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Influence of microgravity-induced intervertebral disc
degeneration of rats on expression levels of
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Abstract. Association of expression levels of tumor suppressor
proteins p53 and pl6 and inflammatory factors in simulated
weightlessness with the degree of lumbar disc degeneration
of rats was investigated. Magnetic resonance imaging (MRI)
examination was performed for rats in control group and
experimental group, and the intervertebral disc of rats in both
groups was detected and analyzed using hematoxylin and
eosin (H&E) histopathological staining. The mRNA expres-
sion levels of proinflammatory factors, interleukin-1p (IL-1p),
IL-6 and tumor necrosis factor-o. (TNF-a) were detected,
and p53 and pl6 mRNA and protein expression levels were
detected. MRI results showed significant intervertebral disc
injury in experimental group. Results of H&E staining revealed
that the intervertebral disc injury in experimental group was
more serious with obvious signs of degeneration than that in
control group. The mRNA expression levels of inflammatory
factors (IL-1p, IL-6 and TNF-0) in rats in experimental group
were significantly increased compared with those in control
group, indicating that the degree of lumbar disc degeneration
of rats in simulated weightlessness is closely related to the
inflammatory factors. RT-PCR and western blotting proved
that both p53 and pl6 mRNA and protein expression levels in
experimental group were obviously increased. Results of t-test
manifested that there were statistically significant differences
in p53 and pl6 expression levels between control group and
experimental group (P<0.01). The abnormal expression levels
of p53 and pl6 genes have close association with the degree of
lumbar disc degeneration of rats in simulated weightlessness,
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and the lumbar disc degeneration is also closely related to the
increased expression levels of inflammatory factors.

Introduction

With the continuous progress in space exploration technology,
astronauts have to face the harsh physical environment and
serious physiological changes in short-term and long-term
space missions. The major physiological changes include
the loss of bone mass, muscle atrophy, arrhythmia, cognitive
disorders and loss of sense of direction (1-5). Moreover, severe
lumbago, especially low back pain, will occur in astronauts
during or after space missions, which also increases the risk
of protrusion of lumbar intervertebral disc after flight (6,7). In
addition, the intervertebral disc degeneration is also found in
animals participating in the space flight test (8).

Lumbar disc degeneration is the leading cause of low back
pain. Intervertebral disc degeneration is a complex process,
and some scholars have proposed the concept of intervertebral
disc microenvironment in recent years: The interaction among
intervertebral disc cells, extracellular matrix and biomechanics
maintain the balance of intervertebral disc microenvironment.
Intervertebral disc degeneration is the result of imbalance of
intervertebral disc microenvironment, in which the interver-
tebral disc cell senescence may be one of the most important
initiators (9).

Studies have found that the cell senescence process is
mainly realized through activating the p53-p21-Rb pathway
and pl6-Rb pathway (10,11). p53 is the first tumor suppressor
gene discovered, which is involved in a variety of cell
biological processes, including cell proliferation, senescence
and death (12,13). It was found that p53 has significantly high
expression in degenerative intervertebral disc tissues (14). pl6
gene is another tumor suppressor gene involved in the regula-
tion of cell cycle and negative regulation of cell proliferation
and division. Studies have demonstrated that p16 is expressed
in degenerative intervertebral disc tissues, and the number of
pl6-positive cells is positively correlated with the grade of
intervertebral disc degeneration (15). However, the roles of
pl16 and p53 in microgravity-induced lumbar disc degeneration
remain unclear (16).
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In the process of intervertebral disc degeneration caused
by senescence and biological stress, the expression levels of
pro-inflammatory factors, such as interleukin-1§ (IL-1p),
IL-6 and tumor necrosis factor-a (TNF-a), are significantly
increased (17), leading to severe inflammatory response (18,19).
In microgravity-induced lumbar disc degeneration, the expres-
sion levels of these pro-inflammatory factors deserve to be
explored.

In this study, Sprague-Dawley (SD) rats were used and
randomly divided into control group and experimental group.
The degeneration model was established via simulated weight-
lessness using the tail-suspension method, the messenger
ribonucleic acid (mRNA) levels of p53, p16, IL-1f, IL-6 and
TNF-a were detected via magnetic resonance imaging (MRI)
examination, hematoxylin and eosin (H&E) histopathological
staining and reverse transcription-polymerase chain reaction
(RT-PCR), and p53 and pl6 protein levels were detected via
western blotting, so as to provide an experimental basis for the
preliminary discussion on microgravity-induced intervertebral
disc degeneration.

