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A B S T R A C T

During deep-space exploration missions, astronauts will be exposed to abnormal space environments including
microgravity and hypomagnetic field (HyMF) that is 10,000 times weaker than geomagnetic field (GMF). It is
well known that microgravity in space can induce bone loss; however, it is ill-defined whether HyMF involved in
this process. Herein, we aimed to investigate the combined effects of HyMF and microgravity on bone loss. A
mouse model of hindlimb suspension (HLU) was adopted to simulate microgravity-induced bone loss, that was
exposed to a hypomagnetic field of< 300 nanotesla (nT) generated by a geomagnetic field-shielding chamber.
Besides, a recent study showed that HLU induced bone loss was orchestrated by iron overload. Therefore, the
changes of iron content in unloading-induced bone loss under HyMF condition were detected simultaneously.
The results showed HyMF exacerbated the loss of bone mineral content (BMC), induced more detrimental effects
on microstructure of cancellous bone but not cortical bone and yielded greater negative effects on biomechanical
characteristics in mice femur under unloading status. Concomitantly, there was more iron accumulation in
serum, liver, spleen and bone in the combined treatment group than in the separate unloading group or HyMF
exposure group. These results showed that HyMF promoted additional bone loss in mice femur during me-
chanical unloading, and the potential mechanism may be involved in inducing iron overload of mice.

1. Introduction

In the history of biological evolution, all living organisms on the
earth are exposed to the geomagnetic field (GMF) of about 50micro-
tesla (μT), a natural component of the habitable environment. However,
the magnetic field (MF) in the space environment decreases geome-
trically with the distance from the ground. The MF magnitude (|B|) in
the International Space Station is about 80% of GMF with limited
variation [1]; but in outer space is extremely lower than the GMF,
named a hypomagnetic field (HyMF, is defined by |B| < 5 μT), such as
Martian MF is< 5 μT, Lunar MF is< 300 nT and interplanetary MF is
just a few nanotesla [2]. Therefore, in addition to microgravity and
cosmic radiation, astronauts must be exposed to the HyMF condition
when onboard in the long-term and long-distance space missions.

Several experiments have clearly confirmed that the HyMF greatly
disturbs many functional states of living organisms, including em-
bryonic development, animal behaviors and brain function (reviewed in

[3, 4]). In the cell level, shielding of the GMF inhibited growth rates of
fibrosarcoma HT1080 and colorectal HCT116 cancer cells [5], de-
creased cell viability and mitochondrial activity in mouse skeletal
muscle cell [6], stimulated the proliferation of mouse neural progenitor
and stem cells [7] and accelerated the proliferation of human neuro-
blastoma cell [8]. The redox homeostasis ensures that the cells respond
properly to endogenous and exogenous stimuli [9]. Elevated levels of
cellular reactive oxygen species (ROS) were found in mouse skeletal
muscle cell under a HyMF [6]. Lymphocytes from rats were exposed to
HyMF for 15min, 1 and 2 h, intracellular ROS levels were significantly
reduced [10]. Low level magnetic fields suppressed H2O2 production in
cancer cells and pulmonary artery endothelial cells [11]. Elimination of
the GMF reduced hydrogen peroxide production in human neuro-
blastoma cell and inhibited the activity of CuZn superoxide dismutase
[12]. However, there are limited reports about the effects of HyMF on
bone cells. Bone is a constantly updated tissue, i.e., bone remodeling,
that happens throughout life to maintain a healthy skeleton. In the
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course of bone remodeling, the old and damaged bone are removed by
osteoclasts (bone resorption cells) and new bone is formed by osteo-
blasts (bone formation cells). Recently, we used a magnetic shielding
box to create a hypomagnetic condition (~500 nT), performed a studies
on the HyMF exposed murine osteoblasts MC3T3-E1 and found that
there was no effect on cell proliferation; but HyMF exposure sig-
nificantly inhibited the differentiation of osteoblasts by simultaneously
retarding alkaline phosphatase (ALP) activity, mineralization and cal-
cium deposition [13]. Moreover, we demonstrated that HyMF exposure
significantly inhibited cell proliferation of pre-osteoclastic Raw264.7
cells and promoted osteoclasts differentiation, formation and bone re-
sorption [14]. Although it has been established that the elimination of
the GMF has adverse effects on living systems [15], HyMF effects on the
skeletal system in vivo are unclear and have not been reported.

Bone loss has been thought to be the most important problem en-
dangering the health of astronauts. There is a vast amount of data from
spaceflight missions demonstrate that spaceflight induces a osteopenia
in both humans and animals after prolonged stay in space [16]. Under
environmental microgravity in space, increased calcium loss is ob-
served in the skeletal system, especially from the weight-bearing bones;
furthermore, incessant bone loss in astronauts may induce fractures and
renal calculus, which may influence both their health and space mis-
sions [17]. Reduced mechanical stimulation is considered to be the
main factor leading to bone loss in space. Spaceflight-induced bone loss
has been proposed to be similar to disuse osteoporosis on Earth, which
constitutes a challenging public health problem.

