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Excessive Iron and Weightlessness Effects on the
Femurs and Livers of Rats

Aidong Wang; Jiachen Zang; Jing Wang; Guangjun Nie; Guanghua Zhao; Bin Chen

BACKGROUND: Weightlessness results in negative physiological changes. Excessive iron in organisms likewise leads to numerous
damages. In this study, we investigated the effect of a combination of iron overload and weightlessness simulated by

tail-suspending on rats.

METHODS: Male Wistar rats were randomly divided into four groups: control (CON), iron overload (I0), simulated weightlessness
(SW), and iron overload plus simulated weightlessness (I0+SW). After the experiment, the rats were evaluated through
routine blood, serum ferritin, histology, and micro-computed tomography analyses.

RESULTS: As compared to CON, a combination of 10 and SW resulted in a 15.9% loss of rat bodyweight versus treatment with each
alone (3.3%in 10, 11.7% in SW group). Although iron overload is mainly responsible for an increase in hemoglobin (4.7%
in 1O the group) and serum ferritin (71.7% in 10 group) concentration, simulated weightlessness facilitates such increase
(5.3% and 118.4% in 10 + SW group, respectively). Similarly, iron overload resulted in severe iron deposition on the liver
and spleen, and the deposition became more serious in the combined model. In contrast, the simulated weightlessness

is mainly responsible for the damage to the femur.

piscussion:  All the results demonstrated that the combined conditions exhibited a significantly different effect on rats from those
with either simulated weightlessness or iron overload alone, and that these different effects are organ-dependent.
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he effects of weightlessness or microgravity in space

are an ongoing issue. Numerous studies characterizing

the negative effects of weightlessness mainly on bone, cal-
cium balance, muscle mass, cephalic fluid, and the immune sys-
tem have been reported.” Among these effects, bone loss has
received more attention due to its serious consequences, par-
ticularly for space travel of longer durations,' which is the
future direction of spaceflight. Also, a long-term increase in tis-
sue iron availability and storage during spaceflight is cause for
concern and represents a potential general risk across all perfor-
mance and disease conditions in space.'® Namely, weightless-
ness during long-duration spaceflight is one of the unusual
stimulations that induces iron overload. Normally, hereditary
iron overload is mainly caused by mutations in the iron metabo-
lism genes (HFE, HJV, HAMP, TFR2, and SLC40A1),’ while sec-
ondary iron overload is often associated with many commonly
known conditions such as the high consumption of iron-rich
food, inappropriate supplementation of iron, accumulation of
iron in vivo caused by severe anemia, and the necessity of trans-
fusion in some patients.?®

Being a component of numerous biological enzymes and
metalloproteins makes iron ubiquitous in cells and essential for
life. Since iron is involved in many critical physiological pro-
cesses, the homeostasis maintained by the balance between iron
use, absorption, storage, and recycling is vitally important.'” An
excessive amount of free iron is deleterious, because iron can
lead to reactive oxygen species, which can chemically attack
macromolecules, including deoxyribonucleic acid, proteins,
and lipids.®
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There is a complex system that exists in the human body to
fulfill the metabolic demand for iron and to maintain physio-
logical concentrations in the plasma compartment and differ-
ent organs. In this system, hepcidin is a key regulator.” Hepcidin
is a hepatocyte-produced peptide hormone that down regulates
iron concentration by binding to and consequently inducing
the internalization and degradation of the ferroportin protein.*
Ferroportin is the only known transporter that exports iron
from cells, making it possible to transfer iron from one cell type
to another. Moreover, the secretion of hepcidin is in response to
both iron loading and inflammation,'” so an increase in hepci-
din concentration in serum could be an indicator of iron over-
load in an organism.

The adverse effects of weightlessness and iron overload
have been widely reported.>® However, to the best of our
knowledge, so far there has not yet been any report on the
combined effect of iron overload and weightlessness on ani-
mals or humans. Therefore, the purpose of the present study
was to evaluate the effect of a combination of iron overload
and weightlessness simulated by tail-suspension of rats. Fe-
dextran treatment, that leads to similar pathological and
clinical consequences observed after acute iron overload in
humans, constitutes a good model for iron toxicity assess-
ment.'® Weightlessness simulated by tail-suspension, as
described by NASA, is technically appropriate'® and widely
used in microgravity models.