Materials and methods

Laboratory animals and grouping. A total of 24 healthy male
specific pathogen-free (SPF) SD rats weighing (300+30 g,
12 weeks old) were purchased from Animal Core Facility of
Nanjing Medical University. The mice were kept in an SPF
animal facility at the Laboratory of Nanjing Medical University
[health license no.: SYXK (Su) 2015-0009]. The rats were
caged separately in a room and the housing conditions were-
constant temperature of 21°C and 12/12 h diurnal cycle. The
24 SD rats were randomly divided into experimental group
and control group of 12 rats each. In experimental group, the
model was established via simulated weightlessness using the
tail-suspension method (tail suspension for 8 weeks for each
group), and rats were fed separately. In control group, the tail
was not suspended, and rats were also fed separately. Six SD
rats were randomly selected from each group and anesthetized
using 3% isoflurane gas mixed with air in an air tight anes-
thesia chamber at 8 weeks. To simulate the weightlessness, the
tail of rats in experimental group was suspended to get the
posterior limbs off the ground according to articles published
previously (20). A previous study has proven that simulated
weightlessness accelerates the intervertebral disc degenera-
tion (21). In short, the tail was fixed with tape first, and then
linked to the top of cage through the chain. There was a small
sheave at the junction of the chain and the top of cage, so
that the rat could move freely along the chain. The posterior
limbs were approximately 0.5 cm above the ground with the
head downwards at 30°. Finally, all rats in experimental group
were euthanized under using 3% isoflurane gas mixed with
air. This study was approved by the Animal Ethics Committee
of Shanghai General Hospital of Nanjing Medical University
Animal Center (Shanghai, China).

Main reagents. Bicinchoninic acid (BCA) protein quan-
tification kit (C503051, Sangon Biotech, Shanghai,
China), UNIQ-10 Column TRIzol Total RNA Isolation kit
(B511321, Sangon Biotech), M-MuLV One-step RT-PCR kit
(B532431, Sangon Biotech), GAPDH (D4C6R) mouse mAb
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Table I. RT-PCR primer sequences of IL-1f, IL-6, TNF-a and
B-actin mRNA.

Gene name Primer sequence
IL-1p 5'-3" CCCTGAACTCAACTGTGAAATAGCA
3'-5': CCCAAGTCAAGGGCTTGGAA
IL-6 5'-3": ATTGTATGAACAGCGATGATGCAC
3'-5": CCAGGTAGAAACGGAACTCCAGA
TNF-a 5'-3"': TCAGTTCCATGGCCCAGAC
3'-5": GTTGTCTTTGAGATCCATGCCATT
p53 5'-3': GGACGACAGGCAGACTTTC
3'-5': CAAGGCCTCACAGCTCTC
pl6 5'-3": CTCACCATGGATGATGATATCGC
3'-5" AGGAATCCTTCTGACCCATGC
[-actin 5'-3': GAGCCGGGAAATCGTGCGT

3'-5": GGAAGGAAGGCTGGAAGATG

Table II. MRI results in control group and experimental group.

Group Grade 1 Grade2 Grade3  Grade4
Control 12 0 0 0
Experimental 0 1 3 8

(cat. no. 97166, Cell Signaling Technology, Inc., Danvers, MA,
USA), p53 (1C12) mouse mAD (cat. no. 2524, Cell Signaling
Technology, Inc.), anti-p16 (Ab-1) mouse mAb (DCS-50.1/H4)
(cat. no. NA29-100UG, Chemicon; EMD Millipore, Billerica,
MA, USA) and anti-mouse IgG, HRP-linked antibody
(cat. no. 7076, Cell Signaling Technology, Inc.).

MRI examination. Rats in experimental group and control
group were taken, anesthetized and fixed on the carton board.
This was followed by MRI examination. Grading evaluation
was performed according to the criteria of MRI Classification
of Disc Degeneration, Pfirrmann er al (22): Grade 1: there is
partial loss and multiple fractures in the nucleus pulposus,
grade 2: The nucleus pulposus cells are reduced, and the
compensatory enlargement of nucleus can be seen at the
junction with the inner annulus fibrosus, grade 3: The nucleus
pulposus cells are significantly reduced, and the cartilaginous
metaplasia of nucleus pulposus cells is obvious, and grade 4:
Nucleus pulposus cells are rare, and more interim cells can be
seen.

