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Abstract
This study investigated the effects of long-term simulated weightlessness on liver morpholo-

gy, enzymes, glycogen, and apoptosis related proteins by using two-month rat-tail suspen-

sion model (TS), and liver injury improvement by rat-tail suspension with resistance training

model (TS&RT). Microscopically the livers of TS rats showed massive granular degenera-

tion, chronic inflammation, and portal fibrosis. Mitochondrial and endoplasmic reticulum

swelling and loss of membrane integrity were observed by transmission electron microsco-

py (TEM). The similar, but milder, morphological changes were observed in the livers of

TS&RT rats. Serum biochemistry analysis revealed that the levels of alanine aminotransfer-

ase (ALT) and aspartate aminotransferase (AST) were significantly higher (p<0.05) in TS

rats than in controls. The levels of ALT and AST in TS&RT rats were slightly lower than in

RT rats, but they were insignificantly higher than in controls. However, both TS and TS&RT

rats had significantly lower levels (p<0.05) of serum glucose and hepatic glycogen than in

controls. Immunohistochemistry demonstrated that the expressions of Bax, Bcl-2, and ac-

tive caspase-3 were higher in TS rats than in TS&RT and control rats. Real-time polymerase

chain reaction (real-time PCR) showed that TS rats had higher mRNA levels (P < 0.05) of

glucose-regulated protein 78 (GRP78) and caspase-12 transcription than in control rats;

whereas mRNA expressions of C/EBP homologous protein (CHOP) and c-Jun N-terminal

kinase (JNK) were slightly higher in TS rats. TS&RT rats showed no significant differences

of above 4 mRNAs compared with the control group. Our results demonstrated that long-

term weightlessness caused hepatic injury, and may trigger hepatic apoptosis. Resistance

training slightly improved hepatic damage.
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Introduction
Physical and psychosocial impacts on astronauts during space flight are always a major con-
cern and also largely unknown, although humans have successfully explored space for over 50
years [1–3]. To understand the risks of spaceflight, ground-based simulated weightlessness
models have played a significant role and have some advantages over spaceflight experiment
[4]. Rat-tail suspension (TS) model has been used to study the effects of weightlessness on
human body and organs by using simulated weightlessness condition for many years [5–7].
This model has demonstrated that long-term weightlessness can cause systemic organ dam-
ages, such as bone loss, bone fracture, muscle loss and atrophy, cardiovascular disorders, and
renal dysfunction [8–13]. Simulated weightlessness can decrease hepatic glycogen and increase
hepatic gluconeogenesis [14, 15]. Space flight can cause significant effects on liver glycogen, lip-
ids, and enzymes in rats [16]. The levels of alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) increased after 7-day simulated weightlessness [17]. These data strongly
suggested that weightlessness could cause hepatic injury.

Resistance training (RT) has been reported to be capable of protecting musculoskeletal sys-
tem in various animal models. RT can improve bone strength by muscle contraction and stim-
ulate bone formation [18]. Vibrations prevent the loss of strength in femur and tibia of adult
rats [19]. However, it is unknown whether RT can protect hepatic injury caused by long-term
weightlessness. Thus, this study was to evaluate hepatic injury associated with long-term
weightlessness by TS model, hepatic injury improvement by TS&RT model, and possible
molecular mechanism.

Materials and Methods

TS and TS&RT
Eight-week-old, male Wistar rats (approximately 290g) were bought from the Experimental
Animal Center, Academy of Military Medical (certificate number: 038695). The rats were
caged separately in a room maintained at 23C and controlled light/dark cycles (12 h/12 h). The
rats were randomly assigned to three groups of 10 rats each as follows: control group (without
tail suspension for 8 weeks), TS group, and TS&RT group. The treatments of rats in each group
have been described previously [20]. Briefly, the hindlimb-unloading rats in the TS group were
suspended using a tail cast device that contains an electrical stimulus apparatus, an indicator
lamp, and a special orthostatic tube. The rats in TS&RT were forced to exercise by electrical
pulse delivered by device that has one electrode attaching on rat’s tail and another electrode
connecting to an aluminum plate under rat’s feet. The rats were trained to lift the inner cylin-
der using their shoulder to a preset height to turn the indicator lamp off. Otherwise, the device
would deliver a 10 voltage of electrical pulse for 0.3 s to stimulate the rat to exercise. The rats
developed a condition reflex to lift the cylinder ever other 2 s by following light-on and light-
off signal. The rats performed four times (12 repetitions for each time) at 65% to 75% of 1 RM
(the maximum weight lifted by a rat using the squat-training apparatus). Between every two
times, the rats were allowed to rest in a standing position within the apparatus for 90 s. The RT
was performed five days per week for 8 weeks. Prior to the application of tail suspension, the
animals from the TS&RT group were acclimated to RT by using the above device to lift 50 g
plus their own body weight.

Specimen collections
After the two-month tail suspension, the rats were anesthetized with 1% sodium pentobarbital
(45 mg/kg). Blood samples were collected from the abdominal aorta. Serum samples were

Hepatic Injury under SimulatedWeightlessness

PLOS ONE | DOI:10.1371/journal.pone.0127047 May 22, 2015 2 / 13



separated to evaluate ALT, AST, and serum glucose levels. After animals were euthanized, liv-
ers were removed quickly and weighed. Fresh livers (about 20g) were collected and stored at
-80°C for biochemical study. One piece of liver from each rat was collected and fixed in 2.5%
(v/v) glutaraldehyde-polyoxymethylene solution for morphological and immunohistochemis-
try studies. All the experimental procedures were approved by the China Astronaut Research
and Training Center Laboratory Animal Care Committee rules (ID: 26784) and the Institution-
al Animal Care and Committee of China Agricultural University (ID: 15883).

