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Proteomic and bioinformatic analyses of
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Abstract. Spinal cord injury (SCI) may result in skeletal
muscle atrophy. Identifying diagnostic biomarkers and effec-
tive targets for treatment is an important challenge in clinical
work. The aim of the present study is to elucidate potential
biomarkers and therapeutic targets for SCI-induced muscle
atrophy (SIMA) using proteomic and bioinformatic analyses.
The protein samples from rat soleus muscle were collected at
different time points following SCI injury and separated by
two-dimensional gel electrophoresis and compared with the
sham group. The identities of these protein spots were analyzed
by mass spectrometry (MS). MS demonstrated that 20 proteins
associated with muscle atrophy were differentially expressed.
Bioinformatic analyses indicated that SIMA changed the
expression of proteins associated with cellular, developmental,
immune system and metabolic processes, biological adhe-
sion and localization. The results of the present study may
be beneficial in understanding the molecular mechanisms of
SIMA and elucidating potential biomarkers and targets for the
treatment of muscle atrophy.

Introduction

Spinal cord injury (SCI) is a serious central nervous system
disorder. Sociological changes, and infrastructural and
transport system development have resulted in an increased
incidence of SCI (1). Patients with SCI experience irrevers-
ible sensory and motor dysfunction. In modern society, the
length of time that patients with paralysis and SCI survive has
increased, which results in a heavy financial burden for the
families and society.
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SCI commonly leads to muscle atrophy (2). Previous
research has demonstrated that within the initial 6-18 months
following SCI, 27 to 56% of the muscle fibers have atrophied (3).
Currently, there is no clear consensus regarding classification
of the type of atrophy that occurs following SCI, certain
reports suggest disuse (4-7) and denervated atrophy (8,9).
However, the atrophy induced by SCI is different from the
aforementioned types of atrophy. Disuse models are based on
variable degrees of unloading and inactivity, including ankle
immobilization and hindlimb unloading. Disuse-induced
muscle atrophy occurs when the central nervous system is
intact. Another scenario is denervated atrophy, which is often
induced by the model of peripheral axotomy (10,11). The
central nervous system is not damaged in this type of muscle
atrophy, as the injury is restricted to the axon of the dorsal
root ganglion. The difference between SCI-induced muscle
loss and the aforementioned types of atrophy is that in SCI the
lower motor neurons remain intact and upper neurons cannot
transmit information to the lower neurons.

Due to the complexity of the central nervous system and the
observed cases of spontaneous functional recovery (12,13),
the present study hypothesizes that the SCI-induced muscle
atrophy (SIMA) may be the result of a special pathological
mechanism. To develop novel treatment strategies or find
novel diagnostic markers, it is required to investigate the
molecular mechanisms and signaling pathways that mediate
SCI-induced muscle atrophy. Previous studies have demon-
strated the involvement of certain molecules and genes during
this pathological process (14-16). However, the pathological
mechanisms of SIMA are complex, thus, only investigating
certain molecules is insufficient. Microarray data has
provided some indication of the changes to mRNA expres-
sion levels that occur within the whole genome following
SCI. However, the mRNA expression level does not always
correlate with the protein expression level. Post-translational
modifications and microRNAs may affect the protein expres-
sion levels (17). Thus, adopting a proteomics approach to
analyze the global protein profile in SIMA may provide more
accurate information that cannot be obtained from micro-
array analysis.

To the best of our knowledge, there have been no system-
atic studies aimed at identifying the proteins associated with
SIMA on a proteome scale. The present study compared
normal soleus muscle samples with post-SCI soleus muscle
samples by two-dimensional (2D) gel electrophoresis,
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followed by matrix assisted laser desorption/ionization-time
of flight mass spectrometry (MALDI-TOF MS) analysis and
identified a number of specific proteins that demonstrated
differential expression levels. It is important to accumulate
basic data, and the results of the present study may improve
diagnostic procedures and the design of future strategies to
treat SIMA.