METHODS

Animals

Animals were handled and treated in accordance with the
Regulations for the Administration of Affairs Concerning
Experimental Animals (Approved by the State Council of PR.
China, 1988). All the procedures were approved by the Insti-
tutional Animal Ethnic Committee of the China Agricultural
University.

Forty male Wistar rats at 7 wk of age (Experimental Animal
Center of Military Medical Sciences, Beijing, China), with 220-
235 g of bodyweight, were group housed and allowed to accli-
mate to the environment for 7 d on a 12-h light/dark cycle and
constant relative humidity of 55% at 25 = 2°C. All the animals
were given free access to commercial animal chow (Experimen-
tal Animal Center of Military Medical Sciences, Beijing, China)
and water. After acclimation, rats were randomly divided into
control (CON), iron overload (I0), simulated weightlessness
(SW), and iron overload and simulated weightlessness (I0+SW)
groups, and were housed alone in specially designed cages with
bodyweights being recorded every 3 d. Rats in the SW and
IO+SW groups were tail-suspended for 24 d while, in the other
two groups, the rats were caged individually without tail sus-
pension under the same condition. Rats in IO and IO+SW
groups were given five doses (one dose every 2 d) intraperito-
neal injection of iron-dextran at a dose of 100 mg - kg™ ! body-
weight while, correspondingly, the other two groups received
an isovolumic injection of saline.
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Equipment

Weightlessness was simulated using a modified version of the
tail suspension technique.'> A strip of elastic hairpin loop
secured by strips of the tape on the cleaned tail and a link chain
preattached to the overhead bar of the cage was used to main-
tain the rat in about a 30° head-down tilt position with their
hind limbs unloaded. Rotation of 360° and free access to food
and water were allowed. Routine blood chemistry parameters
were examined with an automated analyzer (Kohden, Tokyo,
Japan). Serum ferritin was detected with a rat ferritin kit (IBL,
Hamburg, Germany). Tissue sections were cut with a Microm
HM 315 (Microm HM 315, Microm, Walldorf, Gemany)
microtome. Pathological evaluation and iron deposition analy-
ses were examined using Image Plus (Rockville, MD). Micro-
CT analyses were performed using pCT40, Scanco Medical,
Briittisellen, Switzerland. Relative concentrations of serum
hepcidin were measured using matrix-assisted laser desorp-
tion/ionization time of flight mass spectrometry (Billerica,
MA) analyses.

Procedure

Animals were fasted overnight before sacrifice and then anes-
thetized with ethyl ether. Blood samples were quickly collected
and part of the serum of every sample was separated for routine
blood chemistry examination and serum ferritin analyses,
respectively. The liver, heart, spleen, kidney, musculus gastroc-
nemius, and duodenum were carefully removed, fixed in 4%
paraformaldehyde and 10% formalin solution, and then embed-
ded in paraffin. Sections (~5 wm) were cut with the micro-
tome and then stained with hematoxylin-eosin and Prussian
blue for pathologic evaluation and iron deposition analyses,
respectively.

Densitometric and morphometric micro-CT analyses were
performed on the cortical bone and trabecular bone at the left
distal femurs. Bones were scanned ex vivo using a micro-CT
system. The energy settings were 55kV and 145 mA, and at a 32
pm voxel size. The processing system was used to firstly define
cortical and trabecular regions of interest (ROIs) on all vol-
umes. The ROIs extended from the region of the distal femur
beginning at the growth plate proximally along the femur
diaphysis for more than 1.7 mm. Trabecular ROIs were drawn
free-hand on sequential slices, including the endosteal enve-
lope, conforming to the endosteal contour on each slice. Corti-
cal ROIs were defined as 1.7-mm segments of the mid-diaphysis
of the femurs and resulted from digital subtraction of the
respective trabecular ROIs from the whole bone volume.?® All
trabecular bone from each selected slice was segmented for
three-dimensional reconstruction (sigma = 1.2, supports = 2,
and threshold = 180) to calculate the following parameters:
bone mineral density, bone volume/total volume fraction (BV/
TV), trabecular number (Tb.N), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), connectivity density, and struc-
ture model index.” The relative concentration of hepcidin in
serum was measured using a modified version of a newly
designed method depending on mesoporous silica chip enrich-
ment and Maldi-TOF MS analysis.*
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Statistical Analysis