Histopathological examinations
Completely fixed livers were embedded in paraffin blocks, sectioned at 4 μm, and stained with
hematoxylin and eosin (H&E) by routine techniques. Additional unstained sections were used
for immunohistochemistry, Mallory’s trichrome, Sirius Red, and Periodic Acid Schiff (PAS)
staining. Hepatic morphology was evaluated with a light microscope.

Transmission electron microscopy
The remaining tissues were post-fixed in 1% osmium tetroxide, embedded in Epon 812, sliced
into 60-70-nm sections, stained with both uranyl acetate and lead citrate, and examined using
transmission electron microscopy (TEM) (JEOL1230, JEOL, Tokyo, Japan) according to the
method described by Ye Ding [21].

Immunohistochemical assays
Primary antibodies used in this study were Bax (1:200 dilution; Boster CO., LTD, Beijing,
China, BA0315), Bcl-2 (1:200 dilution; Boster CO., LTD, Beijing, China, BA0412) and active
caspase-3 (1:200 dilution; Boster CO., LTD, Beijing, China, BA3968). Immunohistochemical
staining was performed according to the Kit instructions (ZSGB-BIO, Beijing, China, SP-
9001). Briefly, tissues sections were deparaffinized with xylene and rehydrated in ethanol series.
Endogenous peroxidase activity was blocked by incubating sections in 0.3% H2O2 in methanol
for 30 minutes. After applying blocking buffer (Zymed Laboratories, Inc. San Diego, USA), tis-
sue sections were incubated with primary antibodies at 4°C overnight. Slides were incubated
with a biotinylated anti-rabbit link secondary antibody (Beijing Zhong Shan Golden Bridge
Biotechnology Co., Ltd. Beijing, China) for 30 minutes. Sections were then incubated with 3,
3-diaminobenzidine tetrahydrochloride (DAB) (Beijing Zhong Shan Golden Bridge Biotech-
nology Co., Ltd. Beijing, China) for 10 minutes and counterstained with Mayer’s hematoxylin.

Positive signals for Bax, Bcl-2 and active caspase-3 proteins were represented by a brown or
yellow granular mass and were measured using the Motic Med 6.0 CMIAS Image Analysis Sys-
tem (Motic China Group Co., Ltd.). A total of 150 fields per rat (three fields per section, five
sections per rat, 400× magnification for image analysis) were randomly selected and analyzed.
The positive staining intensity was calculated as the ratio of the stained area to the total
field assessed.

Real-time PCR
TRIzol was obtained from Invitrogen, and the RNA transcription kits, DEPC, 2X Tap, PCR
Mix, and DNAMarker were obtained from Applied Biosystems. The primer pairs used to ana-
lyze the cDNA are listed in Table 1 [22–24]. Real-time PCR was conducted as previously de-
scribed [21]. For real-time PCR, 10 samples were used in each group, and each sample was run
in triplicate.
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Quantitative analysis and statistical analysis
The experimental data were analyzed using a one-way ANOVA with the SAS statistical pro-
gram, and multiple comparisons between the groups were performed using the S-N-K method
(SAS Institute Inc., Cary, NC, USA). The results are expressed as the means and standard devi-
ations (mean ± SD). P<0.05 was considered statistically significant. p<0.05 is indicated by “�”
and “#”, whereas P<0.01 is indicated by “��” and “##”.

Results

Body and liver weights
As presented in Table 2, significant reduction of body weights in TS and TS&RT group were
noted (p<0.01) and the liver weights in three groups showed no significant differences. Be-
sides, the liver to body weight ratios of rats in TS and TS&RT group were significantly greater
than in control group (p<0.05). However, there were no significant differences of liver to body
weight ratios between TS group and TS&RT group.

Levels of ALT and AST in serum
The levels of ALT and AST in serum were presented in Fig 1A. Both enzymes in TS rats were
significantly elevated compared with control group (p<0.05). However, the levels of ALT and
AST in TS&RT group were between TS and TS&RT rats with no significance differences.

Table 1. Primer sequences used for real-time PCR.

Sequence no. Gene name Primer sequence Accession no. Tm (°C) Product size (bp) Reference

1 Bax F-ATGGAGCTGCAGAGGATGATT NM017059 60 97 Perez et al[22]

R-TGAAGTTGCCATCAGCAAACA

2 Bcl-2 F-TGGGATGCCTTTGTGGAACT U34964 60 73 Perez et al[22]

R-TCTTCAGAGACTGCCAGGAGAAA

3 Caspase-3 F-AATTCAAGGGACGGGTCATG U49930 60 67 Kijima et al[23]

R-GCTTGTGCGCGTACAGTTTC

4 CHOP F-CCAGCAGAGGTCACAAGCAC NM007837 60 126 Liu et al[24]

R-CGCACTGACCACTCTGTTTC

5 GRP78 F-AACCCAGATGAGGCTGTAGCA NM022310 60 91 Liu et al[24]

R-ACATCAAGCAGAACCAGGTCAC

6 JNK F-TGATGACGCCTTACGTGGTA XM341399 60 114 Liu et al[24]

R-GGCAAACCATTTCTCCCATA

7 Caspase-12 F-CACTGCTGATACAGATGAGG NM130442 60 138 Liu et al[24]

R-CCACTCTTGCCTACCTTCC

doi:10.1371/journal.pone.0127047.t001

Table 2. Body and liver weights.