Iron is the essential metal element in the human body and play very
important physiological and biochemical roles, including oxygen
binding, electron transport, and serving as a catalyst for literally hun-
dreds of enzymes [18]. However, iron is a highly transition metal and
can catalyze the formation of hydroxyl radicals. As a consequence, the
levels of iron beyond the tolerable threshold of cells can lead to a
variety of adverse outcomes. Many evidence from in vitro experiments,
animal models and clinical studies indicated that iron overload have
direct detrimental effects on bone metabolism [19]. Excess iron inhibits
the differentiation, proliferation, and activity of osteoblasts [20, 21],
whereas it promotes osteoclast differentiation and bone-resorbing ac-
tivity through the production of ROS in vitro [22, 23]. A murine model
with treated high-dose iron dextran resulted in increased oxidative
stress and bone resorption, leading to changes in bone remodeling and
thus bone loss [24]. Case reports and clinical studies revealed that bone
abnormalities appeared in patients with iron-loading conditions, such
as hemoglobinopathies, hereditary hemochromatosis and menopause
[19].

Evidence from space missions showed the changes in iron metabo-
lism and hematology occur soon after entering microgravity, and a
characteristic of this is a 10–15% decrease in red blood cell mass during
flight because of neocytolysis [25]. One consequence of the reduced
erythrocytes is the subsequent transfer of iron from those cells into
storage proteins and processes. Evidence of this includes increased
circulating levels of serum ferritin, an index of iron storage, after short-
and long-duration space flight [26, 27]. In a recent long-duration

Fig. 1. Hypomagnetic environment experimental device. A) The schematic drawing of magnetic shielding chamber; B) Geomagnetic field shielding chamber; C) Mice
under hindlimb unloading; D) A profile of tail-suspension.
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spaceflight, serum ferritin increased early, and transferrin and trans-
ferrin receptors decreased later, which indicated that the early increase
in body iron stores generated through the mobilization of iron into
storage tissues [28]. Higher iron stores are associated with higher levels
of oxidative damage biomarkers, and with a greater degree of reduction
in bone mineral density (BMD) after long-duration space flight [28].
There is a limited data on the physiological response to spaceflight due
to the high cost. Thus a ground-based model of microgravity, hindlimb
unloading (HLU) model, was developed by Morey-Holton et al. [29]. A
recently study showed HLU induced bone loss in mice was associated
with iron overload and coupled with the hepcidin which is the master
regulator of iron homeostasis produced by the liver [30]. HLU in rats
induced an increase of iron storage in the spleen and a decrease of
circulating iron [31].

In summary, microgravity is one of the complex physical factors in
space conditions, along with HyMF that should be carefully considered
with regard to its effects on astronauts. Astronauts have acclimatized to
the GMF, whereas HyMF is a novel environmental factor. It is unclear
how the absence of the GMF and the presence of microgravity condi-
tions influence the skeletal system health and the storage of body iron.
In this study, a HLU model was utilized to simulate weightlessness and a
permalloy magnetic shielding box designed for the realization of HyMF.
We investigated the combined effects of a HyMF plus HLU on bone loss
in male C57BL/6 mice and tried to understand the mechanism via iron
metabolism.

2. Materials and methods

2.1. GMF-shielding chamber

A permalloy magnetic shielding chamber, 1.8× 1.6×1.5m, was
used to create the HyMF environment (Fig. 1A, B). The magnetic field
intensity was measured using a fluxgate magnetometer. The chamber
can generate a HyMF environment with an average magnetic field in-
tensity of< 300 nT. An additional ventilation system was fixed in the
shielding chamber, with a ventilation frequency of 15 times per hour.
The filament lamp was used for lighting inside the shielding chamber.
The illumination switch was controlled with a 12-h light/12-h dark
cycle. As a control, we constructed an experimental wooden box that
has no shielding effect on GMF but has the same size, ventilation and
illumination conditions as the GMF shielding chamber.

2.2. Animals procedures

We utilized male C57BL/6 mice (Charles River Laboratories,
Beijing, China). Mice were 8 weeks old at day 0. Mice were fed with
standard Rodent Diet (the Fourth Military Medical University, Xi'an,
China) ad libitum, maintained at 25 °C, and kept on a 12 h light/dark
cycle. One week before the experiment, mice were moved into the HLU
enclosure to acclimatize new environment. Mice were weighed and
then assigned to group to obtain an approximately equal average body
weight per group. Experimental animals were divided into 4 group: (1)
the control (Ctrl) group (n=6) and (2) the HLU group (n=8) in which
mice were kept inside the wooden experimental box with the normal
GMF environment; (3) the HyMF group (n= 6) and (4) the
HyMF+HLU group (n= 8) in which mice were kept inside the GMF-
shielding chamber.

