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Abstract

Oxidative stress is a hallmark of secondary injury associated with spinal cord injury. Identifying stable and specific oxidative biomarkers

is of important significance for studying spinal cord injury-associated secondary injury. Mature erythrocytes do not contain nuclei and
mitochondria and cannot be transcribed and translated. Therefore, mature erythrocytes are highly sensitive to oxidative stress and may
become a valuable biomarker. In the present study, we revealed the proteome dynamics of protein expression in erythrocytes of beagle

dogs in the acute and subacute phases of spinal cord injury using mass spectrometry-based approaches. We found 26 proteins that were
differentially expressed in the acute (0—3 days) and subacute (7—21 days) phases of spinal cord injury. Bioinformatics analysis revealed that
these differentially expressed proteins were involved in glutathione metabolism, lipid metabolism, and pentose phosphate and other oxidative
stress pathways. Western blot assays validated the differential expression of glutathione synthetase, transaldolase, and myeloperoxidase. This
result was consistent with mass spectrometry results, suggesting that erythrocytes can be used as a novel sample source of biological markers
of oxidative stress in spinal cord injury. Glutathione synthetase, transaldolase, and myeloperoxidase sourced from erythrocytes are potential
biomarkers of oxidative stress after spinal cord injury. This study was approved by the Experimental Animal Centre of Ningxia Medical
University, China (approval No. 2017-073) on February 13, 2017.
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Introduction vulnerable to oxidative stress because of many factors,

Spinal cord injury (SCI) is a serious neurological deficit that mcludmg the|_r intense production of reactive oxygen
affects both young and elderly populations worldwide, metabo_htgs, high rate of.energy demand, and relatively
significantly reducing their quality of life (Anna et al., 2017; low antioxidant capacity (Jia et al., 2012; Lassmann and van
Motiei-Langroudi and Sadeghian, 2017; Badhiwala et al., Horssen, 2016; Cheng et al., 2019). It has been suggested that
2019). The neurons and glial cells in the spinal cord are oxidative stress plays significant roles in the pathophysiology
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of both acute and chronic SCI (Hall, 2011; Bastani et al.,
2012; Fatima et al,, 2015). Thus, alleviating oxidative stress
might be an effective therapeutic approach for SCI treatment,
and monitoring biomarkers of oxidative stress is important
to assess pathogenic processes and guide therapeutic
interventions for individuals with SCI (Bedreag et al., 2014).

Because of the complex nature of SCI, identification of the
molecules involved in its pathogenesis is crucial. The emerging
field of proteomics, with its objective to explore biomarker
candidates and therapeutic targets, has received increasing
attention in recent decades (Dunckley et al., 2005; Guest et al.,
2013). In recent years, protein arrays and mass spectrometry
(MS) have been used extensively to survey the oxidative stress
biomarkers for SCI in spinal cord tissue and biofluids, and
several putative biomarker candidates have been identified,
including acrolein, glutathione (GSH), and malondialdehyde
(Tully et al., 2014; Khoubnasabjafari et al., 2015; Yao et al.,
2019; Xu et al., 2020). However, oxidative stress biomarkers
are often short-lived, labile, and difficult to measure directly
(Jansen et al., 2017). Thus, a novel source of oxidative stress
biomarkers is still a pressing need.