SPSS Statistics 19.0 was utilized to analyze the data. The dif-
ference between two groups was determined using the Student-
Newman-Keul test. Also, the mean difference among groups
compared with the control was determined by applying a
one-way ANOVA followed by Dunnetts test. Data are shown
in mean * SD and p < 0.05 was considered statistically
significant.

RESULTS

Body growth [F(3, 36) = 25.594, p < 0.001] was markedly
reduced in the SW and IO+SW groups as compared to the
CON group (11.7% and 15.9% respectively, both p < 0.05),
while no significant difference was observed between the 10
and CON groups (Fig. 1). Also, the mean bodyweight in the
IO+SW group was significantly lower than that in the SW
group (13.0%, p < 0.05). Initially, the approximate bodyweight
of animals in the four groups was 220-235 g, but it increased to
334 = 34 g in the CON group before sacrifice. In contrast,
bodyweight was 323 * 19 g, 295 = 29 g, and 281 = 22 g in the
IO, SW, and IO+SW groups before sacrifice, respectively.
Various blood indexes were analyzed to obtain more infor-
mation on the effect of the above mentioned different treat-
ments on the rats. Results showed that, generally, there were
significant differences in hemoglobin concentration [F(3, 36) =
12.061, p < 0.001] and serum ferritin concentration [F(3, 36) =
10.621, p < 0.001] among different groups (Table I). Compared
with the CON group, hemoglobin concentration was signifi-
cantly increased by 5.0% (p < 0.05) and 5.7% (p < 0.05) in the
IO and IO+SW group, respectively, whereas no significant
increase was observed with the SW group. At the same time, no
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Fig. 1. Change in bodyweight of rats upon different treatments with iron over-
load (I0), simulated weightlessness (SW), and iron overload plus simulated
weightlessness (I0+SW), respectively. Bodyweight was measured every 3 d.
Data are expressed as means = SD

significant difference emerged between the 10 and I0+SW
group. Serum ferritin concentration was significantly increased
by 71.7% (p < 0.05) in the IO group as compared to the CON
group, and it was 27.2% (p < 0.05) above the IO value in the
IO+SW group. However, the serum ferritin concentrations
between the SW group and CON group were comparable. In
contrast to the hemoglobin and serum ferritin concentrations,
red blood cell numbers [F(3, 36) = 0.592, p = 0.624] among the
four groups were comparable.

According to the analysis of hematoxylin-eosin stained
organ sections under a light microscope (Fig. 2; see online fig-
ure for color), no pathological change was discovered in the
heart, kidney, musculus gastrocnemius, or duodenum sections
(Fig. 2B, B5-B20) of all tested groups, whereas iron deposits
(dark brown particles) can be clearly visualized in the liver (Fig.
2A, A2, A4) and spleen (Fig. 2B, B2, B4) of both the IO and
IO+SW groups. Such deposition was more serious in the
I0+SW group than the IO group. In the liver sections (Fig. 2A,
A1-A4), the hepatocellular plates in the CON (Fig. 2A, A1) and
SW (Fig. 2A, A3) groups were spokewheel-shaped, with the
central vein as the center and distributed radially outward, with
regularly scattered hepatic sinusoids. Compared to the CON
and SW groups, the sections in the IO (Fig. 2A, A2) and IO+SW
(Fig. 2A, A4) groups showed less regularity and more obvi-
ous iron deposition (dark brown particles). The same phenom-
enon and trend were discovered in the spleen sections, but not
in the heart, kidney, musculus gastrocnemius, or duodenum
sections.