Materials and methods

Animals and treatments. In the present study, female Wistar
rats (n=30; weight, 220-250 g, age, 8 weeks; Tianjin Medical
University, Tianjin, China) were used. Rats were single-housed
in standard plastic cages in a room temperature (24+2°C),
relative humidity (50+10%), and light/dark conditions
(12/12-h light/dark cycle) room with access to food and water
ad libitum. The study was approved by the ethics committee
of Tianjin Medical University General Hospital. All proce-
dures in the current study, including the use of experimental
animals, followed the guidelines of the Animal Care and
Research Committee of Tianjin Medical University. The rats
were divided into a sham group and two injury groups (7 and
14 days post-SCI; n=10/group). The contusion injury models
were induced by the standard New York University (NYU)
impactor, as described previously (18). Animals were anes-
thetized (3 ml/kg 10% chloral hydrate, intraperitoneally) and
laminectomized to expose the T10 spinal cord. A moderate
injury was generated by dropping a metal rod (10 g, 12.5 mm)
onto the back side of the spinal cord. The compression force
and velocity were controlled by a surveillance system to main-
tain uniformity between animals. These rats were manually
treated with bladder emptying. Sham subjects underwent a
T10 laminectomy without contusion. Locomotive behavior
was assessed at 0, 2, 4, 6, 8, 10, 12 and 14 days following
injury using Basso, Beattie, and Bresnahan (BBB) score (19) to
ensure that all subjects exhibited a normal curve of functional
changes following SCI.

After 7 and 14 days, rats were euthanized with pentobarbital
anesthesia (100 mg/kg, intraperitoneally), and then perfused
with phosphate buffered-saline (PBS). Following perfusion,
the posterior hind limbs were sliced to retrieve soleus muscle
samples. Initially, the gastrocnemius muscle was lifted by
cutting the terminus of the Achilles tendon to expose the
soleus muscle. The soleus muscle was carefully excised from
the posterior limbs and all connective tissue was removed to
reserve muscles. Prior to each operation, the body weight of
the rats was measured and then the isolated soleus muscle was
weighed following bilateral harvesting. Following the surgery,
the ratio of muscle weight to body weight was calculated, then
muscle samples were frozen in liquid nitrogen and stored at
-80°C. Control group rats were sacrificed following the same
protocol at 14 days post-injury.

Histological examination. Samples from each group (n=10)
were fixed in 10% phosphate-buffered formaldehyde solution.
Following the process of decalcification and dehydration, the
muscles were embedded in paraffin, cut into 5-ym sections
and stained using hematoxylin and eosin. Muscle fibers
(=100 in each group) were observed in bright-field using
Nikon ECLIPSE TS100 light microscope (Tokyo, Japan)
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and Nikon D7200 image acquisition system. Their diameters
were measured using Image J software (National Institutes of
Health, Bethesda, MD, USA).

Sample preparation and 2D gel electrophoresis. Muscles
samples were washed twice with PBS, once with distilled water
and then ground to a fine powder with a pestle in liquid nitrogen.
Lysis buffer [§ M urea, 2 M thiourea, 2% (w:v) CHAPS, 1%
dithiothreitol (DTT), 1 mM phenylmethanesulfonyl fluoride
(PMSF); 0.17 ml], 50 ug/ml DNase I and 1 mM PMSF was
added to each sample. The samples were lysed by exposure
to ultrasound for 30 sec (time interval 0.5 sec) repeated four
times. The lysates were centrifuged at 12,000 x g for 30 min
at 4°C to obtain the supernatants. Protein concentration was
determined using the Bradford method and samples were
stored at -80°C.

For first-dimension isoelectric focusing, pH 3-10 non-linear
range immobilized pH gradient (IPG) strips (18 cm) were
rehydrated with solubilized protein samples (800 pg) for 12 h.
Isoelectric focusing was performed Isoelectric focusing was
performed using the Protean II Xi cell electrophoresis system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) under
the following voltage time program: 0-500 V for 1 h, 500 V
for 5 h, 500-3500 V for 3.5 h, 3500 V for 14 h and finally
3500-5000 V for 4 h.

Immediately following focusing, the IPG strips were
equilibrated for 15 min in equilibration buffer I [SO mM
Tris-HCI pH 6.8, 6 M urea, 30% glycerol, 2% sodium dodecyl
sulfate (SDS), 2% DTT, 0.02% bromophenol blue], and then
for 15 min in equilibration buffer II (50 mM Tris-HCI pH 6.8,
6 M urea, 30% glycerol, 2% SDS, 2.5% iodoacetamide, 0.02%
bromophenol blue). The second dimension separation was
performed at 15°C using a vertical electrophoresis system
(Multiphor II; GE Healthcare Life Sciences , Chalfont, UK)
with 1-mm 12.5% acrylamide gels run at 20 mA/gel until the
tracking dye reached the bottom of the gel. The 2D PAGE gel
was then stained with Coomassie Blue.