Control TS TS&RT

Liver weights (mg) 1244 ± 36.69 1258 ± 31.64 1152 ± 45.37

Body weights (g) 447 ± 24.59 379 ± 11.48** 366 ± 23.85**

Liver to body weight ratio (mg/g) 2.786 ± 0.10960 3.314 ± 0.1277* 3.143 ± 0.1330*

Data are shown as the means ± SD, n = 10.

* P <0.05

** P <0.01, significantly different from control group.

doi:10.1371/journal.pone.0127047.t002
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Levels of serum glucose and liver glycogen
The levels of serum glucose in TS and TS&RT group were significantly decreased compared
with control group (p<0.05) (Fig 1B). PAS staining demonstrated that the livers of control rats
had strong PAS cytoplasmic stain (glycogen) in the hepatocytes around the central veins (Fig
2A). However, the livers of TS rats had a weaker PAS stain. Positive cells were mainly located
at portal areas. Scattered PAS positive cells were noted at central vein areas (Fig 2B). In TS&RT
group, PAS positive cells were located both in portal and central areas of livers (Fig 2C). A
semi-quantitative analysis of liver glycogen by PAS staining (p<0.01) was consistent with the
results of serum glucose (Fig 2D).

Fig 1. Levels of ALT, AST and glucose in serum. A: Serum ALT and AST levels: ALT and AST levels in the
TS group were significantly increased compared with the control group, and ALT and AST levels in the
TS&RT group were increased compared with the control group but reduced compared with the TS group;
however, these differences were not significant. B: Serum glucose levels: serum glucose levels in the TS and
TS&RT groups were significantly decreased compared with the control group (Data are expressed as the
mean ± SD. * P <0.05, significantly different from control group).

doi:10.1371/journal.pone.0127047.g001

Fig 2. The analysis of liver glycogen by PAS staining. A-C: Liver glycogen as demonstrated by PAS
staining (purple-red, 100×). A: Liver glycogen in the control group: large areas of hepatic cells around the
central vein with positive PAS staining. B: Liver glycogen in the TS group: PAS-positive cells were
significantly reduced, mainly at the edge of the portal area, with only scattered, sporadic purple liver cells
surrounding the central vein. C: Liver glycogen in the TS&RT group: PAS-positive cells remained mainly in
the area around the portal vein, and the number of PAS-positive cells increased around the central vein. D: A
semi-quantitative analysis of liver glucose in the PAS-stained slides confirmed the results obtained for the
serum glucose levels. Each value represents the percentage of the mean area of glycogen density in each
group. n = 150 fields (10 rats) for each value. (Data are expressed as the mean ± SD. ** P <0.01, significantly
different from control group.).

doi:10.1371/journal.pone.0127047.g002
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Histological Examination
Light Microscopy. There were no morphological changes in the liver of control group (Fig

3A1). The livers of TS group had markedly hepatocyte degeneration characterized by swelling
with large amount of cytoplasmic granules, especially at central areas (8/10), indistinctive cell
boundaries (8/10), disorganized hepatic cords (6/10), bile duct proliferation (8/10), and chron-
ic inflammation in portal areas (8/10) (Fig 3A2). The livers of TS&RT group showed slightly
vacuolar degeneration, but normal structures of hepatocytes were preserved. Fibrosis in portal
areas were noted in 2 animals from this group (2/10) (Fig 3A3).

Both Mallory’s trichrome and Sirius Red stain demonstrated that the livers of TS rats had sig-
nificantly increased fibrosis in the lobular and central areas (Fig 3B2 and 3C2). However, this
change was lower in the livers of TS&RT group (Fig 3B3 and 3C3). A semi-quantitative analysis
of the staining intensity revealed an up to 6-fold increase in TS group compared with control
group (p<0.01), and fibroplasia was 0.6-fold reduced in TS&RT compared with TS group
(p<0.05) (Table 3). Mild fibrosis was also noted in the livers of control group (Fig 3B1 and 3C1).

Fig 3. Histopathological analysis of rat liver paraffin sections stained with hematoxylin and eosin
(H&E), Mallory’s trichrome stain, and Sirius Red stain. A: Morphological changes in the liver: the normal
structure of the rat liver in the control group (A1). In the TS group, we observed mass granular degeneration
and the swelling of hepatic cells around the central vein, vague cell boundaries, liver cell cord derangement,
edema and the proliferation of bile ducts, and inflammation in liver portal areas (arrow) (A2). In the TS&RT
group, pathological changes included the slight vacuolar degeneration of hepatic cells with a completed
structure and clear boundaries and fibrosis in the portal areas of the liver in some of the rats (A3). B&C:
Sections stained with Mallory’s trichrome (B) and Sirius Red (C) displayed various levels of the proliferation of
fibrous liver tissue in the control (B1, C1), TS (B2, C2), and TS&RT groups (B3, C3). Collagen fibers stained
blue with Mallory’s trichrome and red with Sirius Red stain (arrow). 400×

doi:10.1371/journal.pone.0127047.g003

Table 3. Semi-quantitative analysis of fibrosis by Mallory’s trichrome and Sirius Red staining.