H&E staining. The lumbar disc tissues in control group
and experimental group were taken, fixed in 10% formalin
(20°C, 24 h), dehydrated, embedded into paraffin and sliced
into 5 ym-thick sections, followed by H&E staining. Briefly,
slides were washed using distilled H,O and then stained with
Hematoxylin-Eosin staining kit (cat. no. E607318, Sangon
Biotech) (20°C, 5-10 min) according to the manufacturer's
protocol. After that, sections in both groups were sealed, and
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Figure 1. Results of H&E staining of intervertebral disc in control group and experimental group (x200). Compared with control group, in the experimental
group, the morphology of the cartilage showed disorganization and narrowing of intervertebral space.

the pathological differences in lumbar disc tissues between the
two groups were observed and photographed for analysis under
an upright light microscope (IX51 Olympus Corporation,
Tokyo, Japan).

RT-PCR analysis. The lumbar disc tissues in control group
and experimental group were taken, added with 1 ml TRIzol,
cut into pieces and fully ground to homogenate. The samples
were completely lysed using Tissue Total Protein Lysis Buffer
(cat. no. C500028, Sangon Biotech) at room temperature for
5 min and centrifuged at 12,000 x g and 4°C for 5 min. Then
the supernatant was taken carefully, added with chloroform
and mixed evenly, followed by standing at room temperature
for 5 min and centrifugation at 12,000 x g and 4°C for 15 min.
The supernatant was carefully taken and added with the
same volume of isopropanol, followed by standing at room
temperature for 10 min and centrifugation at 12,000 x g and
4°C for 10 min. The precipitate was retained, added with
75% ethanol and mixed evenly to wash the RNA precipitate.
Finally, RNase-free water was added to completely dissolve
the precipitate. The optical density (OD),,/OD,g, ratio was
determined and the RNA concentration was detected. The
stepwise amplification was performed according to the
instructions and the primer sequence templates shown in
Table I, and the RT-PCR was performed for the reaction
products.

Western blot analysis. The lumbar disc tissues in control group
and experimental group were taken and washed twice with
ice cold normal saline. According to instructions of the whole
protein extraction kit (cat. no. C500028, Sangon Biotech),
tissues were added with lysis solution and homogenized for
1 min using a tissue homogenizer, followed by centrifugation at
12,000 x g and 4°C for 10 min. The supernatant was collected
as the total protein of tissues. The protein concentration was
determined using the BCA protein concentration assay kit
(C503051, Sangon Biotech). Total protein (20 ug) was separated
via a 10% SDS-PAGE gel and transferred to PVDF membranes
(Sangon Biotech). The PVDF membranes were blocked with
1% bovine serum albumin (BSA, cat. no. A604481, Sangon
Biotech) dissolved in TBST for 1 h at room temperature
and then incubated with primary antibodies for 1 h at room
temperature or overnight at 4°C. The primary antibodies
used were as follows: p53 (1C12) mouse mAb, anti-pl6 (Ab-1)

mouse mAb (DCS-50.1/H4) and GAPDH (D4C6R) mouse
mAb. After washing with TBST 3 times, anti-mouse IgG,
HRP-linked antibody as secondary antibody was added and
was detected using an EasyBlot ECL kit (C506668, Sangon
Biotech). Immunoreactivity of p53 or pl6 was quantified using
ImageJ software (version 1.45) [National Institutes of Health
(NIH), Rockville, MD, USA].

Statistical analysis. The experimental data are expressed as
mean =+ standard error of mean (mean + SEM), and SPSS 17.0
software (SPSS, Inc., Chicago, IL, USA) was used for the statis-
tical analysis of experimental results. The difference between
two groups was calculated by t-test. P<0.05 was considered to
indicate a statistically significant difference.

Results

MRI examination results. MRI examination was performed for
rats in control group and experimental group. Results revealed
that the intervertebral disc in control group was normal, while
there was significant intervertebral disc injury in experimental
group (Table II).

H&E staining results. Compared with those in control group,
the L4/5 and L5/6 intervertebral discs had obvious signs of
degeneration after intervertebral disc injury with disc height
loss, nucleus pulposus structure disorder in annulus fibrosus
and inflammatory cell infiltration in experimental group

(Fig. 1).

RT-PCR results of inflammatory factors. The total RNA was
extracted from the intervertebral disc tissue samples in experi-
mental group and control group and detected via RT-PCR.
Results showed that the mRNA expression levels of inflamma-
tory factors (IL-1p, IL-6 and TNF-a) in experimental group
were significantly increased compared with those in control
group, indicating that the lumbar disc degeneration of rats in
simulated weightlessness is closely related to inflammation
(Fig. 2).