To obtain more evidence for iron deposition in the liver,
Prussian blue staining was used in the liver sections for the dif-
ferent groups (Fig. 2A, A5-A8). As expected, blue stained iron
deposits can be observed in the cytoplasm of the hepatocytes in
the IO (Fig. 2A, A6) and IO+SW groups (Fig. 2A, A8), and even
were obviously denser in the IO+SW group, while no iron
deposition was detected in the SW and CON groups.

In the micro-CT analysis (Fig. 3), it was observed that BV/
TV [F(3, 36) = 14.090, p < 0.001] was significantly reduced
upon treatment with iron overload (10.9%, p < 0.01), simulated
weightlessness (18.8%, p < 0.01), and their combination
(15.6%, p < 0.01) as compared to the CON group, respectively
(Fig. 3A). The BV/TV in the IO+SW group was 5.3% lower
than that of the IO group and 3.8% higher than that of the SW
group, but there was no statistically significant difference
among the three treated groups. Consistent with this conclu-
sion, similar results were obtained in that thinner cortices and
decreased cortical area are evident in the SW, IO, and IO+SW
groups with respect to the control group (Fig. 3B).

To better understand the effect of the above mentioned
different treatments on the rat femur, Tb.Th, Tb.N, and Tb.Sp
in the different groups were further analyzed, and the results
are shown in Table II. Generally, these parameters revealed
a remarkable discrepancy between the different groups. As
expected, Tb.Th [F(3, 36) = 9.161, p < 0.001) was decreased
in the IO, SW, and IO+SW groups by 9.3% (p < 0.05), 28%
(p < 0.05), and 23% (p < 0.05), respectively, as compared
to the CON group. Compared to the IO group, Tb.Th was
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Table I. Hemoglobin, Red Blood Cells, and Serum Ferritin in Each Experimental Group.

GROUP CON SW 10+SW
HGB (g/L) 16850 * 6.20 17650 = 8912 167.63 = 893 17746 = 1037°
RBC (X 10'%/L) 764 + 043 748 * 0.54 742 * 060 729 =053
FE (ng/mL) 37.12 %212 63.74 + 6.60° 4488 + 1144 81.06 + 7.78°

HGB, hemoglobin and serum ferritin; RBC, number of red blood cells; FE, serum ferritin. Data are mean = SD; *represents a significant difference from the CON group at p < 0.05; Prepresents

a significant difference from the 10 group at p < 0.05.

statistically significantly lower (p < 0.05) in the SW and
IO+SW groups, but was comparable between the SW and
I0+SW groups. Similarly, Tb.N [F(3, 36) = 10.097, p < 0.001]
was reduced in the IO, SW, and IO+SW groups by 10.4% (p <
0.05),26.2% (p < 0.05), and 22.9% (p < 0.05), respectively, as
compared to the CON group. While the Tb.N in the SW and
IO+SW groups was significantly lower (p < 0.05) than that in
the IO group, there was no significant difference between the
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Fig. 2. Histological analyses of rats upon different treatments with iron overload (I0), simulated weight-
lessness (SW), and iron overload plus simulated weightlessness (I0+SW), respectively. Histological analy-
sis of the sections from the liver (A1-8), spleen (B1-4), heart (B5-8), kidney (B9-12), musculus gastrocnemius
(B13-16), and duodenum (B17-20) in each group are shown. Sections were submitted to hematoxylin and
eosin (A1-4, B1-20) or Perl’s Prussian blue (A5-8) and are shown at X400 or X200 magnification. Section
A2, A4, B2, and B4 show hemosiderin deposition [brown arrows (see online figure for color)]; A6 and A8

show iron deposition [blue arrows (see online figure for color)].