Erythrocytes are critical components of peripheral blood.
Because of their abundance and accessibility, erythrocytes
have been suggested as potential targets for biomarkers of
many diseases (Crawford et al., 2004). Evidence has indicated
that erythrocytes lose all organelles when they mature,
resulting in a lack of potential to replace proteins that have
lost their functions, which makes them highly sensitive to any
aberrations and especially prone to oxidative stress (Barasa
and Slijper, 2014; Mazzulla et al., 2015). The exposure of
erythrocytes to oxidative stress results in lipid peroxidation
and alterations in cellular morphology and membrane protein
conformation (Fujino et al., 2000; Okamoto et al., 2004). A
previous study demonstrated increased lipid peroxidation
with higher concentrations of thiobarbituric acid reactive
substances in the erythrocytes of cervical SCI patients
(Wozniak et al., 2016). Nightingale et al. (2020) examined
the associations between erythrocyte distribution width and
cardiorespiratory fitness in individuals with chronic SCI. Their
data showed a positive correlation between the relative peak
oxygen uptake and erythrocyte distribution width. Higher
erythrocyte distribution width values are an independent risk
factor for cardiovascular mortality, heart failure, and coronary
heart disease and may reflect several underlying exacerbated
metabolic responses such as oxidative stress (Nightingale et
al., 2020). In addition, erythrocytes are also highly susceptible
to oxidative damage because of their high concentrations of
oxygen and hemoglobin. These properties make erythrocytes
a suitable model to investigate oxidative damage (Pandey and
Rizvi, 2011; Tsakanova et al., 2017; Revin et al., 2019). Recent
studies reported erythrocytes as a valuable biomarker in the
clinical management of oxidative stress-associated diseases,
such as chronic obstructive pulmonary disease and primary
open-angle glaucoma (Lucantoni et al., 2006; Rokicki et al.,
2016). Despite their potential, erythrocytes have not yet been
examined to select oxidative stress biomarkers for SCI.

Dogs have not only heterogeneity of both injury and genetic
backgrounds but also histopathological similarities to human
patients, which could closely mirror the pathogenesis of
humans (Jeffery et al., 2005; Dalgaard, 2015). Moreover, dogs
with SCI represent a large animal model that offers unique
benefits for SCI research, which could bridge the large gap
between human and rodent studies (Bock et al., 2013; Moore
et al., 2017). For the first time, we analyzed the proteomic
profiles of erythrocytes in the acute and subacute phases of
SCl in a dog model using MS.

Materials and Methods

Animals

Five male beagle dogs (aged 12—24 months; weight 13-17
kg) were provided by the Experimental Animal Centre of
Ningxia Medical University, China (License No. 2017-073). The
dogs were housed under standard conditions (temperature:
21-25°C; humidity: 30—40%; 12-hour light/dark cycle) with
standard dog chow twice daily and water available ad libitum.
All surgical procedures were approved by the Experimental
Animal Centre of Ningxia Medical University, China (approval
No. 2017-073) on February 13, 2017.

SCl model

Analgesics (2.5 mg/kg; tramadol hydrochloride, CSPC
Pharmaceutical Co., Ltd., Shijiazhuang, China; intramuscularly
injected into the thigh muscle of the right femur) were
given to the dogs 30 minutes before the operation. The
animals were anesthetized with dexmedetomidine (10
ug/kg; Dexdomitor; Orion Corporation, Espoo, Finland;
intramuscularly injected into the thigh muscle of the right
femur) and then maintained under spontaneous ventilation
with 2.0-3.0% isoflurane in oxygen. During the operation,
the body temperature of the dogs was maintained with a
heating pad. The surgical areas were shaved and prepared
with iodophors. Using sanitized instruments, laminectomy
was performed at the tenth thoracic segment (T10), and
then unilateral (left side) hemisection at the T10 level was
performed with micro-scissors (Zhang et al., 2020). After the
operation, manual bladder expression was performed at least
three times per day until voluntary urination was established.
The general condition of the dogs and their neurological
status was monitored twice daily during the study period, and
no complications occurred (Ryu et al., 2009).