The experiment lasted for 4 weeks. On day 28 of the experiment, the
mice of all group were sent for a BMD scanning and blood samples were
collected via cardiac puncture under anesthesia respectively. The mice
were subsequently killed by luxating cervical vertebra under anesthesia
status, and their bilateral femurs were separated from the soft tissues
and immediately fixed in 4% paraformaldehyde for 2 days. The left
femur was immersed in phosphate buffered saline and stored at 4 °C for
micro-CT scanning. The right femur was decalcified with 10% EDTA
solution and subsequently embedded in paraffin. The liver, spleen and

duodenum of mice were separated and divided into two parts respec-
tively. One part was fixed in 4% paraformaldehyde for 2 days and
subsequently embedded in paraffin. Another part was weighed and
stored at −80 °C. The animal protocol was approved by the Lab Animal
Ethics and Welfare Committee, Northwestern Polytechnical University.

2.3. Hindlimb suspension model

At day 0, mice were subjected to tail-suspension in the HLU and the
HyMF+HLU group. We utilized a HLU model described first by Morey-
Holton et al. [29], with some minor improvements to the fixation of the
mice tails (Fig. 1C, D). Briefly, one side in two strips of medical tape
was wrapped around the tail in bottom and one-third location, another
side was fixed to a copper wire ring attached to the tail tightly. A paper
clip was straightened and connected with the copper wire ring at one
end, opposite end was hung in a stainless steel chain with a swivel
hook. The swivel hook was wound around the cross bar at the top of the
cage. The hindquarters of the animal were raised or lowered to achieve
a 30° elevation. This angle of suspension has been previously demon-
strated to keep the forelimbs normally-loaded, while minimizing tail
tension and animal stress [32]. Control mice were housed in the same
cage as HLU group, though without attachment of the tail-suspension
apparatus. Animal appearance, responsiveness and mobility were as-
sessed daily. In the first few days of HLU, special concern should be
taken to prevent urethral crusting and potential infections in male mice.
The urethra was cleaned with sterile gauze and warm 0.9% sterile
saline as necessary.

2.4. In vivo dual-energy X-ray absorptiometry (DXA)

Dual-energy X-ray absorptiometry (DXA) (InAlyzer; MEDIKORS,
Korea) in the small-animal model was used to measure BMD and BMC
of whole femurs in vivo. On day 28 of the experiment, all experimental
animals were anesthetized and placed in the absorptiometry machine
for BMD and BMC measurement. The scanning results were analyzed
with a dual X-ray digital imaging software (InAlyzer; MEDIKORS,
Korea) for assessing the BMD and BMC of whole bilateral femurs.

2.5. Micro-computed tomography

Left femurs were scanned using a micro-CT scanner (SkyScan 1176;
Bruker, Kontich, Belgium). Scanning was performed at 80 kV, 305mA,
525ms without filter. In total, 421 projections were collected per
sample at a resolution of 8.96 μm per pixel. Three-dimensional re-
construction and analyses of the samples were performed using NRecon
and CTAn software, respectively (Bruker). The area-of-interest (ROI)
was selected employing an automated algorithm. Two 1-mm-long ROI
were selected for analysis of trabecular bone (distance from the distal
growth plate 0.5mm to 1.5mm) and cortical bone (distance from the
distal growth plate 0.5mm to 1.5 mm). Parameters are reported ac-
cording to published guidelines [33]. Trabecular parameters included
bone volume fraction (BV/TV), thickness (Tb.Th), separation (Tb.Sp),
number (Tb.N), connectivity density (Conn.D) and structure model
index (SMI). Cortical parameters included cortical area (Ct.Ar), total
area (Tt.Ar), marrow area (Ma.Ar), cortical thickness (Ct.Th), cortical
porosity (Ct.Po) and polar moment of inertia (PMOI).

2.6. Biomechanical testing

After MicroCT scanning, left femurs were mechanically tested to
failure via three-point bending using a Bose testing apparatus (Bose
Corporation, ElectroForce BioDynamic, ELF3200; USA). Flexural sup-
port spans were 8mm. A loading rate of 0.02mm/s was applied in the
medial to lateral direction until the femur fractured. Displacement and
force were used to calculate parameters describing whole bone struc-
tural properties. The maximum load (Fmax, breaking load) was
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transformed to the ultimate bending moment (M= FmaxL/4), where
L=span length of 8mm. Using the software of the material testing
machine, the stiffness (K) as the tangent modulus of the linear part of
the force-displacement curve [34]. The elastic modulus (E) and ultimate
stress (S) was calculated by equations, E=KL3/(48I) and S= FmaxLc/
(4I) [35], where I (moment of inertia) and c (distance from centroid of
cross-section to outermost point on the cross-section) from the analysis
of CTAn software.