Visualization of proteins and image analysis. Following
electrophoresis, the 2D gels were subjected to staining with
a solution of 10% ammonium sulfate, 10% phosphoric acid,
0.12% G250 and 20% methanol overnight.

The gels were washed with a destaining solution (3%
glacial acetic acid) in horizontal rotators. Finally, the gels were
washed with Milli-Q water for 30 min. Images were obtained
by scanning the 2D gels with a PowerLook 2100XL scanner
(UMAX Technologies, Inc., Dallas, TX, USA).

PDQuest v 8.0 (Bio-Rad Laboratories, Inc.) software was
used to calculate the intensities of protein spots to identify
differentially expressed proteins. To correct quantitative
variations in the intensity of protein spots, spot volumes
were normalized as a percentage of the total volume of all
the spots present in a gel. Only spots that were consistently
present in the gels from at least three rats in each group were
analyzed to avoid spot differences that were due to gel-to-gel
or biological variation inherent among the rats. The protein
molecular weight, which ranged from 10 to 100 kDa, and
the isoelectric point (pI), which ranged from 3 to 10, of each
protein spot were calculated by the software using the distri-
butions of standard markers and pl positions, respectively.
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Analysis of variance (AVOVA) with Tukey's post-hoc multiple
comparison tests were performed to analyze statistically
different intensities among groups. P<0.05 was considered to
indicate a statistically significant difference.

In-gel tryptic digestion and MALDI-TOF-MS analysis.
Selected protein spots were excised from the gel and cut
into ~I mm? pieces. Samples were destained using 50%
(vv) acetonitrile (ACN) and 25 mM ammonium bicarbonate
(100 ul, pH 8.0) for 15 min, this was repeated three times until
the destaining process was complete. The gel samples were
dipped into 100% ACN (30 pl, pH 8.0) for 5 min until they
turned white. They were dried at room temperature and the
samples were then digested using trypsin (8 ul, 0.005 mg/ml)
at 37°C for 16 h. The digested proteins (0.3 ul) coupled with
0.3 pl matrix were subjected to MALDI-TOF MS analysis
using a 4700 Proteomics Analyzer (Applied Biosystems;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) to obtain
the peptide mass fingerprint (PMF) with 4,600 laser intensity.
The peak list was generated by GPS Explorer v 3.5 software
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and
searched using Mascot (version 2.1.0; Matrix Science Ltd.,
London, UK). The PMFs were processed by using the NCBI
databases (www.ncbi.nlm.nih.gov) and the fingerprinting
method was applied allowing a maximum of one missed
tryptic cleavage per protein. The protein score confidence
calculated using the Mascot algorithm. Confidence score
=95% and P<0.05 was considered to indicate a statistically
significant difference.

Classification of proteins. Identified proteins were submitted
to the Protein Analysis Through Evolutionary Relationships
(PANTHER) classification system (www.pantherdb.org) to
determine their function via high-throughput analysis (20).
Proteins were classified according to family and subfamily,
molecular function, biological process and pathway.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Significant differences were determined by
ANOVA testing. SPSS software version 22.0 was used for data
analysis (SPSS Inc., Chicago, IL, USA). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

BBB score in rats post-SCI increased with recovery time. In
the control group, all rats exhibited a BBB score of 21. In the
injured groups, immediately following SCI, the motor func-
tion of rats' hind limbs was severely impaired leading to BBB
scores of ~0. Subsequently, the score gradually increased and
all injured subjects demonstrated a similar recovery process.
SCI rats recovered to exhibit BBB scores of ~9 by 7 days
post-injury. Scores reached 10 after 14 days. Rats in the control
group exhibited BBB scores of 21 throughout the experiment

(Fig. 1).

SCI reduces soleus muscle fiber diameter. The mean diam-
eter of the soleus muscle fiber was 94.4+10.8 ym in the
control group. In the SCI groups, the mean diameters of the
soleus muscle fiber were 76.7+10.0 ym and 66.2+8.2 ym at
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Figure 1. Locomotor behavior analysis by BBB score. Following spinal
cord injury, the BBB score gradually increased. Data points present the
mean =+ standard error of the mean. BBB, Basso, Beattie, and Bresnahan.

7 and 14 days post-injury, respectively. The diameters in the
SCI groups were significantly decreased compared with the
control group (P<0.01). The mean diameter of the soleus
muscle fiber decreased gradually at different time points
(Fig. 2).