Erythrocyte sample preparation and lysis and membrane
protein extraction

Blood samples (5 mL) were obtained with a 24-G intravenous
catheter (Becton Dickinson Ltd., Oxford, UK) from the jugular
vein of each dog in the acute phase (0, 1, and 3 days post-
injury (dpi)) and subacute phase (7, 14, and 21 dpi) (Moore
et al.,, 2017). All samples and buffers were kept at 4°C during
all steps. Erythrocytes were separated by centrifugation
for 5 minutes at 2000 x g and resuspended in Lymphocyte
H (Cedarlane, Burlington, ON, USA) with centrifugation as
described. Then, erythrocytes were washed three times in
5 mM phosphate buffer (pH 8.0) containing 0.9% (w/v) NaCl
and then centrifuged at 30,000 x g for 10 minutes at 4°C. The
remaining erythrocyte fraction was passed through nylon
filters to further eliminate granulocytes, washed three times
in 5 mM phosphate buffer (pH 8.0) containing 0.9% (w/v)
NaCl, and then centrifuged at 30,000 x g for 10 minutes at 4°C.
The remaining erythrocytes were immediately used to extract
membrane and lysis proteins, as previously described (Pasini
et al., 2006; Pallotta et al., 2015).

Liquid chromatography-tandem MS analysis

Analysis of the peptide mixtures was performed using a Q
Exactive HF mass spectrometer (Thermo Fisher Scientific,
Palo Alto, CA, USA) (Scheltema et al., 2014). Aliquots of 5 g
of total peptide were subjected to chromatography on a 50-
cm column with a 75-um inner diameter packed with C18
material. Peptide separation was carried out at 300 nL/min
for 75 minutes using a two-step acetonitrile gradient of 5-40%
over the first 60 minutes and 40-95% for the following 15
minutes. The back pressure varied between 450 and 650
bar (1 bar = 100 kPa). The temperature of the column oven
was 55°C. The mass spectrometer was operated in data-
dependent mode with survey scans acquired at a resolution
of 50,000 at a mass-to-charge ratio (m/z) of 400 (transient
time 256 ms). Up to 15 of the most abundant isotope patterns
with charges > +2 from the survey scan (300-1650 m/z)
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were selected with an isolation window of 1.6 m/z and were
fragmented by high-energy collisional dissociation with a
normalized collision energy of 25. The maximum ion injection
times for the survey scan and the tandem MS scans were 20
and 60 ms, respectively. The ion tar%et values for the MS1 and
MS2 scan modes were set to 3 x 10° and 3 x 10°, respectively.
The dynamic exclusion was 25 seconds and 10 ppm (Michalski
etal., 2011; Bryk and Wisniewski, 2017).

Bioinformatic analysis of differentially expressed proteins
The log2 transformed data of differentially expressed proteins
(DEPs) were visualized by heatmaps with the R software
package gplots, version 3.0.1 (https://www.r-project.org/).
A principal component analysis (PCA) model was visualized
for the clustering trend based on the variation in phase of
injury using the ‘principal’ function in R software (Parent et
al., 2016). Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes analyses were performed with the Database
for Annotation, Visualization and Integrated Discovery (http://
david.abcc.ncifcrf.gov/), and the protein-protein interaction
network was mapped using STRING v 9.1 (http://string91.
embl.de/) (Franceschini et al., 2013).