SW and IO+SW groups. In contrast to the trends in Tb.Th and
Tb.N, Tb.Sp [F(3, 36) = 14.673, p < 0.001] of the rat femur
was increased with either iron overload or simulated weight-
lessness. Compared to the CON group, Tb.Sp was significantly
increased by 27.9% (p < 0.05), 42.3% (p < 0.05), and 72.0%
(p < 0.05) in the IO, SW, and IO+SW groups, respectively.
Meanwhile, the SW group exhibited significantly higher Tb.Sp
than the IO group (2.6%, p < 0.05), while the Tb.Sp in
the IO+SW group (20.8%, p < 0.05) was
higher than that in the SW group.

To shed light on the effect caused by
excessive iron in the combined model, we
analyzed the relative concentration of hepci-
din in the rat serum using Maldi-TOF MS,
and the results are shown in Fig. 4. The
serum hepcidin level [F(3, 36) = 85.119, p <
0.001] of the rats increased in the IO and
I0+SW groups by 117.5% (p < 0.01) and
277.0% (p < 0.01), respectively, as compared
to the CON group, but no statistically signifi-
cant difference in serum hepcidin level was
observed between the CON and SW groups.
Moreover, serum hepcidin level in the
IO+SW group was significantly higher
(73.3%, p < 0.01) than that in the IO group.

10 + SW

DISCUSSION

Iron overload and weightlessness might
occur simultaneously during long-duration
spaceflight. However, so far, there has been
no information on their combined effect on
animals or humans. The present studies
demonstrate that the combination of iron
overload and simulated weightlessness had
significantly different effects on rats from
that of iron overload or simulated weight-
lessness alone, and that these effects dif-
fered according to different organs.
Treatment with simulated weightless-
ness alone caused a significant reduction in
rat body growth as compared with the CON
group, while excessive iron did not result in
a significant decrease in bodyweight growth
(Fig. 1). Thus, under the present experi-
mental conditions, a loss of bodyweight
in the rats was mainly derived from the
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Fig. 3. Micro-CT analyses of rat femurs upon different treatments with iron overload (I0), simulated
weightlessness (SW), and iron overload plus simulated weightlessness (I0+SW), respectively. A) Bone
volume fractions (BV/TV) were represented in the histogram with SD. ?p < 0.01 compared with the con-
trol (CON). B) Micro-CT images showing the thinning in the trabecular and cortical sections of the femur.

observation, previous studies also showed
that serum ferritin level was also increased
by excessive iron.’ Interestingly, it was
found in this study that a combination of
iron overload and simulated weightlessness
increased the ferritin level of the rats to a
much higher level than iron overload or
simulated weightlessness alone, suggesting
that there is a synergistic effect between
these two factors (iron overload or simu-
lated weightlessness) on the above observed
increase in the serum ferritin concentration
of the rats. In contrast, the red blood cell
numbers among the four groups were com-
parable (Table I), which is inconsistent with
previous observation'® of spaceflight from
day 1 to day 120. The difference may due to

simulated weightlessness rather than the iron overload. This
might be ascribed to the lower dosage of iron administration
used in this study (total 500 mg - kg~ ') as compared to the pre-
vious report (total 1496 mg - kg~ !).!* Consistent with the pres-
ent observation, inhibition of bodyweight growth was likewise
observed long before in the weightlessness model.!” However,
the presence of excessive iron aggravated the inhibition of the
bodyweight growth of rats caused by simulated weightlessness
(Fig. 1). A possible mechanism regarding this obervation
remains unknown.

Contrary to the above mentioned bodyweight results, the
hemoglobin concentration of the SW group was nearly the
same level as the CON group (Table I), indicating that treat-
ment of rats with tail-suspension hardly affected hemoglobin
concentration. Support for this idea comes from the observa-
tion that the hemoglobin concentration of the IO group was
comparable with that of the IO+SW group. However, the hemo-
globin concentration of both the IO+SW and IO groups was
statistically significantly higher than that of the CON group
(Table I), demonstrating that iron overload rather than hind
limb unloading is a key factor which leads to an increase in the
hemoglobin concentration of rats.