SCI induced differential protein expression in soleus muscle
samples. Differentially expressed proteins in the soleus muscle
of injured and control rats were identified and analyzed using
2D PAGE and MALDI TOF. Gel images of proteins isolated
from the muscle of control, 7 and 14 days post-SCI groups
were compared (Fig. 3). Per gel, >500 protein spots were
detected. The protein expression profile in the soleus muscle
of SCI rats indicated that the expression levels of >50 proteins
were changed compared with the control group. Among
altered proteins, 23 protein spots exhibited significant changes
(Table I) and were quantitatively high enough to be identified
by MALDI-TOF. MS data were analyzed using the Mascot
search engine. The Mascot search identified 20 spots with high
confidence (Table IT). The confidence score of proteins was
>95%.

To investigate the dynamic molecular mechanisms
involved in SCI, the identified altered proteins were clas-
sified into 9 functional categories using the PANTHER
database, including biological adhesion, cellular component
organization or biogenesis, cellular processes, developmental
processes, immune system processes, localization, metabolic
processes, multicellular organism processes and response to
stimulus (Fig. 4).

Discussion

Repeatable injuries are essential for assessing the severity of
muscle atrophy in SCI animal models in original and repli-
cative studies. The current study used an NYU impactor to
generate the SCI and verified that SCI animals shared similar
recovery curves, which were in accordance with the results of
Basso et al (21). Furthermore, the BBB recovery curves were
identical for the experimental groups at 14 days post-injury.
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Figure 2. The mean diameter of the soleus muscle fiber at different time points following SCI. Hematoxylin and eosin staining (magnification x400) of (A) the
control group, (B) group 1 (7 days post-SCI) and (C) group 2 (14 days post-SCI). (D) Quantitative analyses were performed to confirm the morphological
results. Data are presented as the mean + standard error of the mean. “P<0.01 vs. control group. SCI, spinal cord injury.
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Figure 3. Protein profiles of 2D gel electrophoresis. 2D gels representing proteins from (A) the control group, (B) group 1 (7 days post-SCI) and (C) group 2

(14 days post-SCI). P<0.05, n=3. SCI, spinal cord injury.

This indicates that the present study produced a consistent and
reproducible contusion SCI model.

Using 2D gels and MALDI-TOF MS analysis, the current
study identified differentially expressed proteins in soleus
muscle fibers of control and SCI model rats. In present study,
it was demonstrated that this method is efficient for the
identification of multiple proteins, a number of them at low
abundance. Previous studies investigating muscle atrophy
typically focus on the disuse and denervated animal models
to simulate their corresponding clinical phenomenon. SIMA
is often classified as one of these models of muscle atrophy
or a combination of these models. However, the pathological
process of SIMA involves multiple factors, including signal
transduction, immunization, electrical conduction, stimuli
and metabolism (22), which results in a complex condition
that cannot be attributed to one molecular mechanisms or
a simpler combination of a small number. Thus, the present
study investigated the pathological changes that occur during

SIMA. Using 2D gels, numerous proteins were identified.
Certain proteins exhibited a similar expression pattern as
previously described (23), but others exhibited different
curves or inconsistent ones (24). The potential importance
and function of these proteins in SIMA is discussed further
below.

The 14-3-3 proteins, as conserved regulatory molecules,
have been demonstrated to be involved in numerous
intracellular processes, including cell cycle regulation,
metabolic control, apoptosis, and the control of gene tran-
scription in almost all eukaryotic cells. Previous research
demonstrated that 14-3-3 proteins are upregulated in the
denervated tibialis anterior muscle of rats (25). However,
other studies have observed that 14-3-3 was not increased
in the skeletal muscles of patients with chronic obstruc-
tive pulmonary disease, which is a hypoxemic disease
with similar characteristics to the early changes observed
in the microenvironment during SCI (26). As a prognostic
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Table 1. Identification of differentially expressed proteins by MALDI-TOFMS in rat soleus muscle at different time points

following SCI.