Validation of representative protein expression levels by
western blot analysis

To validate the expression changes of representative proteins
involved in oxidative-related pathways, myeloperoxidase
(MPO), transaldolase (TAL), and GSH synthetase (GSS)
expression levels were detected by western blot assays,
with glyceraldehyde 3-phosphate dehydrogenase as a
control. Briefly, 25 pug of each protein from the erythrocyte
sample extracts was resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on a 4-12% Bis-Tris
Criterion XT Precast Gel (Bio-Rad Laboratories, Solna,
Sweden) according to the manufacturer’s instructions. The
proteins were transferred onto a nitrocellulose membrane
(Invitrogen, Carlsbad, CA, USA), and the blot was blocked
for 1 hour at room temperature. The membrane was then
washed briefly with 50 mM Tris-buffered saline and 0.5%
Tween-20 (pH 8.0) twice prior to incubation with primary
antibodies in 0.5% fat-free milk in 50 mM Tris-buffered saline
and 0.5% Tween-20 (pH 8.0) overnight at 4°C under gentle
agitation. The following primary antibodies were diluted
as indicated and used for immunoblotting: rabbit anti-TAL
(Cat# ab187689; 1:500; Abcam, Cambridge, UK), mouse anti-
MPO (Cat# MCA1757, 1:1000, Bio-Rad, Hercules, CA, USA),
mouse anti-GSS (Cat# ABIN1498538, 1:200, Antibodies-
Online Inc., Atlanta, GA, USA), and rabbit anti-glyceraldehyde
3-phosphate dehydrogenase (Cat# ab9485; 1:2500; Abcam).
The membranes were washed three times for 10 minutes
each with Tris-buffered saline and then incubated with goat-
anti-mouse horseradish peroxidase-conjugated IgG (Cat# sc-
2004, 1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
for 90 minutes at room temperature. After the membranes
were again washed three times with Tris-buffered saline, the
immunoreactive bands were detected with an enhanced
chemiluminescence detection kit (Amersham Biosciences GE,
Little Chalfont, UK) and imaged with a ChemiDoc XRS+ system
(Bio-Rad). Equal protein loading was verified by Ponceau red
staining of the membranes (Abu Hamdeh et al., 2018).

Statistical analysis

All statistical analysis was performed with GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA, USA). Repeated measures
analysis of variance followed by Dunnett’s post hoc test was
used for statistical analysis. All values are expressed as the
mean * standard deviation (SD). A value of P < 0.05 was
considered to indicate a statistically significant difference.
Protein identification from the MS data was accomplished
using Proteome Discoverer software (version 1.4.0.288;
Thermo Fisher Scientific). We referred to the latest UniProt

data, Uniprot-SwissProt (Taxonomy: Canis lupus familiaris, 25
493 entries), to identify the proteins using Mascot (version
2.3.2; Matrix Science). Peptide scores were assigned and
the false discovery rate was estimated using the Percolator
algorithm to control the false positive rate. The main
parameters are as follows: minimum (min) peptide length:
6 amino acids; maximum (max) peptide length: 144 amino
acids; min precursor mass: 350 Da; max precursor mass:
5000 Da; precursor mass tolerance: 10 ppm; fragment mass
tolerance: 0.05 Da; variable modification: oxidation (M), acetyl
(protein N-term). Proteins with a P value < 0.05 or with a false
discovery rate < 0.05 were identified as significantly DEPs.

Results

Protein profiling in erythrocytes in a dog model of SCI
Erythrocyte protein extracts obtained pre-SCl and at 1,
3, 7, 14, and 21 dpi were subjected to combined liquid
chromatography-tandem MS analysis. In total, 319 proteins
were identified. We identified 26 DEPs at different time points
after SCI (Figure 1). Among the DEPs, we found that three
uncharacterized proteins were significantly dysregulated
after SCI (Table 1). To investigate the temporal expression
patterns of those DEPs after SCI, a heatmap analysis was
performed (Figure 1). As shown in Figure 2, the level of TAL
was significantly increased within 7 dpi, with expression levels
peaking at 3 dpi (P = 0.0005, n = 5). At 14 and 21 dpi, the TAL
level was significantly decreased compared with that pre-SCI (P
=0.0180, n=5; P=0.0028, n = 5, respectively). The MPO level
tended to be upregulated at all stages compared with that
pre-SCl, and the peak of its expression was observed at 1 dpi (P
< 0.0001, n = 5). During the acute and subacute stages of SCI,
the change in the GSS level occurred in a biphasic manner. The
GSS level was significantly increased at 3 dpi compared with
that pre-SCI (P = 0.0002, n = 5). After a significant decrease
at 7 dpi, the GSS level was significantly increased at 14 and
21 dpi (P < 0.0001, n = 5; P <0.0001, n =5, respectively).
Compared with the pre-SCl level, the expression of pyruvate
kinase (PK) was significantly decreased at 1, 3, 7, and 14 dpi (P
=0.0004,n=5; P<0.0001, n=5; P<0.0001, n=5; P=0.0003,
n =5, respectively). Then, the PK level increased to the pre-
SCl level at 21 dpi (P =0.9995, n = 5). The apolipoprotein (apo)
A-l level tended to decrease at 1 dpi, but without a significant
difference compared with that pre-SCl, and then increased
markedly at 21 dpi (P = 0.0831, n =5; P = 0.0001, n = 5,
respectively).