Serum ferritin has been widely used in clinical medicine to
measure iron stores, which is considered as a good marker of
iron level.®* We successfully built an iron overload model with
rats by the i.p. injection of iron-dextran based on the statisti-
cally higher level of serum ferritin in the IO group compared
with the CON group (Table I). Consistent with the present

Table Il. Thickness, Number, and Spacing of Trabecula in the Femur.

a shorter period (only 24 d) applied in the
present study as compared to the previous
report.'®

An obvious decrease in the regularity of cells and the deposi-
tion of iron in the liver sections in the IO and IO+SW groups
compared with the CON and SW groups (Fig. 2A) confirmed
the possibility that excessive iron in vivo might be consequently
deposited into various parenchymal organs, especially in the
liver, agreeing with previous observations.'® Also, the more
severe iron deposition in the liver sections in the IO+SW group
compared with the IO group (Fig. 2A, A6, A8) indicated that
the accumulation of excessive iron in the hepatic parenchymal
cells is accelerated by simulated weightlessness, while simulated
weightlessness alone cannot cause macroscopic iron deposition
in the liver. Since the liver is mainly responsible for taking up
and storing excessive amounts of iron, hepatotoxicity is the
most consistent findings in patients suffering from iron over-
load and a similar iron deposition has been described along
with some other liver injuries like fibrosis and, ultimately, cir-
rhosis.” The same phenomenon and trend were discovered in
the spleen sections but not in the heart, kidney, musculus gas-
trocnemius, or duodenum sections (Fig. 2B). These results
demonstrated that treatment with a combination of iron over-
load and simulated weightlessness synergistically caused the
damage to the liver and spleen, consistent with the above serum
ferritin concentration analyses as shown Table 1.

Bone injury such as osteoporosis and fractures occurs
frequently in disorders due to iron overload,”! including
thalassemias and hemochromatosis. It has been proposed
that bone loss is associated with increased bone resorption,

GROUP CON 10 sw 10+SW
Tb.Th (mm) 0.3870 £0.03 03509 *+ 0.02° 02784 + 0.01° 0.2968 = 0.01°
TbN (mm™") 35783 £0.23 32076 = 0.21° 26425+ 0.17° 27602 +0.11°
Tb.Sp (mm) 0.2225 £0.02 03087 = 0.01° 03167 = 0.01° 03827 = 0.02¢

TbTh, trabecular thickness; Tb.N, trabecular number; Tb. Sp, trabecular spacing. Data are mean + SD; ®represents a significant difference from the CON group at p < 0.05; "represents a
significant difference from the 10 group at p < 0.05. ‘represents a significant difference from the SW group at p < 0.05.
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Fig. 4. Area under the curve resulting from analysis of hepcidin in the serum
of rats upon different treatments with iron overload (I0), simulated weight-
lessness (SW), and iron overload plus simulated weightlessness (I0+SW),
respectively. The histograms illustrate the peak area of hepcidin relative to that
of ACTH (internal standard). Data represent the mean of 10 random samples
in each group with SD. The peak area of each sample is an average which was
taken from at least three independent analyses. °p < 0.01 compared with the
SW and CON groups. °p < 0.01 compared with the 10 group.

which is most probably related to the presence of increased
ROS induced by excessive iron.”’ Indeed, the formation of
bone and the differentiation of osteoblasts can be inhibited
by exposure to excess iron ions.?” On the other hand, bone
loss is one of the changes with serious consequences, in
particular for space travel of longer duration. Recent stud-
ies have shown that astronauts lost 1-2% bone weight per
month during the course of the flight.'!! Consistent with
previous studies,'> 2 22 treatment of rats with either iron
overload or simulated weightlessness was found to cause
the bone loss from the rat femur in this study (Fig. 3A). This
result was in accordance with the fact that thinner cortices
and decreased cortical area were found in the 10, SW, and
IO+SW groups than the CON group (Fig. 3B). The bone
volume fraction in the IO+SW group was lower than that
of the IO group, but without significance, suggesting that
simulated weightlessness does not facilitates the bone loss
in iron-overloaded rats. This result is different from the
above observation showing that treatment with iron over-
load plus simulated weightlessness has a more negative
effect on the liver and spleen of rats (Fig. 2). Such a differ-
ence raises the possibility that the damage caused by a com-
bination of iron overload and simulated weightlessness is
organ-dependent.