2.7. Biochemical assay

The blood samples were centrifuged (3000 rpm; 15min; 4 °C),
serum was fractionated and stored in a −80 °C freezer. Serum ferritin,
hepcidin, alkaline phosphatase (ALP) and tartrate-resistant acid phos-
phatase 5b (TRAP5b) were measured by using a mouse enzyme linked
immunosorbent assay (ELISA) kit (Shanghai Jianglai Biotech, Shanghai,
China). All steps followed the manufacturer's instructions.

2.8. Iron measurements

The total iron content in the left femur, liver, spleen and duodenum
was detected by atomic absorption spectroscopy (AAS; Analytik Jena,
Germany). Tissue weight was determined and placed in a porcelain
crucible. Samples were dried at 110 °C overnight, dry weight was de-
termined. Afterwards, they were ashed in a resistance furnace (TAISITE,
Tianjin, China) at 550 °C. The ash was dissolved in 65% spectra pure
HNO3, and its total iron level was determined by atomic absorption.
Iron content was normalized by dry weight of bone.

2.9. Histological analysis

After the paraffin embedding, right femur, liver, spleen and duo-
denum were sectioned at 5 μm via a semi-automated rotary microtome
(Leica Biosystems RM2245, Germany). To visualize ferric iron deposits,
slides were stained with Prussian Blue (Sigma-Aldrich, USA) followed
by a 20min incubation with DAB (Sigma-Aldrich, USA). Meyer's he-
matoxylin was used as counterstain.

To evaluate bone formation and bone resorption, osteoblasts and
osteoclasts in the cancellous bone of the distal femur were counted.
Osteoblasts were showed by morphology in sections stained with he-
matoxylin and eosin (H&E; Beyotime Biotechnology, Shanghai, China)
according to standard procedures; osteoclasts were displayed by TRAP
staining using a commercially TRAP kit (Sigma-Aldrich, USA) followed
by counterstaining with Gills Hematoxylin (Sigma) [36]. Images were
analyzed by Image J software (National Institutes of Health, USA).

2.10. Statistical analysis

Data are presented as mean ± standard error. We used two-way
ANOVA with Sidak's multiple comparisons test when the interaction
had significant differences. P values of< 0.05 were regarded as sig-
nificant. All statistical analysis was performed using the Prism software
(Graphpad prism for Windows, version 6.01).

3. Results

3.1. Hypomagnetic field aggravates bone loss in femurs of hindlimb
unloaded mice

To investigate the effects of HyMF on bone loss in hindlimb un-
loaded mice, the BMD and BMC, mechanical properties and micro-
architecture of femur were analyzed. DXA analysis showed that the
femoral BMD and BMC were significantly decreased in the HLU and
HyMF+HLU group compared to the control and HyMF group (Fig. 2A,
B). The differences in BMD and BMC of femur were not significant
between the HyMF and control group. The femoral BMC was lower in

the HyMF+HLU group than in the HLU group, whereas no significant
difference in the BMD of femur (Fig. 2A, B).

The three-point bending test showed the ultimate bending moment,
elastic modulus, stiffness and ultimate stress of femur in the HLU and
HyMF+HLU group were significantly lower than the control and
HyMF group (Fig. 3). HyMF had no any effect on mechanical properties
of mice femur. The HyMF+HLU group has lower mean value in ulti-
mate bending moment and ultimate stress significantly than in the
HyMF and HLU group (Fig. 3A, D).

Most trabecular parameters of the proximal femur including BV/TV,
Tb.Sp, Tb.N, Conn.Dn and SMI, and most cortical parameters of femoral
shaft including Ct.Ar, Ma.Ar, Ct.Th and Ct.Po did significant change in
the HLU and HyMF+HLU group compared with that of the control
group. All microstructure parameters of femur were not difference in
HyMF vs. Control. Suspended mice in the HyMF condition had lower
BV/TV and Conn.Dn and higher Tb.Sp than the GMF condition
(Fig. 4B). However, there were non-significant changes in all cortical
bone parameters between the HLU and HyMF+HLU group (Fig. 4D).
Representative three-dimensional images of femoral trabecular and
cortical bone in each group were displayed in Fig. 4A and C.

3.2. Effects of hypomagnetic field on bone remodeling in femurs of hindlimb
unloaded mice

Hindlimb unloading-induced bone loss is accompanied by reduced
osteoblast activity and increased osteoclast activity [37]. To assess bone
loss in HLU model under HyMF condition, we analyzed the changes in
osteoblast and osteoclast activity. Histological examination of the distal
femoral trabecular bone revealed the changes of osteoblasts and os-
teoclasts and ELISA assay detected the changes of bone formation
marker and bone resorption marker. The number of osteoblasts was
decreased (Fig. 5A, B), accompany with decreased ALP concentration of
serum in the HLU group and HyMF+HLU group (Fig. 5C). Oppositely,
the amount of TRAP-positive osteoclasts was increased (Fig. 5D, E),
accompany with increased TRAP5b concentration of serum in the HLU
group and HyMF+HLU group (Fig. 5F). There was not any difference
between the HyMF group and the control group in either the number of
osteoblasts and osteoclasts or ALP and TRAP5b level in serum (Fig. 5).
In the HyMF+HLU group, more osteoclasts and fewer osteoblasts were
observed in femur than in HLU mice under GMF. Osteoclasts in un-
loaded mice under HyMF secreted more TRAP5b into the serum than in
separate HLU treated mice. No differences were detected between the
HLU group and the HyMF+HLU group in serum ALP level.