PCA of erythrocyte proteins

Next, PCA of erythrocyte proteins from the 1 dpi and pre-
SCI samples was performed to investigate the variance in
these data (Figure 3A). The first principal component (PC1)
accounted for 55.9% of the total variance among samples
from pre-SCl dogs and SCI dogs. Changes in inter-alpha-
trypsin inhibitor heavy chain 2, vinculin, and thrombospondin
1 contributed to this separation between groups. The second
principal component (PC2) accounted for an additional
18.0% of the total variance among samples from SCI dogs
and pre-SClI dogs. Changes in MPO and PK contributed to this
separation between groups. All of these proteins are involved
in neuroinflammation, actin binding, cell-extracellular matrix
adhesion, and carbohydrate metabolism.

PCA of erythrocyte samples at 1, 3, 7, 14, and 21 dpi also
demonstrated differences in protein expression patterns
over time. In our second PCA model, 32.1% of the variance
was explained by PC1, and 15.8% was explained by PC2. As
shown in Figure 3B, there were indications of clustering, with
more pronounced separation of the proteins expressed on
21 dpi. Elastase, tubulin alpha chain, TAL, GSS, apoA-I, and
constitutive photomorphogenesis 9 signalosome subunit
5 contributed to this separation. All of these proteins are
associated with oxidative stress, inflammatory responses, and
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Table 1 | Differentially expressed proteins identified by liquid
chromatography-tandem mass spectrometry analysis in erythrocytes
following spinal cord injury

Uniprot ID  Protein description FDR P-value
F1P916 Tropomyosin 1 0.0346 0.0001
F1PDJ5 Apolipoprotein A-l 0.1716 0.0039
F1PSX2 Uncharacterized protein 1 0.4847 0.0349
L7NOF2 Uncharacterized protein 2 0.3008 0.0131
E2QWEO Constitutive photomorphogenesis 9 0.1715 0.0034
signalosome subunit 5
F1Q2D2 Glutathione synthetase 0.4697 0.0279
F1Q0J0 Uncharacterized protein 3 0.2733 0.0103
E2RRM2 Coagulation factor II, thrombin 0.5211 0.0417
HOGWS87 Transaldolase 0.4697 0.0261
F1P8Z5 Apolipoprotein B 0.4697 0.0303
E2RK64 Fermitin family member 3 0.4697 0.0294
F1PBI6 Thrombospondin 1 0.2323  0.0080
F1PWWO Filamin A 0.1879 0.0053
F6X7L0 Tropomyosin 4 0.4697 0.0309
L7NOG4 Tubulin alpha chain 0.3008 0.0135
F1P9J3 Myosin-9 0.5212 0.0406
Q8MID1 Elastase 0.3008 0.0141
J9POR6 Myeloperoxidase 0.5212 0.0424
F1Q421 Plasminogen 0.4778 0.0329
F1PG39 Inter-alpha-trypsin inhibitor heavy chain 2 0.2323  0.0073
F1PGM9 Complement component 4 binding protein 0.4331 0.0217
alpha
E2QWN7 Lymphocyte cytosolic protein 1 0.1716 0.0043
F1P6A2 Matrix metalloproteinase-9 0.0618 0.0008
E2QSZ5 Coronin 0.0835 0.0013
JOP4AF3 Vinculin 0.0345 0.0003
F1PHR2 Pyruvate kinase 0.0345 0.0003

Differentially expressed proteins were selected based on a P-value < 0.05 or
FDR < 0.05. FDR: False discovery rate.

cytoplasmic translocation.

