hepcidin sta-
tus and random positioning machine (Fig. 8).
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Fig. 3 uCT results. (A) 3D reconstruction images of femoral trabecular bone. (B) Crucial microstructural parameters of trabecular bone. (C) 3D recon-
structed visuals of femoral cortical bone. (D) Key architectural features of cortical bone. bar =100 pm. (n =4-6 per group; P < 0.05 is considered statistically

significant; * represents P <0.05, *** indicates P<0.001, and ns denotes no significant)
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Fig.4 Displays the tibial biomechanical properties. (A-D) The key biomechanical indexes. (n =4-6 per group; P <0.05 is considered statistically significant;

* represents P<0.05 and ns denotes no significant)
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Fig. 5 Analysis of bone remodeling parameters. (A) Statistical figure of serum PINP levels. (B) Displays the graph of serum Trap-5b levels. (n=4-6 per
group; P<0.05 is considered statistically significant; * represents P<0.05, *** indicates P < 0.001, *** signifies P<0.0001 and ns denotes no significant)

The separate and joint effects of hepcidin status and
random positioning machine on expression of proteins in
osteoblasts

Sclerostin (encoded by SOST) acts as a suppressor of
the Wnt pathway. It hinders the canonical Wnt path-
way by attaching to LRP5/6 receptors. RPM downregu-
lated LRP6, B-catenin, and Runx2 protein levels and
upregulated SOST protein levels of primary osteoblasts
in both genotypes (Fig. 9). Hamp~'~ repressed LRP6 and

B-catenin protein levels in primary osteoblasts across
control and RPM groups, Hamp™~~ suppressed Runx2
protein levels in primary osteoblasts of control mice
(Fig. 9). There was no interaction between hepcidin sta-
tus and random positioning machine.
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Fig. 6 Liver, bone, and serum iron levels in each group. (A and B) Iron staining results, bar =50 um. (C-E) The results of atomic absorption spectrometry.
(n=4-6 per group; P<0.05 is considered statistically significant; * represents P<0.05, ** indicates P<0.01, and *** signifies P<0.001)

Discussion

In space travel, the principal driver of bone loss due to
weightlessness (the lack of gravity) is the absence of
mechanical loading [21]. Hepcidin is an oligopeptide
responsible for regulating the body’s iron homeostasis.
Insufficient hepcidin leads to iron overload, while its
excess results in iron insufficiency. Unloading alone and
hepcidin insufficiency alone result in bone defects [15,
16, 22]. Moreover, iron overload has been identified as a
significant contributor to bone loss, including unloading-
induced bone loss. There is a scarcity of studies exam-
ining the influence of hepcidin on bone health under
weightlessness conditions. Due to the rare opportunity
and high cost of space travel, many known pathologies of
bone loss in weightlessness conditions are derived from
terrestrial simulation models [23-25]. So, we used the
hindlimb unloading mouse model to simulate weight-
lessness in vivo. Initially, we evaluated the hepcidin lev-
els in the mice. The findings revealed that HLU mice

exhibited reduced hepcidin levels, contrary to the report
by Zi Xu [19]. This discrepancy may be attributed to the
HLU-induced decline in Nrf2 expression in the liver, sub-
sequently leading to reduced BMP6 and hepcidin expres-
sion [26, 27].

Hamp”~ reduced the BMD and BMC values and
impacted the trabecular microstructure, consistent
with previous reports [16, 28]. Hamp™”~ exerted minimal
effects on the cortical microstructure. The possible rea-
son is that cortical bone possesses a compact structure
and is relatively less sensitive to hepcidin deficiency.
From the perspective of biomechanical characteris-
tics, ultimate load and elastic modulus were reduced by
Hamp™", similar to the reported literature [15]. HLU
decreased the BMD and BMC and injured the trabecular
microstructure, consistent with our previous report [22].
HLU had little effect on the cortical microstructure, simi-
lar to our previously reported literature [22]. HLU dimin-
ished all the biomechanical parameters, aligning with the
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earlier findings [22, 29]. The above results indicated that
hepcidin knockout exacerbates bone loss in mice caused
by unloading, due to its independent role.