Mallory’s trichrome staining (%) Sirius Red staining (%)

Control 2.15 ± 0.73 2.03 ± 0.43

TS 15.7 ± 3.38** 12.47 ± 2.11**

TS&RT 10.68 ± 2.01*# 7.82 ± 1.98*#

Data are expressed as the mean ± SD. Each value represents the percentage of the mean area of collagen

density in each group. n = 150 fields (10 rats) for each value.

* P <0.05

** P <0.01, significantly different from control group.

# P <0.05, significantly different from TS group.

doi:10.1371/journal.pone.0127047.t003
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TEM observation. The TEM examination of liver tissues revealed that liver tissues in con-
trol group were structurally intact with clearly visible mitochondrial cristae and smooth endo-
plasmic reticulum cisternae (Fig 4A). In comparison, different degrees of swelling in many
mitochondria in hepatic cells, an occasional absence of cavitation in the mitochondrial cristae,
an expansive endoplasmic reticulum (ER), and a loose liver cell matrix were observed in TS
group (Fig 4B–4D). In TS&RT group, the degrees of mitochondrial swelling and vacuolation
were reversed, and the cytoplasmic matrix was more intact than that in TS group (Fig 4E and
4F).

Up-regulation of apoptosis-regulating proteins in TS rat livers
Immunohistochemical staining demonstrated the protein expressions of Bax and Bcl-2 in both
TS and TS&RT rats were significant higher in central areas (Fig 5A1–5F1). The up-regulation
of Bax and Bcl-2 protein expression was confirmed by Semi-quantitative analysis (� p<0.05,
�� p<0.01) (Fig 5G and 5H). Real-time PCR showed that Bax and Bcl-2 mRNA expression of
TS and TS&RT rats were significantly higher than that in control group (p<0.05), but Bax and
Bcl-2 mRNA expression had no significance differences between TS and TS&RT rats (Fig 5I).
Besides, Bax:Bcl-2 ratio was calculated approximately from the semi-quantitative analysis of
these two proteins, as a result, 3 in control group, 0.85 in TS group, and 1 in TS&RT group,
suggesting that Bax:Bcl-2 ratios in TS and TS&RT group were more lower than that in
control group.

The immunohistochemical study indicated that active caspase-3 was highly expressed in the
liver of TS and TS&RT group (Fig 6B1 and 6C1), but it was lower in the livers of control group
(Fig 6A1). These findings were consistent with a semi-quantitative analysis (p<0.05) (Fig 6D)
and real-time PCR (p<0.05) (Fig 6E).

Fig 4. Transmission electronmicrographs of liver in control, TS and TS&RT group. A: Liver tissue in
control group, which was structurally intact with clearly visible mitochondrial cristae (star) and smooth
endoplasmic reticulum cisternae (arrow). B-D: Liver tissue in TS group showed numerous mitochondria in
hepatic cells with different degrees of swelling, and mitochondrial cristae displayed cavitation and even
disappeared (star). The endoplasmic reticulum was expansive (arrow), and the liver cell matrix was loose. E,
F: Liver tissue in TS&RT group showed that the degree of mitochondrial swelling and vacuolation was
reversed (star), and the cytoplasmic matrix was more intact compared with TS group (A, C, D: 50000×; B, E:
20000×; F: 40000×).

doi:10.1371/journal.pone.0127047.g004
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Changes in ER-associated apoptosis proteins
The real-time PCR results revealed that GRP78 transcription in TS liver was significantly in-
creased compared with the control group (p<0.05). Furthermore, GRP78 mRNA in TS&RT
group was significantly reduced compared with TS group (p<0.05). Caspase-12 mRNA was
significantly increased (p<0.05), but CHOP and JNK transcription were slightly increased in
TS group compared with control group. In TS&RT group, caspase-12, CHOP and JNK mRNA
levels were lower compared with TS group, but no significant differences were noted (Fig 7).

Fig 5. Immunohistochemical and real-time PCR analysis of Bax and Bcl-2. A1-C1: Histological sections
of livers in control, TS and TS&RT group were stained with Bax antibody, and the positive signals were
mainly located around the central veins in the livers. A2-C2: Histological sections of livers in control, TS and
TS&RT group were stained with PBS to replace the Bax antibody as blank control; no positive signals were
observed. D1-FI: Histological sections of livers in control, TS and TS&RT groups were stained with Bcl-2
antibody, and the location of the Bcl-2 positive signals was similar to the Bax positive signals. D2-F2:
Histological sections of livers in control, TS and TS&RT groups were stained with PBS to replace the Bcl-2
antibody as a blank control; no positive signals were observed. G: A semi-quantitative analysis of the ratio of
Bax positive staining to the total field. H: A semi-quantitative analysis of the ratio of Bcl-2 positive staining to
the total field. I: Relative mRNA levels of Bax and Bcl-2. (Data are expressed as the mean ± SD. * P <0.05,
** P <0.01, significantly different from control group. 400×).

doi:10.1371/journal.pone.0127047.g005
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Fig 6. Immunohistochemical and real-time PCR analysis active of caspase-3. A1-C1: Histological
sections of livers in control, TS and TS&RT group were stained with active caspase-3 antibody. A2-C2:
Histological sections of livers in control, TS and TS&RT groups were stained with PBS to replace the
caspase-3 antibody as blank control. D: A semi-quantitative analysis of the ratio of active caspase-3 positive
staining to the total field. E: Relative mRNA levels of caspase-3 in control, TS and TS&RT rat livers (Data are
expressed as the mean ± SD. * P <0.05, significantly different from control group. 400×).