A decrease in trabecular thickness and trabecular number
was observed in the IO, SW, and IO+SW groups as compared
with the CON group with a statistically significant difference
(Table II). This decrease was significantly larger in the SW
group than the IO group, while there was no statistical signifi-
cance between the IO+SW and SW groups (Table 2). These
results demonstrated that simulated weightlessness plays a
more important role in bone loss as compared to iron overload

IRON EXCESS & WEIGHTLESSNESS—Wang et al.

when rats were treated with iron overload and simulated
weightlessness combined, and that the combined effect on the
rat femur is not the simple addition of these two factors.

The absence of a statistically significant difference in hepci-
din levels between the SW and CON groups (Fig. 4) indicated
that simulated weightlessness alone did not cause the increase
in hepcidin levels under the present experimental conditions.
It has been established that hepcidin plays a key role in regulation
of iron release from enterocytes of the proximal small intestine,
macrophages, and monocytes. It performs the functions chiefly
by altering the expression of ferroportin (Fpn) on the plasma
membranes of these cells.’ Specifically, when the circulating
level of iron is high, the secretion of hepcidin will increase and
lead to internalization of Fpn, thus decreasing iron transport
out of enterocytes and macrophages. In contrast, when the level
of iron is low, the secretion of hepcidin will decrease to ensure
iron release from cells through Fpn.? Therefore, by modulating
hepcidin production, organisms control intestinal iron absorp-
tion, iron uptake, and mobilization from stores to meet the
body iron need. Thus, based on the present result (Fig. 4), it can
be concluded that treatment with simulated weightlessness
alone did not increase iron levels. In contrast, the statistically
higher relative concentration of serum hepcidin was observed
in the IO group compared to the CON group, indicating that
treatment with iron overload caused the up-regulation of hep-
cidin in rats. Additionally, it was observed that the content of
hepcidin was notably higher in the IO+SW group than that of
the IO group, indicating that simulated weightlessness acceler-
ated the up-regulation of hepcidin in rats caused by excessive
iron. Thus, it appears that the combination of iron overload and
simulated weightlessness has a synergistic effect on the increases
of serum hepcidin in rats, as shown with the Prussian blue
staining in the liver in Fig. 2.

Compared with the SW group, hepcidin level was signifi-
cantly higher in the IO+SW group. Considering similar bone
volume fractions observed in the two groups, we speculate that
there might be an antagonistic effect between excessive iron
and a high level of hepcidin caused by simulated weightlessness
on bone growth of the femur of rats. Support for this idea came
from previous studies that excessive iron can damage bone,"
while hepcidin showed a positive effect on bone through
increasing the calcification of human osteoblast cells.'* Indeed,
arecent study has reported that hepcidin increases intracellular
Ca’" of the osteoblast hFOB1.19 through L-type Ca** chan-
nels,” providing preliminary evidence that hepcidin could
have an anti-osteoporosis effect. A detailed mechanism is under
investigation.

In conclusion, we demonstrate for the first time that a com-
bination of both iron overload and weightlessness simulated
by tail-suspended hind limb unloading has a pronouncedly
distinct effect on rats compared with each factor alone. In this
combined model, iron overload rather than simulated weight-
lessness played a much more important role in the increase in
hemoglobin and serum ferritin concentration, and iron depo-
sition in the liver and spleen of rats, but simulated weightless-
ness facilitated the increase and iron deposition, indicative of
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a synergistic effect between these two factors. In contrast,
simulated weightlessness appears to be mainly responsible for
the damage to the femur of rats, while treatment with iron
overload somehow alleviated such damage, demonstrating an
antagonistic effect between these two factors occurring on the
rat femur.
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