RT-PCR results of p53 and p16 mRNA. RT-PCR results mani-
fested that compared with those in control group, p53 and pl6
mRNA levels in intervertebral disc tissues in experimental
group were obviously increased, suggesting that p53 and p16
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Figure 2. mRNA expression levels of IL-1p, IL-6 and TNF-a in intervertebral disc tissues in experimental group and control group. The values are the mean
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Figure 3. p53 and pl6 mRNA expression levels in intervertebral disc tissues in experimental group and control group. “P<0.01 vs. control group.

Control group Experimental group

& ape [ Control
9 « [l Experimental
e —
D-f 601 o
Sg
c<g
'@ O 401
p53 | et *g e
& 204
E < 20
I
GAPDH -~§ ol 1,
p16 p53

Figure 4. p53 and p16 protein expression levels in intervertebral disc tissues in experimental group and control group. The values are the mean + SD. “P<0.01

and vs. control group.

genes have an association with the degree of lumbar disc
degeneration of rats in simulated weightlessness (Fig. 3).

Western blot results of p53 and pl6 proteins. The protein was
extracted from the intervertebral disc tissue samples of rats in
control group and experimental group, and western blotting
results revealed that the p53 and pl6 protein expression levels
in intervertebral disc tissues of rats in experimental group
were remarkably increased compared with those in control

group (Fig. 4).

Discussion

It is reported that lumbago occurs in more than 50% of
astronauts during or after space missions (8,23). Although
there is no definite evidence proving that intervertebral disc
degeneration is the cause of lumbago in astronauts currently,
it is a major cause of low back pain. On the contrary to the
sustained stable pressure on intervertebral disc under the
standard gravity on the earth, the compressive force against
intervertebral disc under weightless environment in the
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space flight significantly declines. In addition, the decline
in the hydrostatic pressure on intervertebral disc cells under
the weightless condition is considered as the core link in
the pathophysiology of intervertebral disc degeneration of
astronauts (24). The latest research shows that intervertebral
disc degeneration is a constantly developing vicious circle.
The homeostasis of intervertebral disc microenvironment
is the result of interaction among intervertebral disc cells,
extracellular matrix and biomechanics in intervertebral disc.
If such a homeostasis is broken, intervertebral disc cells will
stop secreting proteoglycan and extracellular matrix compo-
nents will be changed. Due to the water-gathering effect of
proteoglycan, the hydrostatic pressure in intervertebral disc
will be reduced, while the shear force will be increased. Such
biomechanical changes will further affect intervertebral disc
cells, so that they will secrete less proteoglycan. Finally, the
vicious circle is formed, and intervertebral disc degeneration
will develop constantly (9). It can be seen that the decline
in hydrostatic pressure in the intervertebral disc affects the
extracellular matrix through affecting intervertebral disc
cells under the weightless condition, ultimately breaking the
homeostasis of intervertebral disc microenvironment and
accelerating the intervertebral disc degeneration. The above
results are consistent with those in this experiment that the
number and grade of intervertebral disc degeneration in
experimental group were significantly larger and higher than
those in control group.

Intervertebral disc degeneration has been studied using
different animal models in a large number of literature in
recent years. Jin et al reported that the culture of intervertebral
disc tissues in vitro under simulated weightlessness accelerates
the intervertebral disc degeneration (21). However, it is argued
that the microenvironment of intervertebral disc in vitro has
been destroyed, and whether intervertebral disc degeneration
is caused by simulated weightlessness cannot be determined.
Therefore, the live rats were fed under simulated weightless-
ness to study the pathophysiological process of intervertebral
disc degeneration in this experiment.