3.3. Hypomagnetic field increases body iron store in hindlimb unloaded
mice

To reveal the effects of HyMF on body iron accumulation in hin-
dlimb unloaded mice, iron levels in serum, liver, spleen and duodenum
were detected. As showed in Fig. 6A and B, serum iron and ferritin
content in the HLU and HyMF+HLU group were significantly higher
than the control and HyMF group. Serum iron and ferritin level in the
HyMF group were similar to the control. Compared to the HLU group,
the levels of serum iron and ferritin increased markedly in the
HyMF+HLU group. It is well known that serum hepcidin that is a key
regulator of iron metabolism in mammals [38]. Compared with the
control and HyMF group, higher serum hepcidin concentration was
found in the HLU and HyMF+HLU group. There was no statistical
difference between the HLU group and the HyMF+HLU group
(Fig. 6C).

DAB-enhanced Perls' iron staining indicated that iron was con-
spicuously deposited in the liver (Fig. 7A) and spleen (Fig. 7C) for the
HLU and HyMF+HLU group, this could also be observed through their
iron content, respectively (Fig. 7B, D). No significant differences were
observed for iron accumulation of the liver and spleen in the HyMF and
control group. Compared to the HLU group, iron deposition in the liver
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and spleen were more severe in the HyMF+HLU group by observing
their histologic staining and analyzing their iron content, respectively
(Fig. 7A–D). In duodenum, there were no any changes between the four
groups (Fig. 7E, F).

Taken together, these results suggest that hindlimb unloading-in-
duced iron store increase in liver and spleen was enhanced by HyMF
condition.

3.4. Hypomagnetic field aggravates iron overload in femurs of hindlimb
unloaded mice

Iron overload is closely associated with bone loss. Thus iron con-
tents in femur and bone marrow were examined. The results showed
that iron contents of femur and bone marrow were markedly increased
in the HLU and HyMF+HLU group compared with the control and
HyMF group (Fig. 8A, B). The differences of iron content in femur and
bone marrow were not significant between the HyMF and control
group. Compared to the HLU group, iron level of femur and bone
marrow in the HyMF+HLU group was significant increase. Corre-
spondingly, the iron deposition in bone marrow could be observed from
the section of femoral cancellous bone and cortical bone with DAB-

enhanced Perls blue staining (Fig. 8C, D).

4. Discussion

In this study, we assessed the combined effect of HLU model and
HyMF condition on bone homeostasis in mice and tried to understand
the potential mechanism via iron metabolism. The results showed that
HyMF aggravated the loss of BMC; induced more deleterious effects on
microstructure of cancellous bone, including BV/TV, Tb.Sp and
Conn.Dn; and yielded greater negative effects on biomechanical char-
acteristics, such as ultimate bending moment and ultimate stress in
mice femur under unloading status. Concomitantly, there was more
iron accumulation in serum, liver, spleen and bone in the combined
treatment group than in the separately unloaded group or HyMF ex-
posure group. These data showed that HyMF promoted additional bone
loss in simulated weightlessness, and the potential mechanism may be
involved in inducing iron overload of mice.

HyMF is an environmental factor of outer space, and is far weaker
than the GMF. Organisms on Earth might have accommodated the
presence of GMF in a billion-year evolution. Elimination of GMF may
affect organisms. HyMF has been suggested to influence negatively on

Fig. 2. The effects of HyMF and HyMF+HLU on
femoral BMD and BMC. DXA analysis of whole fe-
moral bone mineral density (BMD, A) and bone mi-
neral content (BMC, B). Ctrl: Mice were kept in a
wooden experimental box with the normal GMF for
28 days; HLU: Mice were suspended and raised in a
wooden box; HyMF: Mice were raised normally in a
GMF-shielded room; HyMF+HLU: HLU mice were
raised in a GMF-shielded room (n=6–8/group).
Data shown as Mean ± SD. ⁎P < 0.05 vs. Ctrl,
#P < 0.05 vs. HyMF.