Next, we evaluated the indicators of bone forma-
tion and bone resorption. The results showed that HLU
inhibited bone formation and promoted bone resorp-
tion. Hamp™~ suppressed bone formation in control and
HLU mice, and Hamp”~ enhanced bone resorption in
control mice. The bone resorption across Hamp*'*-HLU
and Hamp”/-HLU groups is similar. It’s likely because
hindlimb unloading has a more significant impact on
bone resorption. Unloading removes the mechanical
loads of bones, which directly affects osteoclastic activ-
ity [30]. In contrast, although hepcidin deficiency also
affects bone resorption, its effect may be relatively weak
and insufficient to produce significant cumulative effects
under the dominant role of hindlimb unloading. Another
possibility is that the impact of hepcidin status on bone
resorption is controlled by other unidentified factors that
were not accounted for in the study design. The main
reason for the inhibition of bone formation by HLU and
Hamp™”" may be the decreased differentiation ability of
osteoblasts, which can be confirmed by in vitro experi-
ments. The Wnt/B-catenin pathway plays a vital role in
osteoblastic differentiation. We found that RPM inhib-
ited the Wnt/B-catenin signaling pathway. Hamp™~ also
repressed the Wnt/B-catenin pathway. These findings
demonstrated that hepcidin knockout exacerbates bone
loss caused by unloading, most likely due to reduced
osteoblastic activity through inhibiting the Wnt/p-
catenin pathway.

Iron plays an important role in bone remodelling. So,
we further assessed the iron levels in the body. Iron stain-
ing and iron content detection data indicated that HLU
increased the iron levels in the body, consistent with a
previous report [19]. Hamp™~ raised the iron levels in

the body, similar to the reported literature [28]. Oxida-
tive stress is “an imbalance between the production of
ROS and antioxidants, resulting in damage to cells“ [31].
Through the Fenton reaction, excessive iron facilitates the
production of a large amount of ROS. Evidence from an
animal experiment illustrated that iron overload-induced
bone loss is linked to oxidative stress [32]. Therefore, we
evaluated the oxidative stress markers in the mice. MDA
is one of the final products of lipid peroxidation in living
organisms, which is the decomposition product of poly-
unsaturated fatty acids under the attack of ROS [33]. The
antioxidant SOD is a widely present antioxidant enzyme
in living organisms [34]. Hamp™'~ elevated serum MDA
and SOD levels across control and HLU mice. HLU
increased serum MDA and SOD levels in Hamp ™~ mice.
The increased level of serum MDA in Hamp~/~-HLU
mice is much greater than that of SOD, indicating that
SOD can only partially eliminate the production of MDA,
thereby leading to oxidative stress.

There was a significant interaction between hepcidin
status and hindlimb unloading on serum MDA levels.
The possible reason is that hepcidin deficiency leads to
iron overload, subsequently triggering oxidative stress
[35]. HLU further exacerbated the levels of iron in
Hamp™'~ mice. Thereby, exacerbating oxidative stress
levels, resulting in a significant increase in serum MDA
levels. However, no interaction between hepcidin sta-
tus and hindlimb unloading was noted on bone param-
eters. This may be because these two factors influence
oxidative stress and bone health via distinct biochemi-
cal mechanisms. Specifically, hindlimb unloading may
lead to reduced mechanical loading on the bones, result-
ing in an imbalance in bone remodelling and subsequent
bone loss. In this case, hepcidin deficiency might further
exacerbate the bone loss process. On the one hand, hep-
cidin deficiency may lead to iron overload and increase
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oxidative stress, resulting in accelerated bone loss. On the
other hand, iron overload may directly affect the activity
and function of osteoblasts and osteoclasts, leading to
accelerated bone loss. Moreover, whether the interaction
between hepcidin status and hindlimb unloading on oxi-
dative stress, leads to their interaction on bone param-
eters. Bone parameters of the lumbar spine and tibia
should be evaluated.

The following are the constraints of this research.
Firstly, the number of subjects in each animal group
(n=4-6) is limited. Due to the limited sample size, some
measurements with biological significance did not yield
statistically significant results. Secondly, the depth of
mechanism exploration is insufficient. While our find-
ings suggest that hepcidin knockout intensifies the sup-
pressive impact of RPM on osteogenic differentiation and
alters the expression of Wnt/B-catenin signaling path-
way-related proteins, further validation is needed. Future
studies should employ inhibitors of the Wnt/B-catenin
pathway in vitro to confirm these observations. Thirdly, it
is still uncertain whether hepcidin knockout also intensi-
fies the suppressive impact of RPM on osteogenic differ-
entiation through other signaling pathways. Fourthly, it is
essential to investigate the effects of the Wnt/B-catenin
signaling pathway on bone defect in hepcidin knockout
mice subjected to HLU through in vivo studies. Fifthly,
there is a lack of validation experiments for oxidative
stress. At the animal level, it needs to identify whether
oxidative stress is involved in the exacerbation of bone
loss in HLU mice following hepcidin knockout. Lastly, a
lack of osteoclast-related experiments is also a limitation
of this study. We should identify the effects of hepcidin
knockout on osteoclastic differentiation in primary bone
marrow macrophages under RPM conditions.

Conclusion

In summary, the results indicated that hepcidin knockout
exacerbates bone loss in mice in response to hindlimb
unloading, most likely due to reduced osteoblastic activ-
ity. Mechanistically, hepcidin knockout may reduce
osteoblastic activity by affecting the Wnt/B-catenin sig-
naling pathway.
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