Fold-change protein expression

7 days 14 days 14 days post-SCI/
Protein name post-SCl/control post-SCl/control 7 days post-SCI
Myosin regulatory light chain 2 0.157911 0.242524 0.651114
14-3-3 Protein € 2.198649 1.282510 1.714334
Probable C>U-editing enzyme APOBEC-2 0.742312 2.545599 0.291606
Tropomyosin (3 chain 2.230306 0.752411 2964213
ATP synthase 3 subunit 1.201723 3.443378 0.348995
Myosin light chain 0.247498 0.156377 1.582694
Myosin light chain 3 0.247498 0.156377 1.582694
a-Actinin-2 0.253011 0.070115 3.608539
Chain A, crystal structure of the 70-kDa heat 0.455156 1.406490 0.323611
shock cognate protein
Heat shock protein 3 6 1.292586 0
Serum albumin precursor 2.528853 2.490987 1.015201
o B-crystallin 400t 00° 0
Troponin T class IIIb 3 +00® +00® 0.326424
B-Enolase +o0t +0o0t 0.117352
Creatine kinase M-type +oot +oot 2.717467
Fibrinogen f3 chain precursor 0.401764 0.946549 0.424452
Fibrinogen o chain 0.139896 1.026677 0.136261
MMSDH 0.127811 0.816477 0.156540
Phosphoglycerate kinase 1 0.081919 0.458707 0.178586

*The protein was only expressed post-SCI, thus the ratio between SCI and control is infinite. "The protein was not expressed at 14 days post-SCI
or in the control. SCI, spinal cord injury; APOBEC-2, apolipoprotein B mRNA editing enzyme catalytic polypeptide like 2; MMSDH, aldehyde

dehydrogenase 6 family member Al.

indicator, early accumulation of the 14-3-3 protein in the
cerebrospinal fluid of patients with acute transverse myelitis
was perceived to have been associated with little or no
recovery of neurological function (27). However, deficiencies
have been noted regarding certain aspects of these previous
studies. The limited number of subjects (n=4 per group) may
influence the accuracy of results. Furthermore, a previous
study (28) observed that 14-3-3 protein was only expressed
in ~10% of the patients and concluded that 14-3-3 expres-
sion was, thus, not associated with a poor patient outcome.
Therefore, the present study hypothesizes that 14-3-3 may be
important for the prediction of recovery from muscle atrophy
following SCI. Certain studies support this hypothesis. In
the cerebrospinal fluid of SCI rats, severe injury induced a
slight reduction in 14-3-3 protein expression compared with
moderate injury (29). Another study with a contusion model
demonstrated that the expression levels of three isoforms of
the 14-3-3 protein family increased at the mid-stage of the
recovery following the restoration of bladder function (30).
Despite the possibility that elevated levels of 14-3-3 protein
following SCI may reflect the process of neuronal damage (31),
in the central system (32) or peripheral tissues (33), the
present results demonstrate that 14-3-3 protein, coupled with
functional recovery, was increased despite an early decrease,
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Figure 4. Functional classification of identified proteins in the soleus muscle
of rats with SCI. Pie chart demonstrates functional classifications depending
on the biological process related to each protein using Protein Analysis
Through Evolutionary Relationships.

which may be attributed to the slow reaction of the protein.
Upregulation of 14-3-3 protein expression levels can activate
downstream reaction of the phosphatidylinositol-4,5-bispho-
sphate 3-kinase-AKT signaling pathway, which may
suppress apoptosis. An aim of future research will be to
investigate that underlying mechanism that results in changes
to 14-3-3 expression levels following SCI. Different severi-
ties of SCI and more time points will be useful to elucidate


https://www.spandidos-publications.com/10.3892/mmr.2016.5272

WEI et al: PROTEOMICS OF SCI-INDUCED MUSCLE ATROPHY

170

*1 J0308] 9[qronpul exodAy ¢ [-J[H ]V Joquiow A[Iwe) g 9seud30IpAyap apAyape ‘HASINIA A[Twe) auaSoouo Sy Jo Joquiauw ‘v VY ¢ [dey ‘Sojowoy
QUA300UO [BIIA BWOIIES Jel ‘sey ‘aseury urojoid pajeanoe-uagojiw S dvIN g a1 opndad£jod onAeres owizus Sunips yNyw g urjordodijode ‘z-DHgOJV QUS00UO0 [BIA BWOWAY) dULINW Ie-4 IV
‘oseuny-¢ Aeydsoydsig-¢4-1omsourApneydsoyd Yy ¢1d ‘urod o1oofaost ‘Id udrom Jemnodjouwr ‘A requinu jods passardxa Apueoyrusis ‘dSs ‘Amfur p1od reurds ‘1D (Anowonoads ssew Jysiyg-jo-own
uonezuoruondiosap Iase] paisisse-XLjew ‘SN JOLIATVIN "001=% [BAISIUI 90USPYUOD puB 3109s UOI 1say31y ay1 yim apndad payojew jo souanbas sy, “oseqeiep ay) wolj a1e [d pue A JO SIN[BA,