Fig. 3. The Effects of HyMF and HyMF+HLU on the
mechanical properties of femur in mice. Ultimate
bending moment (A), elastic modulus, (B) Stiffness
(C) and Ultimate stress (D) were calculated by using
the raw data 3-point bending. Ctrl: Mice were kept in
a wooden experimental box with the normal GMF for
28 days; HLU: Mice were suspended and raised in a
wooden box; HyMF: Mice were raised normally in a
GMF-shielded room; HyMF+HLU: HLU mice were
raised in a GMF-shielded room (n=6–8/group).
Data shown as Mean ± SD. ⁎P < 0.05 vs. Ctrl,
#P < 0.05 vs. HyMF.
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the early embryonic development [39, 40] and the function of the
central nervous system [41, 42]. However, HyMF effects on the skeletal
system are unclear and have not been reported. In this study, male
C57BL/6 mice with 8 weeks old were exposed to HyMF for 28 days. We
found that HyMF exposure does not cause a deleterious effect on femur
of mice. However, our two in vitro experiments found that HyMF ex-
posure significantly inhibited the differentiation of osteoblasts [13] and
promoted osteoclastic formation and bone absorption function [14].
These seemingly contradictory findings can be attributed to the dif-
ferences of environment and characteristic between in vitro and in vivo
cells. This also reminds us that in vitro study requires the examination in

vivo.
Humans in space are at high risk for bone loss. At present, it is

widely accepted that microgravity plays a predominant role in bone
homeostasis disorders in spaceflight [17]. However, except for micro-
gravity, there are many other extreme environments in space, such as
hypomagnetic fields (HyMF), radiation, etc. are different from the
ground. These conditions, which act simultaneously, resulted in many
physical health problems of space travelers in space [43]. HLU induces
bone loss similar to those data from spaceflight and can be considered a
relatively accurate approximation of exposure to real weightlessness for
the unloaded limbs [37]. So far, the combined effects between radiation

Fig. 4. Effects of HyMF and HyMF+HLU on trabe-
cular and cortical microstructure parameters of fe-
murs in mice. Trabecular and cortical microstructure
parameters obtained viamicrocomputed tomography
scans. (A) Three-dimensional trabecular architecture
of an ROI located in 0.5 mm proximal to the distal
growth plate. (B) Measured parameters at the distal
femur, including bone volume fraction (BV/TV),
trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), trabecular number (Tb.N), connectivity
density (Conn.D), structure model index (SMI). (C)
Three-dimensional cortical architecture of an ROI
located in 5mm proximal to the distal growth plate.
(D) Measured parameters at the midshaft femur, in-
cluding cortical area (Ct.Ar), total area (Tt.Ar),
marrow area (Ma.Ar), cortical thickness (Ct.Th),
cortical porosity (Ct.Po), polar moment of inertia
(PMOI). Ctrl: Mice were kept in a wooden experi-
mental box with the normal GMF for 28 days; HLU:
Mice were suspended and raised in a wooden box;
HyMF: Mice were raised normally in a GMF-shielded
room; HyMF+HLU: HLU mice were raised in a
GMF-shielded room (n= 6–8/group). Data shown as
Mean ± SD. ⁎P < 0.05 vs. Ctrl, #P < 0.05 vs.
HyMF.
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and simulated microgravity on bone have been investigated in nu-
merous studies [44–46], while the interaction of HyMF with micro-
gravity on bone has not drawn enough attention. Therefore, the inter-
action effect of microgravity and HyMF on bone was evaluated in this
study. We used a HLU model of mice, that was exposed to a HyMF

condition of< 300 nT generated by a geomagnetic field-shielding
chamber. The results indicated that BMC, BV/TV, Conn.Dn, ultimate
bending moment and ultimate stress of femur were dramatically de-
creased in the HLU and HyMF+HLU group compared with the control
and HyMF group. Moreover, these parameters were significantly lower

Fig. 5. Effects of HyMF and HyMF+HLU on bone
formation and bone resorption of femurs in mice. A)
Hematoxylin and Eosin (H&E) staining of trabecular
bone on the distal of femur and osteoblasts were
marked in black arrow (Bar=20 μm); B) The
number of osteoblasts were evaluated by osteoblast
number per bone surface (N.Ob/BS); C) Serum levels
of the bone formation markers alkaline phosphatase
(ALP); TRAP staining of trabecular bone on the distal
of femur and osteoclasts were identified on the bone
surfaces by red TRAP staining (D, Bar= 50 μm; E,
Bar= 10 μm); F) The number of osteoclasts were
evaluated by osteoclast number per bone surface
(N.Oc/BS); G) The osteoclast surface per bone sur-
face (Oc.S/BS); H) The eroded surface per bone
surface (ES/BS); I) Serum levels of tartrate resistant
acid phosphatase (TRAP5b) were evaluated as mar-
kers of bone resorption. Ctrl: Mice were kept in a
wooden experimental box with the normal GMF for
28 days; HLU: Mice were suspended and raised in a
wooden box; HyMF: Mice were raised normally in a
GMF-shielded room; HyMF+HLU: HLU mice were
raised in a GMF-shielded room (n=6–8/group).
Data shown as Mean ± SD. ⁎P < 0.05 vs. Ctrl,
#P < 0.05 vs. HyMF.
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in the HyMF+HLU group than in the HLU group. However, interest-
ingly enough, HyMF by itself had no impact on any variable measured
in this study. A plausible explanation is that HyMF effects are so weak
that bone homeostasis cannot be broken. While bone homeostasis be-
comes disordered in unloading condition, the detrimental effects of
HyMF on bone may be magnified.