doi:10.1371/journal.pone.0127047.g006

Fig 7. Real-time PCR analysis of changes in ER-associated apoptosis proteins.GRP78 transcription in
TS group was significantly increased compared with control group, and GRP78 expression in TS&RT group
was significantly reduced compared with TS group and similar to control group. Caspase-12 mRNA was
significantly increased in TS group and decreased with no significant differences in TS&RT group. CHOP and
JNK transcription was slightly increased in TS group compared with the control group, which was reduced
compared with TS group, but no significant differences were noted (Data are expressed as the mean ± SD.
* P <0.05, significantly different from control group. # P <0.05, significantly different from TS group.).

doi:10.1371/journal.pone.0127047.g007
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Discussion
Although studies showed that weightlessness could cause changes in hepatic metabolisms [14,
15, 25, 26], this study presented the evidences of hepatic alterations in morphology, enzymes,
and molecular biology associated with long-term simulated weightlessness by rat tail-suspen-
sion model. Meanwhile, our results showed that the improvement of liver injury associated
with weightlessness was minimal.

Long-term simulated weightlessness in this study increased liver to body weight ratio in
both TS and TS&RT rats. This change was likely due to the loss of body weights rather than he-
patic enlargement in TS and TS&RT rats. The rats in TS and TS&RT group had a significantly
lower absolute body weights, but their absolute liver weights showed no significant differences.
Body weight loss due to long-term simulated weightlessness had been documented previously
[20], which is probably due to muscle atrophy, cardiovascular disorders, and other dysfunc-
tions [8–13].

Long-term simulated weightlessness can cause changes in hepatic gluconeogenesis. The
lower blood glucose and hepatic glycogen in TS and TS&RT rats in this study were consistent
with previous studies [14, 26]. The alterations in glucose metabolism are associated with in-
creased glycolysis, decreased fat oxidation, and accumulation of triglycerides and glycogen [26,
27]. Long-term simulated weightlessness can also cause hepatic damage. In this study, we not
only confirmed that TS rats had significantly higher levels of AST and ALT in serum, but also,
the first time, we presented morphological changes characterized by hepatocellular degenera-
tion chronic hepatitis, and ER swelling and loss of membrane integrity transmission electron
microscopically. Both space flight and simulated weightlessness can increase the levels of AST
and ALT [17, 25]. Although the pathogenesis is unclear, our data suggested that high levels of
AST and ALT in serum are due to hepatic injury caused by long-term simulated weightlessness.
AST and ALT are liver enzyme markers, which indicate the health condition of hepatocytes
[28]. When hepatocellular injury or death, release of hepatic enzymes from damaged hepato-
cytes increase levels of ALT and ALT in serum [29].

To understand the pathogenesis of hepatic damage caused by long-term simulated weight-
lessness, apoptosis associated molecules in liver had been measured in this study. Although
there were no previous data of hepatic apoptosis associated with weightlessness, weightlessness
had been reported to induce apoptosis in brain [30], muscle [31], and thyroid cells [32]. As Bax
and Bcl-2 are pro-apoptotic and anti-apoptotic proteins, respectively, and the Bax to Bcl-2 pro-
tein ratio play an important role in the process of cell apoptosis, thereby shifting the balance
between pro- and anti-apoptotic factors towards the anti-apoptotic side [33]. Under the experi-
mental conditions considered in the present study, the expressions of Bax and Bcl-2 elevated,
therefore the Bax to Bcl-2 ratios significantly decreased (0.85 vs 3 and 1 vs 3, respectively) in
TS and TS&RT group compared with control group. However, this was not in accordance with
the observation of Nakamura et al. [34] who reported that under gravity condition, in human
osteoblastic cells, the expression of Bcl-2 was unchanged or even reduced, whereas the Bax ex-
pression increased in 24h, so the Bax to Bcl-2 ratio was higher. The differences may due to the
short time in vitro of the previous study, and our research focused on the effects of long-time
simulated weightlessness on rats in vivo, however, more researches were need to do to explain
and confirm this.

Although it is unclear that the pathogenesis of cellular apoptosis caused by weightlessness.
However, mitochondria damage demonstrated by electron microscopy (Fig 4C), the swollen
mitochondria in the liver cells of TS rats indicating the occurrence of mitochondrial membrane
damage, thus initiated the release of cytochrome c into the cytosol [33]. As a component of mi-
tochondrial electron transfer chain, cytochrome c could initiate caspase activation after
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released from mitochondria, meanwhile, the recruitment of Bax into oligomers on the mito-
chondria then leads to permeabilization of mitochondrial outer membrane [35], which is con-
sidered one of the key control switches of apoptosis [31]. In the current study the elevation of
active caspase-3, Bax, and Bcl-2 suggested that it may be initiated by the damage of mitochon-
dria. Therefore, the results of this study might be related to the activation of the mitochondrial
apoptosis pathway.

On the other hand, ER stress (ERS) induces apoptosis in multiple diseases [36–39]. TEM in
this study showed ER degeneration in TS rats, which suggested ERS may also play an important
role in the hepatocyte apoptosis. Several molecules, like CHOP, JNK, GRP78 and caspase-12,
are involved in ERS-induced apoptosis [40, 41]. Our data demonstrated that the expression of
GRP78 and caspase-12 were significantly increased in the livers of TS group. This result sug-
gested that ERS-induced apoptosis may occur under simulated weightlessness.