It was found in this study that the p53 and pl6 mRNA
levels in intervertebral disc tissues of rats in experimental
group were significantly increased, and the p53 and pl6
protein expression levels were also obviously increased. The
molecular mechanism of cell senescence in intervertebral disc
degeneration includes two parts. The p53-p21-Rb pathway
and pl6-Rb pathway play important roles in cell cycle
arrest. In telomere damage and DNA damage response, the
p53-p21-Rb pathway is generally activated, leading to replica-
tive senescence (13,25). p53, as a tumor suppressor gene, is
involved in various cell biological processes, including cell
proliferation, senescence and death. p53 responds to telomere
shortening or DNA damage, and initiates the irreversible cell
cycle arrest (26,27). Some experiments reveal that the expres-
sion levels of p53, p21 and Rb in senescent nucleus pulposus
cells in degenerative nucleus pulposus tissue samples are
increased accompanied by telomere shortening and reduced
telomerase activity (28). With the extension of culture cycle
of nucleus pulposus cells, the p53-p21-Rb pathway is activated
in human nucleus pulposus cells, leading to the replicative
senescence of intervertebral disc cells (29). At the same time,
the p53 expression is significantly up-regulated in senescent
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annulus fibrosus cells in degenerative intervertebral disc tissue
samples (14). According to the latest research, the ATMChk2-
p53-p21-Rb pathway is activated in the oxidative stress of
human nucleus pulposus cells. Unlike the p53-dependent
pathway, the non-p53-dependent pathway, pl6 pathway, is
generally activated by various stimuli, especially oxidative
stress, which leads to stress-induced premature senescence
(SIPS). p16, as an inhibitor of CDK4 and CDKG®6, blocks the cell
cycle progression when activated by oxidative stress (30,31).
Previous studies have found that the pl6 gene expression is
increased in senescent nucleus pulposus cells in degenera-
tive intervertebral disc tissues (15,28,32), and the number of
pl6-positive cells is correlated with the grade of intervertebral
disc degeneration (15). The pl6-Rb pathway is also activated
in intervertebral disc cells with the extension of culture cycle,
which is consistent with the p53-p21-Rb pathway (29). It has
been found in recent studies that the pl6-Rb pathway medi-
ates the high glucose-induced senescence of intervertebral
disc cells. The aggregation of high glucose produces excessive
reactive oxygen species through damaging the mitochondria,
so that the pl6-Rb pathway is activated and induces SIPS in
intervertebral disc cells (33-35). In summary, the senescence of
intervertebral disc cells is mainly mediated by the p53-p21-Rb
pathway and p16-Rb pathway.

In this study, RT-PCR results showed that the mRNA levels
of inflammatory factors (IL-1, IL-6 and TNF-a) in experi-
mental group were significantly increased compared with
those in control group. According to previous studies, senes-
cent nucleus pulposus cells may change the secretion mode
to alter the intervertebral disc microenvironment (13,36). In
the intervertebral disc, these cells reduce the production of
extracellular matrix and enhance the degradation of extracel-
lular matrix. In addition, senescent intervertebral disc cells
secrete pro-inflammatory factors (IL-1f, IL-6 and TNF-a), all
of which may accelerate the senescence of adjacent interver-
tebral disc cells and promote the autoimmune cell infiltration,
thereby strengthening the inflammatory response of nucleus
pulposus cells in degenerative intervertebral disc (17,25,36,37).
In recent years, increasingly more studies have demonstrated
that the secretion level of cytokines in the body can be signifi-
cantly changed in simulated weightlessness, and cytokines
exert an efficient regulatory effect in local tissues mainly in
autocrine and paracrine manner (38,39). Jin et al found using
H&E staining that degeneration occurs in intervertebral disc
tissues of rats cultured under simulated weightlessness, and
the expression of MMP-3 and apoptosis of nucleus pulposus
cells are increased (21).

In this study, 24 male SD rats were selected and randomly
divided into control group and experimental group. The model
of lumbar disc degeneration was established via simulated
weightlessness in experimental group. MRI examination was
performed for rats in control group and experimental group to
observe the lumbar intervertebral disc. MRI results showed
that the lumbar intervertebral disc of rats in control group was
normal, while there was significant intervertebral disc injury in
experimental group. The intervertebral disc was detected and
analyzed in both groups via H&E histopathological staining,
and it was found that there were obvious signs of degeneration
in the intervertebral disc in the experimental group. Moreover,
the expression levels of inflammatory factors in both groups
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were detected via RT-PCR, and results manifested that the
expression levels of IL-1p3, IL-6 and TNF-a in experimental
group were significantly increased compared with those in
control group. Besides, RT-PCR and western blotting proved
that both p53 and pl6 mRNA and protein expression levels in
experimental group were obviously increased. To sum up, the
abnormal expression levels of p53 and pl6 genes are closely
related to the lumbar disc degeneration in rats in simulated
weightlessness, which may lead to the high expression levels of
inflammatory factors. This experiment provides a live model
for further study on the mechanism of intervertebral disc
cell senescence in intervertebral disc degeneration, and lays
a foundation for further study on human intervertebral disc
degeneration. In the future, more experiments are needed to
deeply study the mechanism of cell senescence in interverte-
bral disc degeneration.
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