Ferritin is an iron storage protein, already as an index of iron stores
for clinical evaluation [47]. Although many indexes are available, de-
termination of iron status by using serum ferritin (SF) concentrations is
the most efficient indicators used in clinical and public health settings
[48]. Evidence from short- and long-duration spaceflights showed that
astronauts had increased levels of circulating SF [26, 27]. A recent long-
duration spaceflight with 23 cosmonauts, SF levels increased about
220% in women and 70% in men by flight day 15 [28]. Furthermore,
higher SF stores connected with a greater degree of reduction in BMD of
the hip, trochanter, hip neck, and pelvis after long-duration spaceflight
[28]. As a simulated microgravity model, we found an increased level of
serum iron and ferritin in mice subjected to HLU or HLU+HyMF for
28 days. Concomitantly, DXA analysis showed that the femoral BMD
were significantly decreased in the HLU and HyMF+HLU group

compared to the control and HyMF group. These data are important to
show that SF concentrations were probably associated with osteopenia
in mechanical unloading.

A majority of the redundant body iron is found in hepatocytes and
reticuloendothelial macrophages, which serve as a repository of iron
[49]. The liver can easily take up an amount of circulating iron that
exceeds the binding capacity of plasma transferrin [50]. HLU has been
showed can induce an increased iron content and ferritin level in liver
of mice [30]. Similarly, our study also demonstrated that elevated iron
deposit of liver was observed by the Prussian blue staining in mice with
HLU treating. Moreover, more iron accumulation presented in liver of
mice which were subjected to HLU under GMF or HyMF condition.
Spleen contains a large number of macrophages, senescent or other
aberrant erythrocytes are normally phagocytosed by macrophages,
followed by degradation of their hemoglobin [51]. The most dramatic
increase in the amount and distribution of iron in HLU and
HyMF+HLU treated mice occurred in the spleen. This is probable a
result that erythrophagocytosis of damaged red blood cells were in-
creased in spleen of unloaded mice. Indeed, report from space missions
showed a 10–15% decrease in red blood cell mass during flight because

Fig. 6. Effects of HyMF and
HyMF+HLU on iron, ferritin and
hepcidin levels in serum of mice. The
level of serum iron (A), ferritin (B) and
hepcidin (B) were calculated by using
mouse ELISA kits. Ctrl: Mice were kept
in a wooden experimental box with
the normal GMF for 28 days; HLU:
Mice were suspended and raised in a
wooden box; HyMF: Mice were raised
normally in a GMF-shielded room;
HyMF+HLU: HLU mice were raised
in a GMF-shielded room (n= 6–8/

group). Data shown as Mean ± SD. ⁎P < 0.05 vs. Ctrl, #P < 0.05 vs. HyMF.

Fig. 7. Effects of HyMF and HyMF+HLU on iron distribution in tissues of mice. Histological analysis of iron deposits in liver (A, Bar= 20 μm), spleen (C,
Bar= 50 μm) and duodenum (E, Bar= 20 μm) sections by Perls' iron staining. Atomic absorption spectrometry detected the total iron content in liver (B), spleen (D)
and duodenum (F). Ctrl: Mice were kept in a wooden experimental box with the normal GMF for 28 days; HLU: Mice were suspended and raised in a wooden box;
HyMF: Mice were raised normally in a GMF-shielded room; HyMF+HLU: HLU mice were raised in a GMF-shielded room (n=6–8/group). Data shown as
Mean ± SD. ⁎P < 0.05 vs. Ctrl, #P < 0.05 vs. HyMF.
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of neocytolysis [25]. The iron from the reduced erythrocytes is trans-
ferred into storage tissues and circulation.

Hepcidin is the master regulator of iron homeostasis and ferroportin
is an iron exporter present on the surface of enterocytes, hepatocytes
and macrophages [38]. After binding to hepcidin, ferroportin is inter-
nalized and degraded, leading to decreased export of cellular iron [38].
In the current study, we demonstrated that serum hepcidin concentra-
tions were elevated in unloaded mice under GMF and HyMF condition.
Although there was no statistical difference between the HLU group and
the HyMF+HLU group, upward hepcidin level could be found when
shielding the geomagnetic field, and accompanied by iron overload in
liver, spleen and bone. Hepcidin is a peptide hormone secreted by the
liver. Although the expression of hepcidin was not determined in this
study, a recent study demonstrated hepcidin expression of liver in male
C57BL/6 mice was upregulated during unloading [30]. Moreover, HLU
induced hepcidin upregulation through the inflammatory signaling
pathway IL-6/STAT3 but not BMP/SMAD pathway in male Wistar rats
[31]. Interestingly, iron overload driven bone loss was associated with
increased production of inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) and interleukin-6 (IL-6) [24]. In conclusion, it is
possible that the increase of hepcidin expression during unloading in
response to iron loading and inflammation.