Surreusis [-J[H ‘sISoua50au0on[3sIs[00A1D 001 0T T0'8¥1° 60671 [ oseuny ajerook[Soydsoyd  TSLYSTOY 90T
pajejouuE JON 001 4! LY 8L 9TT8S HASIWIA 692001 soct
uoneAnoeR
191910[d ‘sapeoses uonenseod pue Juswadwos ‘siso1koopuyg 001 €T 11°L98 08609 ureyop 0 udSoutiqry  ¢T9TTeryl  TOTI
uoneanoe jo1a1e]d ‘sopeosed uone[nseod pue juswa[duwo)) 001 T 6 L26 LTSTS J0smoa1d ureyo ¢ ueSourniqry 8/99818S1 €0EL
pajejouue JoN 001 1€ 8C°9L8 61CEY ad£3-JA 9seury aunear) 199869 02S9
pajeIOUUE JON] 001 91 80 LS 9TELY osejoug-g  €6£€TL9TT 8159
parejouue JON 001 Sl 9€'6C6'10£8¢C d qrr1 ssero I uruodoxy, 16€L0C L1S9
wnnonar drwse[dopus ur Sursseooid urdloIg 00T 91 78 9% SS10T ur[ressKio-g 0 008L8E0E 549
Surreusts (dey pue sey ‘uondiosqear
wnIo[ed paje[nSaI-10)08] I9YI0 puL ULIOPUD ‘sAemyied d1[0qRISIA 001 Ll 60°998° 60L0L J0sInoa1d urunge wniag 89G]CT8]ST 90¥S
WIST[Oqejaull 9pIeunodIu pue 9JeunodIN L6'66 L SO9CI'ISSLI 9 ¢ urajoxd ypoys Jeay 69070€0¢C 01¢s
wnnonal srwseidopue ur Jurssoooid urajord
‘s150)400puo ‘urajoid oyeusos yooys jeay ‘Aemyed Surfeusis SJVIN 001 €C 16'S€6'7686S B-0L SY3 JO 2IM0Ns [B3SA10 Y urey) 00€LY88LI ClIS
pajeijouue 10N 001 |87 1€ SrS 8EEr0l C-UIunoOy-0 €V91S6LS1 90
UOJQ[AYS0IAD UNJOR JO UONB[NTAI ‘UOISAYPR [BIO] 001 o] €0'S€1'967TT € ureyd Y31y uIsoAN 0rCI869 801V
U0JQ[3YS0IAD UNOR JO UONE[NTAI ‘UOISAYPE [BI0,] 00T €l 66765 8¥760C ureyd JYSI] uISOAN YL¥S0T 10S¢€
pajejouue 10N 00T (44 COPS9OLIIS yunqns g aseqiuks 41V SILYLET L19T
$91K00AWOIpILd Ul Sul[euSIS OISIOUAIPE ‘UONORIIUOD J[OSNW ORIPIR)) S6°'66 1 99’165 0€67E ureyo ¢ ursoAwodoly, €0TSL]I1 6022
pajejouute JON 001 Cl SL¥96'1L8SC 7-0d90dV dwAzus 3unipa-N<) d[qeqoid S6LTCYLS] 0I¢C
Sureudts ¢¢d ‘Mv-3¢ld ‘oddiH 001 I 8'¥86'SSH8T 3 url01d ¢-¢-1 SYTLOS6  LOVI
Surreudts ¢¢d ‘WV-3eld ‘oddiH  6€°66 8 €9'¥8¥'9T€6T 3u01d €-¢-¥1  ¥T88T6ET  90€l
UOJASOJAD UNOE JO UOHB[NTII “UOISAYPE [8I0,] 00T ¢l 98 #6¢ 89881 T ureyd 1y31| A103en3ar UISOAN  ¢$€69898¢ 8011
sKemyjed 3ureusis jo 421008 Junod JAMIN Jwreu Jaquinu dsSsS
uonedronied [enuelog opndag ura01d UOISSII0Y

"IDS Surmorjog syurod own JuaIayIp Je sopdwes o[osnw snIfos el ul SN JOL-TATVIA Aq sutajoid passardxo A[[enjuaIofjip jo uonedynuapy "I 9[qel,



%ﬁ SPANDIDOS
'3,‘ PUBLICATIONS

the biochemical and pathophysiological function of proteins
differentially expressed in SIMA.