Resistance training has been reported to improve bone strength [18, 19]. However,
our study indicated that RT slightly compensated the liver injury caused by simulated
weightlessness.

Conclusions
Long-term weightlessness can cause liver damage characterized by hepatocytic degeneration,
portal fibrosis, glycogen depletion, and mitochondrial and endoplasmic reticulum swelling and
loss of membrane integrity. TS rats had significant higher levels of AST, ALT and glucose in
serum than that in controls. High expressions and mRNA levels of Bax, Bcl-2 and active cas-
pase-3 in TS rats suggested long-term weightlessness can induce hepatic apoptosis, likely
through mitochondria pathway. RT exercises may reduce hepatic damage caused by long-term
weightlessness, but its impacts were insignificant.

Acknowledgments
We would like to thank American Journal Experts (AJE) for English language editing.

Author Contributions
Conceived and designed the experiments: FD YD RS DW. Performed the experiments: FD YD
JZ ZL JT HWDL LC. Analyzed the data: FD YD. Contributed reagents/materials/analysis
tools: FD YD JZ ZL. Wrote the paper: FD YD.

References
1. White RJ, Averner M. Humans in space. Nature. 2001; 409(6823):1115–8. PMID: 11234026

2. Norsk P. Cardiovascular and fluid volume control in humans in space. Current pharmaceutical biotech-
nology. 2005; 6(4):325–30. PMID: 16101471

3. Wade C, Miller M, Baer L, Moran M, Steele M, Stein T. Body mass, energy intake, and water consump-
tion of rats and humans during space flight. Nutrition. 2002; 18(10):829–36. PMID: 12361774

4. Turner R, Morey E, Liu C, Baylink D. Altered bone turnover during spaceflight. The Physiologist. 1979;
22(6):S73. PMID: 545397

5. Wilkerson MK, Colleran PN, Delp MD. Acute and chronic head-down tail suspension diminishes cere-
bral perfusion in rats. American Journal of Physiology-Heart and Circulatory Physiology. 2002; 282(1):
H328–H34. PMID: 11748078

6. Sharma CS, Sarkar S, Periyakaruppan A, Ravichandran P, Sadanandan B, Ramesh V, et al. Simulated
microgravity activates apoptosis and NF-κB in mice testis. Molecular and cellular biochemistry. 2008;
313(1–2):71–8. doi: 10.1007/s11010-008-9747-z PMID: 18425424

7. Morey-Holton ER, Globus RK. Hindlimb unloading rodent model: technical aspects. Journal of Applied
Physiology. 2002; 92(4):1367–77. PMID: 11895999

Hepatic Injury under SimulatedWeightlessness

PLOS ONE | DOI:10.1371/journal.pone.0127047 May 22, 2015 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/11234026
http://www.ncbi.nlm.nih.gov/pubmed/16101471
http://www.ncbi.nlm.nih.gov/pubmed/12361774
http://www.ncbi.nlm.nih.gov/pubmed/545397
http://www.ncbi.nlm.nih.gov/pubmed/11748078
http://dx.doi.org/10.1007/s11010-008-9747-z
http://www.ncbi.nlm.nih.gov/pubmed/18425424
http://www.ncbi.nlm.nih.gov/pubmed/11895999


8. Hwang S, Shelkovnikov SA, Purdy RE. Simulated microgravity effects on the rat carotid and femoral ar-
teries: role of contractile protein expression and mechanical properties of the vessel wall. Journal of Ap-
plied Physiology. 2007; 102(4):1595–603. PMID: 17218426

9. GrimmD, Bauer J, Kossmehl P, Shakibaei M, Schönberger J, Pickenhahn H, et al. Simulated micro-
gravity alters differentiation and increases apoptosis in human follicular thyroid carcinoma cells. The
FASEB Journal. 2002; 16(6):604–6.

10. Symons TB, Sheffield-Moore M, Chinkes DL, Ferrando AA, Paddon-Jones D. Artificial gravity maintains
skeletal muscle protein synthesis during 21 days of simulated microgravity. Journal of applied physiolo-
gy. 2009; 107(1):34–8. doi: 10.1152/japplphysiol.91137.2008 PMID: 19390002

11. Widrick J, Knuth S, Norenberg K, Romatowski J, Bain J, Riley D, et al. Effect of a 17 day spaceflight on
contractile properties of human soleus muscle fibres. The Journal of physiology. 1999; 516(3):915–30.
PMID: 10200437

12. Trappe T, Trappe S, Lee G, Widrick J, Fitts R, Costill D. Cardiorespiratory responses to physical work
during and following 17 days of bed rest and spaceflight. Journal of Applied Physiology. 2006; 100
(3):951–7. PMID: 16306254

13. Fitts RH, Riley DR, Widrick JJ. Physiology of a microgravity environment invited review: microgravity
and skeletal muscle. Journal of Applied Physiology. 2000; 89(2):823–39. PMID: 10926670

14. Bederman IR, Chandramouli V, Sandlers Y, Henderson L, Cabrera ME. Time course of hepatic gluco-
neogenesis during hindlimb suspension unloading. Experimental physiology. 2013; 98(1):278–89.
Epub 2012/06/19. doi: 10.1113/expphysiol.2012.067074 PMID: 22707505.

15. Stein TP, Schluter MD, Galante AT, Soteropoulos P, Ramirez M, Bigbee A, et al. Effect of hind limb
muscle unloading on liver metabolism of rats. The Journal of nutritional biochemistry. 2005; 16(1):9–16.
Epub 2005/01/05. doi: 10.1016/j.jnutbio.2004.07.003 PMID: 15629235.