Iron catalyzes the formation of reactive oxygen species (ROS) is
found to be critical in iron-mediated osteoblast activity and osteoclast
activity. Iron overload probably inhibited osteoblast activity through
higher oxidative stress following increased intracellular iron con-
centrations [52]. Ferric ion could promote RANKL-induced osteoclast
differentiation and bone resorption through the production of ROS
[22]. Iron overload induced bone loss in mice was associated with in-
creased production of ROS, and the free radical scavenger N-acetyl-L-
cysteine (NAC) could partially prevent the development of bone de-
formities caused by excess iron [24]. Importantly, numerous experi-
ments from spaceflight and ground-based models have revealed that
skeletal responses to spaceflight are related to redox signaling and
oxidative stress [53]. A study in a long duration on the International
Space Station, was performed to evaluate the association of iron status
with oxidative damage and bone loss in astronauts [28]. The results
showed the changes of SF were definitely correlated with the oxidative

damage markers, suggesting that elevated iron storage during space-
flight might be a risk factor for oxidative damage and bone resorption
[28]. Moreover, intracellular ROS generation induced by mechanical
unloading, contributed to the occurrence of bone loss [54]. In our
study, we demonstrated that increased iron store was found in the HLU
group, and HyMF accelerated more iron accumulation and bone loss in
unloaded mice. Therefore, it is a hypothesis that higher oxidative stress
induced by iron overload is a cause of the enhancement of unloading-
induced bone loss by HyMF.

Bone formation by osteoblasts, and bone resorption by osteoclasts,
are tightly coupled to maintain bone homeostasis, namely bone re-
modeling [55]. Astronauts showed a trend toward decreased bone
formation markers and increased bone resorption markers [56, 57].
Similar to the observation from several study using tail suspension in
C57BL/6 mice [30, 58, 59]. Here we found a moderate decrease in bone
formation and a dramatic increase in bone resorption after 28 days of
unloading in C57BL/6 mice. Furthermore, increasing evidence indicates
that both increased bone resorption by osteoclasts and decreased bone
formation by osteoblasts are concerned in the pathological osteoporosis
in iron overload conditions [19]. Osteoblasts are derived from the dif-
ferentiation of bone marrow mesenchymal stem cells (BMSCs) and os-
teoclasts differentiate from the bone marrow monocyte/macrophage
hematopoietic lineage [55]. Balogh et al. [21] showed that iron selec-
tively inhibits osteogenic differentiation of BMSCs without influencing
adipogenic and chondrogenic differentiation. On the other hand, a
study suggested that the biological functions of monocytes/macro-
phages need moderate iron, while osteoclasts require a high level of
iron [60]. Importantly, our results showed the iron content of femoral
bone marrow was increased, accompany with decreased amount of
osteoblasts and increased number of osteoclasts in femur of unloaded
mice. Moreover, in unloaded mice under HyMF, there were more iron
level in femoral bone marrow, more osteoclasts and less osteoblasts
were observed in femur than in HLU mice under GMF. Therefore, iron
overload may be involved in HyMF aggravated bone loss in unloading
by decreased bone formation and increased bone resorption.

In summary, we demonstrated that HyMF can promote additional
bone loss in hindlimb unloading-induced bone loss in male C57BL/6
mice. The underlying mechanism might involve in the increase of body

Fig. 8. Effects of HyMF and HyMF+HLU on iron
content in femurs of mice. The total iron content in
diaphysis (A) and bone marrow (B) of femur was
detected by AAS. DAB-enhanced Perls' iron staining
in cancellous bone (C, Bar= 20 μm) and cortical
bone (D, Bar= 50 μm) of femur. Ctrl: Mice were kept
in a wooden experimental box with the normal GMF
for 28 days; HLU: Mice were suspended and raised in
a wooden box; HyMF: Mice were raised normally in a
GMF-shielded room; HyMF+HLU: HLU mice were
raised in a GMF-shielded room (n=6–8/group).
Data shown as Mean ± SD. ⁎P < 0.05 vs. Ctrl,
#P < 0.05 vs. HyMF.
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iron storage, which may induce oxidative stress responses. This study
introduces an influence factor, HyMF, for spaceflight induced bone loss.
Moreover, these findings provide a potential prevention strategy for
space induced osteoporosis, by exposing astronauts to a certain in-
tensity of the magnetic field or targeting the iron metabolism pathway.
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