aB-crystallin (CryAB) is a small heat shock protein
involved in preventing protein aggregation (34). Dysfunc-
tion of CryAB may result in skeletal muscle disorders and
enhancing the function of this protein is accepted as a poten-
tial therapeutic strategy (35). Previous studies indicate that
CryAB is a protective protein that maintains the capability
of satellite cells to regenerate skeletal muscle (34) and that
it is important for muscle homeostasis (36). Denervated tibi-
alis anterior muscle exhibits increased expression of CryAB.
CryAB can prevent apoptosis induced by a variety of stimuli,
which may explain why fast-twitch anterior muscle exhibits
reduced atrophy (25). In the present study, CryAB protein
expression was upregulated at 7 days post-SCI and then
reduced to the level as that of the control by day 14. This
notable finding is contrary to previous research that demon-
strated that denervation decreased the expression levels
of CryAB in slow muscle, particularly in the soleus (37).
However, this discrepancy suggests that SIMA, which differs
from denervation, has the potential for recovery at an early
stage and that the upregulation of CryAB may be a marker of
protection. This hypothesis is supported by indirect evidence
demonstrating that expression of CryAB returned to the
level observed in the normal controls following successful
reinnervation (38). Together, the results of the present study
indicate that, following SCI, there is a transient time window
for the self-restoration of skeletal muscle, but ultimately
the positive effect is suppressed by persistent disadvanta-
geous pathogenic factors. Thus, confirming the accurate time
window and the upregulation of CryAB may be investigated
as future therapeutic strategies.

B-enolase is widely distributed in cells and involved
in the glycolysis pathway (39). Increasing evidence has
demonstrated that -enolase may assist DNA transcription,
replication and repair. Previous studies demonstrated that
the expression of f3-enolase is dependent on regular nerve
activity (40) and its upregulation indicates regeneration of
skeletal muscle (41). Research indicates that the expression
of B-enolase following denervation remains at a low level
in slow-twitch muscle, however, continues to decrease in
the fast-twitch muscle (40,42). However, the present study
demonstrated that the expression levels of B-enolase in
SCI muscle increased steadily, which indicates that SIMA
has the reverse effect on this protein. Previous evidence
suggested that following reinnervation, the expression level
of B-enolase in soleus muscle increased, which may support
the hypothesis that the increase of -enolase expression in
the soleus muscle depends on the integrity of peripheral
nerves. However, the functional recovery of SCI is limited
and muscle atrophy is inevitable. In sum, the present study
hypothesized that the role of 3-enolase is altering the muscle
types, as demonstrated in a previous study (43) that supports
the current observations. In addition, a longer period of
observation is required in future research.

The bio-functions of apolipoprotein B mRNA editing
enzyme catalytic polypeptide like 2 (APOBEC2) have been
hypothesized to include mediation of the cytidine-to-uridine
transcriptional editing of mRNA (44). Due to exclusive
expression in skeletal and cardiac muscles, APOBEC2 was
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suggested to be important in the physiological function of
intramuscular development. However, APOBEC2 knockout
mice did not exhibit a change in phenotype (45). This may
indicate that APOBEC?2 subtly regulates certain aspects of
muscle function, including the response to damage stimuli.
The results of the present study demonstrated that the protein
expression levels of APOBEC?2 in the soleus increased gradu-
ally following SCI, in contrast to the change in expression
levels during denervation atrophy (24). This finding may be
attributed to intact neurons that give priority to compensation
of muscle function by switching the muscle types. A previous
study demonstrated that APOBEC2-deficient mice exhibited a
marked shift in muscle fiber type, from fast to slow (46). It is
hypothesized that the increase of APOBEC2 expression levels
may result in enhanced conversion of slow fibers to fast ones.
Further evidence indicates that the ratio of slow to fast fibers in
soleus muscle was decreased gradually following spinal cord
transection (47).

o-actinin-2 is a major Z-disk component, which is crucial
for the crosslinking of actin and titin filaments (48,49). It is
understood that a-actinin-2 is expressed in all types of muscle
fibers, including slow and fast fibers (50). Previous studies
demonstrated that a-actinin-2 can bond with calsarcin-2, a
key inhibitor of calcineurin activation, to release calcineurin
from calsarcin-2 and change the fast fibers to a slow pheno-
type (51-53). The present study demonstrated that following
SCI, the expression of a-actinin-2 in the soleus dropped
sharply over time. This decrease indicates that downregulation
of a-actinin-2 may result in enhancement of calsarcin-2, which
inhibits the activation of calcineurin signaling, and a shift in
fiber type from slow to fast. The results of the current study are
consistent with previous research and it is hypothesized that
the shift of metabolic phenotype of muscle fibers following
SCI preserves the energy metabolism and function of the
muscle.