Bioinformatic analysis of DEPs

To identify the biological function represented by the DEPs,
Gene Ontology analysis and Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis were performed. As
shown in Figure 4 and Additional Table 1, the results of Gene
Ontology annotation enrichment indicated that the most
significantly enriched biological process terms for the DEPs
post injury were cell migration, cell motility, and movement of
cell or subcellular component. The most significantly enriched
molecular function terms for the DEPs post-injury were
lipoprotein particle, protein-lipid complex binding, and sulfur
compound terms. The most noteworthy enriched cellular
component terms of the DEPs post-injury were cytoplasmic
vesicle, intracellular vesicle, and phagocytic vesicle terms.

The results of Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis of the 26 overlapping DEPs
are shown in Additional Table 2. The Kyoto Encyclopedia
of Genes and Genomes pathways were mainly enriched in
oxidative stress-related pathways, such as the phagosome,
GSH metabolism, lipid metabolism, and pentose phosphate
pathways.

Protein-protein interaction prediction was performed
with STRING software. As shown in Figure 5, the proteins
thrombospondin 1, matrix metallopeptidase 9, inter-alpha-
trypsin inhibitor heavy chain 2, and tropomyosin 4 were
located in the most central area of the network. Plasminogen,
MPO, myosin-9, apoA-Il, apoB, and tropomyosin-1 were
located in the outermost part of the network, and GSS and PK
were not included in the network.

Validation of representative protein expression levels by
western blot analysis

From the list of DEPs, we selected three representative
proteins involved in key pathways for western blot validation
(Figure 6A). Our results showed significant alteration in MPO,
TAL, and GSS expression post-injury. The expression level
of MPO was significantly upregulated after SCI and peaked
at 1 dpi (P < 0.0001, n = 5). The TAL level was significantly
increased at 1, 3, and 7 dpi (P = 0.0218, n = 5; P = 0.0035, n
=5; P=0.0177, n = 5, respectively) and then decreased to
the baseline level at 14 and 21 dpi. The expression of GSS
exhibited a biphasic pattern. The GSS level initially increased
sharply at 3 dpi compared with the pre-SCl level (P = 0.0048,
n = 5). After a significant decrease at 7 dpi, the GSS level was
significantly increased at 14 and 21 dpi (P = 0.0003, n =5; P
< 0.0001, n = 5, respectively) (Figure 6B). The results were
consistent with the observations in the proteomic analysis.

Discussion

It has been reported that increased generation of reactive
oxygen species and consequent oxidative stress are important
events associated with SCI (Xu et al., 2005; Jia et al., 2012;
Fatima et al., 2015; Visavadiya et al., 2016; Rios et al., 2018).
Despite its postulated roles in the progression of SCI, there
is only limited information on the oxidation status following
SCI. In an effort to acquire a better understanding of oxidative
stress-related pathologies and to identify novel potential
sources of oxidative stress biomarkers, we investigated
the proteomic profiles of erythrocytes in dogs in the acute
and subacute phases of SCI. Using MS-based proteomics
approaches, we identified a panel of antioxidant and oxidative
stress biomarkers in erythrocytes. Our results suggested
that erythrocytes might be a potential source of oxidation
biomarkers and therapeutic target discovery.