16. Merrill A, Wang E, LaRocque R, Mullins RE, Morgan ET, Hargrove JL, et al. Differences in glycogen, lip-
ids, and enzymes in livers from rats flown on COSMOS 2044. Journal of Applied Physiology. 1992; 73
(2):S142–S7.

17. Vetrova EG, Drozdova TE, Tigranian RA, Shul'zhenko EB. [Energy-metabolism enzymes during com-
bined exposure of the body to simulated weightlessness and gravitational overloads]. Kosmicheskaia
biologiia i aviakosmicheskaia meditsina. 1981; 15(5):34–8. Epub 1981/09/01. PMID: 7289561.

18. Swift JM, Nilsson MI, Hogan HA, Sumner LR, Bloomfield SA. Simulated resistance training during hin-
dlimb unloading abolishes disuse bone loss and maintains muscle strength. Journal of bone and miner-
al research: the official journal of the American Society for Bone and Mineral Research. 2010; 25
(3):564–74. Epub 2009/08/06. doi: 10.1359/jbmr.090811 PMID: 19653816.

19. Oxlund BS, Ortoft G, Andreassen TT, Oxlund H. Low-intensity, high-frequency vibration appears to pre-
vent the decrease in strength of the femur and tibia associated with ovariectomy of adult rats. Bone.
2003; 32(1):69–77. Epub 2003/02/14. PMID: 12584038.

20. Li Z, Tan C, Wu Y, Ding Y, Wang H, ChenW, et al. Whole-body vibration and resistance exercise pre-
vent long-term hindlimb unloading-induced bone loss: independent and interactive effects. European
journal of applied physiology. 2012; 112(11):3743–53. Epub 2012/03/01. doi: 10.1007/s00421-012-
2355-3 PMID: 22371114.

21. Ding Y, Zou J, Li Z, Tian J, Abdelalim S, Du F, et al. Study of histopathological and molecular changes
of rat kidney under simulated weightlessness and resistance training protective effect. PloS one. 2011;
6(5):e20008. doi: 10.1371/journal.pone.0020008 PMID: 21625440

22. Perez MJ, Macias RI, Duran C, Monte MJ, Gonzalez-Buitrago JM, Marin JJ. Oxidative stress and apo-
ptosis in fetal rat liver induced by maternal cholestasis. Protective effect of ursodeoxycholic acid. Jour-
nal of hepatology. 2005; 43(2):324–32. PMID: 15970352

23. Kijima K, Toyosawa K, Yasuba M, Matsuoka N, Adachi T, KomiyamaM, et al. Gene expression analy-
sis of the rat testis after treatment with di (2-ethylhexyl) phthalate using cDNAmicroarray and real-time
RT-PCR. Toxicology and applied pharmacology. 2004; 200(2):103–10. PMID: 15476863

24. Liu G, Sun Y, Li Z, Song T, Wang H, Zhang Y, et al. Apoptosis induced by endoplasmic reticulum stress
involved in diabetic kidney disease. Biochemical and biophysical research communications. 2008; 370
(4):651–6. doi: 10.1016/j.bbrc.2008.04.031 PMID: 18420027

25. Macho L, Nemeth S, Kvetnansky R, Fickova M, Tigranian RA, Serova L. Metabolic changes in the ani-
mals subjected to space flight. Acta Astronaut. 1982; 9(6–7):385–9. Epub 1982/06/01. PMID:
11541692.

26. Stein TP, Wade CE. Metabolic consequences of muscle disuse atrophy. The Journal of nutrition. 2005;
135(7):1824s–8s. Epub 2005/07/01. PMID: 15987873.

27. Thomason DB, Booth FW. Atrophy of the soleus muscle by hindlimb unweighting. Journal of applied
physiology (Bethesda, Md: 1985). 1990; 68(1):1–12. Epub 1990/01/01. PMID: 2179205.

Hepatic Injury under SimulatedWeightlessness

PLOS ONE | DOI:10.1371/journal.pone.0127047 May 22, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/17218426
http://dx.doi.org/10.1152/japplphysiol.91137.2008
http://www.ncbi.nlm.nih.gov/pubmed/19390002
http://www.ncbi.nlm.nih.gov/pubmed/10200437
http://www.ncbi.nlm.nih.gov/pubmed/16306254
http://www.ncbi.nlm.nih.gov/pubmed/10926670
http://dx.doi.org/10.1113/expphysiol.2012.067074
http://www.ncbi.nlm.nih.gov/pubmed/22707505
http://dx.doi.org/10.1016/j.jnutbio.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15629235
http://www.ncbi.nlm.nih.gov/pubmed/7289561
http://dx.doi.org/10.1359/jbmr.090811
http://www.ncbi.nlm.nih.gov/pubmed/19653816
http://www.ncbi.nlm.nih.gov/pubmed/12584038
http://dx.doi.org/10.1007/s00421-012-2355-3
http://dx.doi.org/10.1007/s00421-012-2355-3
http://www.ncbi.nlm.nih.gov/pubmed/22371114
http://dx.doi.org/10.1371/journal.pone.0020008
http://www.ncbi.nlm.nih.gov/pubmed/21625440
http://www.ncbi.nlm.nih.gov/pubmed/15970352
http://www.ncbi.nlm.nih.gov/pubmed/15476863
http://dx.doi.org/10.1016/j.bbrc.2008.04.031
http://www.ncbi.nlm.nih.gov/pubmed/18420027
http://www.ncbi.nlm.nih.gov/pubmed/11541692
http://www.ncbi.nlm.nih.gov/pubmed/15987873
http://www.ncbi.nlm.nih.gov/pubmed/2179205


28. Shahraki MR, Irani M. The effects of ecstasy on liver function tests, blood glucose, and lipids profile of
male rats. International journal of high risk behaviors & addiction. 2014; 3(4):e21076. Epub 2015/03/06.
doi: 10.5812/ijhrba.21076 PMID: 25741481; PubMed Central PMCID: PMCPMC4331654.