Heat shock protein family A member 4 (Hsp70) is a highly
conserved molecular chaperone protein that has been reported
to regulate various processes associated with stress, damage
or degeneration (54). The protective effects of Hsp70 in muscle
atrophy have also been demonstrated in a number of previous
studies (55-57). Upregulation of Hsp70 may prevent muscle
atrophy as a result of denervation, aging or disuse (58-60).
The present study observed that the expression of Hsp70 in the
soleus muscle was slightly reduced at 7 days post-SCI and then
increased sharply at 14 days to a level markedly higher than
that of the control. This indicates that the muscle exhibited
the potential for restoration following central nervous system
injury. The slight reduction observed at the early stage of SCI
may be attributed to a temporary disorder of energy metabo-
lism (61) or inhibition of glucocorticoid due to the stress
response (62). However, it remains necessary to investigate
why the protective effect of Hsp70 is too limited to prevent
atrophy and whether the increased expression of this protein is
also a transient phenomenon.

Another notable finding from the present study is that the
protein levels of certain myosin regulatory light chain (MLC)
isoforms and enzymes involved in cellular and metabolic
processes were decreased in the soleus muscle at early stages
(7 days) post-SCI. Subsequently, the expression was increased
at 14 days post-SCI, with certain isoforms almost at similar
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levels to the control. The function of MLCs is associated with
contractile force and velocity in muscle fibers (63). Multiple
reports have demonstrated that the changes to MLCs were
associated with fiber-type shift (8,64-66). Certain enzymes key
in cellular and metabolic processes, including fibrinogen a and
[ chain, aldehyde dehydrogenase 6 family member Al and
phosphoglycerate kinase 1, participate in various biological
processes and their normal function is for homeostasis of
physiological and pathological metabolism (67-69). Fluctua-
tions in the expression levels of these proteins may indicate
that skeletal muscle has been damaged by central nervous
system injury, but with relatively integrated peripheral nervous
control, will exhibit reduced function of multiple molecular
processes at an early stage and subsequently adapt during the
middle stage. The results of the current study are in accordance
with a previous study that demonstrated that muscle appears to
have plasticity and can adapt following moderate spinal cord
contusion, which was similar to the present animal model (70).

The data of the current study indicated that SCI-induced
atrophic muscles exhibited limited molecular improvements,
which may be associated with functional recovery. However
these improvements cannot reverse the changes to the
size of muscle fibers of the soleus muscles of SCI rats. It is
accepted that following moderate contusion, rats will exhibit
spontaneous recovery of motor function following a fixed
pattern (71,72). Furthermore, previous findings indicated that
the growth effects of muscle fibers may result in improvement
of motor function (73-75), however, this does not mean that
the size of the fibers is directly associated with BBB score.
Notably, the results of the present study demonstrated that the
extent of variation in the second week was reduced compared
with the change in the first week, which may be attributed to
the temporary molecular compensatory mechanisms. These
mechanisms may be used as therapeutic targets to induce
anti-atrophic effects or reverse the effects on skeletal muscle,
potentially coupled with more observable improvement of
motor function (34,62). However, in the current study, due
to specific molecular improvements, the process of muscle
atrophy slowed at a later stage, however, it may not be able
to be stopped or reversed. In addition, the increases to
BBB scores also slowed down at this stage. Concerning the
delayed effects of molecules prior to phenotypic changes, it is
concluded that the decreased extent of atrophic response was
consistent with the sharp increase to motor function recovery
at the early stage. Future studies are required to investigate
prolonged observation over increased time points.

In conclusion, the current study used a proteomics
approach to identify differential expression of proteins in
the soleus muscle at different time points following SCI.
The identified proteins were associated with biological adhe-
sion, cellular processes, developmental processes, immune
system processes, localization and metabolic processes. The
results of the present study demonstrated that SIMA has
characteristics different to disuse and denervated atrophy,
or a combination of them. The present study may improve
the understanding of the association between central nervous
system injury and skeletal muscle atrophy. Furthermore, the
results may provide insight into potential mechanisms or
cellular pathways that may be adopted as biomarkers and
targets for the treatment of SIMA.
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