29. Kahraman A, Barreyro FJ, Bronk SF, Werneburg NW, Mott JL, Akazawa Y, et al. TRAIL Mediates Liver
Injury by the Innate Immune System in the Bile Duct–Ligated Mouse. Hepatology (Baltimore, Md).
2008; 47(4):1317–30. doi: 10.1002/hep.22136 PMID: 18220275.

30. Sun XQ, Xu ZP, Zhang S, Cao XS, Liu TS. Simulated weightlessness aggravates hypergravity-induced
impairment of learning and memory and neuronal apoptosis in rats. Behavioural brain research. 2009;
199(2):197–202. Epub 2008/12/23. doi: 10.1016/j.bbr.2008.11.035 PMID: 19100783.

31. Ferreira R, Neuparth MJ, Vitorino R, Appell HJ, Amado F, Duarte JA. Evidences of apoptosis during the
early phases of soleus muscle atrophy in hindlimb suspendedmice. Physiological research / Academia
Scientiarum Bohemoslovaca. 2008; 57(4):601–11. PMID: 17705678.

32. GrimmD, Bauer J, Kossmehl P, Shakibaei M, Schoberger J, Pickenhahn H, et al. Simulated micrograv-
ity alters differentiation and increases apoptosis in human follicular thyroid carcinoma cells. FASEB
journal: official publication of the Federation of American Societies for Experimental Biology. 2002; 16
(6):604–6. Epub 2002/03/29. PMID: 11919168.

33. Adams JM. Ways of dying: multiple pathways to apoptosis. Genes & development. 2003; 17(20):2481–
95. doi: 10.1101/gad.1126903 PMID: 14561771.

34. Nakamura H, Kumei Y, Morita S, Shimokawa H, Ohya K, Shinomiya K. Antagonism between apoptotic
(Bax/Bcl-2) and anti-apoptotic (IAP) signals in human osteoblastic cells under vector-averaged gravity
condition. Annals of the New York Academy of Sciences. 2003; 1010:143–7. Epub 2004/03/23. PMID:
15033709.

35. Wang X. The expanding role of mitochondria in apoptosis. Genes & development. 2001; 15(22):2922–
33. Epub 2001/11/17. PMID: 11711427.

36. Yorimitsu T, Klionsky DJ. Endoplasmic Reticulum Stress. Autophagy. 2007; 3(2):160–2. PMID:
17204854

37. Bánhegyi G, Baumeister P, Benedetti A, Dong D, Fu Y, Lee AS, et al. Endoplasmic reticulum stress.
Annals of the New York Academy of Sciences. 2007; 1113(1):58–71.

38. Özcan U, Cao Q, Yilmaz E, Lee A- H, Iwakoshi NN, Özdelen E, et al. Endoplasmic reticulum stress
links obesity, insulin action, and type 2 diabetes. Science. 2004; 306(5695):457–61. PMID: 15486293

39. Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death & Differ-
entiation. 2004; 11(4):381–9.

40. Sano R, Reed JC. ER stress-induced cell death mechanisms. Biochimica et biophysica acta. 2013;
1833(12):3460–70. Epub 2013/07/16. doi: 10.1016/j.bbamcr.2013.06.028 PMID: 23850759; PubMed
Central PMCID: PMCPmc3834229.

41. Sun Y, Liu G, Song T, Liu F, KangW, Zhang Y, et al. Upregulation of GRP78 and caspase-12 in diastol-
ic failing heart. Acta biochimica Polonica. 2008; 55(3):511–6. Epub 2008/09/13. PMID: 18787714.

Hepatic Injury under SimulatedWeightlessness

PLOS ONE | DOI:10.1371/journal.pone.0127047 May 22, 2015 13 / 13

http://dx.doi.org/10.5812/ijhrba.21076
http://www.ncbi.nlm.nih.gov/pubmed/25741481
http://dx.doi.org/10.1002/hep.22136
http://www.ncbi.nlm.nih.gov/pubmed/18220275
http://dx.doi.org/10.1016/j.bbr.2008.11.035
http://www.ncbi.nlm.nih.gov/pubmed/19100783
http://www.ncbi.nlm.nih.gov/pubmed/17705678
http://www.ncbi.nlm.nih.gov/pubmed/11919168
http://dx.doi.org/10.1101/gad.1126903
http://www.ncbi.nlm.nih.gov/pubmed/14561771
http://www.ncbi.nlm.nih.gov/pubmed/15033709
http://www.ncbi.nlm.nih.gov/pubmed/11711427
http://www.ncbi.nlm.nih.gov/pubmed/17204854
http://www.ncbi.nlm.nih.gov/pubmed/15486293
http://dx.doi.org/10.1016/j.bbamcr.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23850759
http://www.ncbi.nlm.nih.gov/pubmed/18787714