With the development of high-throughput techniques for
biomarker discovery, the field of oxidative stress biomarkers
has rapidly expanded (Donato et al., 202043, b). In this study,
we identified several DEPs involved in GSH metabolism, lipid
metabolism, and pentose phosphate pathways, including GSS,
TAL, and MPO. These oxidation pathways and their reducing
reactions were involved in different phases of SCI. MPO,
as a pro-oxidant enzyme, exacerbates secondary injury of
SCI not only by generating the strong oxidant hypochlorous
acid, but also by enhancing neutrophil infiltration into the
injury site (Fleming et al., 2006; Yap et al., 2006; Kubota et
al., 2012). In our study, we found that MPO expression was
significantly upregulated in the acute phase of SCl and peaked
at 1 dpi. In contrast to our observation, a previous study using
a dog model revealed that MPO levels in both plasma and
cerebrospinal fluid significantly increased at 4 hours after
SCI and then sharply decreased within 3 days (Awad et al.,
2008). The reason for this time difference is not clear but
may result from the use of different types of injury models.
Typically, MPO is abundantly expressed in immune cells,
including microglia, monocytes, and astrocytes (Lefkowitz and
Lefkowitz, 2008; Tavora et al., 2009; Odobasic et al., 2016).
In addition, circulating MPO binds rapidly to erythrocyte
membranes through electrostatic interactions, and an
increased MPO concentration in erythrocytes coincides with
higher MPO plasma levels (Adam et al., 2014; Gorudko et al.,
2016). MPO is a known prognostic biomarker for inflammatory
neurodegenerative diseases, including SCI (Forghani et al.,
2012; Albadawi et al., 2017). Our PCA results indicated that
MPO can also contribute to distinguishing between SCI dogs
and pre-SCl dogs. Therefore, considering our observations,
we proposed that MPO in erythrocytes might be of clinical
relevance as well.

As an antioxidant defense, the pentose phosphate pathway
and GSH metabolism pathway are involved in both the acute
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Figure 1 | Heatmap and hierarchical cluster analysis of the DEPs after SCI.
The heatmap illustrates the dynamic changes in the expression levels of
DEPs. Each time point includes five samples. The values are the z-scores

of the normalized protein expression levels. The color bar in the heatmap
ranges from dark blue, indicating low expression, to dark red, indicating high

expression. DEPs: Differentially expressed proteins; dpi: day(s) post-injury; SCI:

spinal cord injury.

Figure 3 | Principal component analysis of protein expression in
erythrocytes of SCI dogs.

(A) The variance in protein expression between pre-SCl and 1 dpi. (B) The
variance in protein expression at 1, 3, 7, 14, and 21 dpi. dpi: Day(s) post-
injury; PC1: first principal component; PC2: second principal component; SCI:
spinal cord injury.

Figure 2 | Relative level of TAL, MPO, GSS, PK, and apoA-I in erythrocytes of SCI dogs.

(A) TAL, (B) MPO, (C) GSS, (D) PK, and (E) apoA-I were differentially expressed proteins detected by liquid chromatography-tandem mass spectrometry
analysis. Data are expressed as the mean + SD (n =5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (repeated measures analysis of variance followed
by Dunnett’s post hoc test). apoA-I: Apolipoprotein A-I; dpi: day(s) post-injury; GSS: glutathione synthetase; MPO: myeloperoxidase; PK: pyruvate kinase; SCI:

spinal cord injury; TAL: transaldolase.

A B

Figure 4 | GO enrichment
and KEGG pathway analysis of
differentially expressed proteins
in erythrocytes of spinal

cord injury dogs according to
biological processes.

(A—C) The top 15 GO categories
of biological process (A), cellular
component (B), and molecular
function (C). (D) KEGG pathway
analysis of the differentially
expressed proteins. GO:

Gene Ontology; KEGG: Kyoto
Encyclopedia of Genes and
Genomes.
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and subacute phases of SCI. GSH and enzymes are essential
components for detoxification of reactive oxygen species
as well as for the reduction and repair of oxidative cellular
damage. In this study, we found that the GSS level was
significantly upregulated in the acute phase (within 3 dpi) of
SCIl. Many studies have reported that dysregulation of GSS
expression might be associated with various pathological
processes associated with neurological diseases, including
SCI (Sharma et al., 2004; Hayes et al., 2005; Kumar et al.,
2017). One of the major roles of GSS is participation in the
synthesis of GSH, which can protect cells not only against
reactive oxygen species but also against their toxic products.
Additionally, promotion of GSH synthesis could decrease
reactive oxygen species and thereby attenuate secondary
damage following SCI (Kamencic et al., 2001; Dash et al.,
2016). Moreover, GSH is a crucial cofactor of the glyoxalase
system. Evidence has indicated that the activity of glyoxalase
1, a detoxification enzyme, is highly dependent on adequate
GSH levels (Donato et al., 2018). Moreover, glyoxalase 1 has
been reported to be linked to neurodegenerative disease
and oxidative stress-related pathologies, such as retinitis
pigmentosa and cerebral cavernous malformations (Rinaldi et
al., 2015; Donato et al., 2020c). Thus, we hypothesized that
glyoxalase 1 might serve as a potential therapeutic target for
oxidation-reduction following SCI, which deserves further
investigation in future work. Our data showed that the TAL
level was significantly decreased in the subacute phase of
SCI. Previous studies have demonstrated that the pentose
phosphate pathway controls oxidative stress via nicotinamide

Figure 5 | The protein-protein interaction of differentially expressed
proteins in erythrocytes of spinal cord injury dogs.

Pink lines indicate the presence of fusion evidence; green lines indicate
neighborhood evidence; blue lines indicate co-occurrence evidence; yellow
lines indicate text-mining evidence; light blue lines indicate database
evidence; purple lines indicate experimental evidence; and black lines indicate
co-expression evidence.

A B

adenine dinucleotide phosphate (NADPH) production,
which can protect against oxidation directly by neutralizing
reactive oxygen intermediates or indirectly by regenerating
GSH (Meloni et al., 2008; Perl et al., 2011). TAL is a key rate-
limiting enzyme in the control of the nonoxidative branch of
the pentose phosphate pathway and is responsible for the
generation of NADPH to maintain GSH in a non-oxidized state.
Suppression of TAL activity augments GSH levels and inhibits
apoptosis by reducing oxidative stress (Banki et al., 1996). We
proposed that the decrease of TAL and the increase of GSS
might participate in antioxidant processes in the subacute
phase of SCI. As a glycolytic enzyme, PK expression was
inhibited in the acute phase of SCI, possibly because of the
disruption of GSH homeostasis by oxidative modification. A
decrease of PK leads to a decline in cellular ATP content, which
affects the redox homeostasis (Tang et al., 2015). In this study,
we also found a significant increase in PK activity that began
at 14 dpi. Considering the changes in GSS and TAL activity, we
proposed that PK is reactivated by the GSH-dependent redox
system in the acute phase of SCI (Ogasawara et al., 2008).

Moreover, a significant upregulation of lipid metabolism was
observed in the subacute phase of SCI. With regard to long-
term SCl, previous studies have documented that SCI patients
have a high prevalence of lipid disorders (Myers et al., 2007;
Phillips and Krassioukov, 2015). In this study, we found that
apoA-| expression was significantly increased at 21 dpi.
Current evidence suggests that apoA-l is a multifunctional
apo that plays various roles in neurodegenerative disorders
through its antioxidant and anti-inflammatory properties
(Keeney et al., 2013). A study claimed that apoA-I might
be of greatest diagnostic value in individuals with lipid
abnormalities (Walldius et al., 2001). Nevertheless, our results
are not consistent with those of published studies. Ozgurtas
et al. (2003) characterized the serum lipid profiles of SCI
patients, and their data showed reduced levels of high-density
lipoprotein cholesterol and apoA-I in these patients compared
with control subjects. Further work is needed to address such
discrepancies. Our PCA results demonstrated that apoA-|
contributed to distinguishing the 21 dpi samples from those
at other time points. The expression of apoA-I in erythrocytes
might serve as a potential biomarker of subacute oxidative
stress. We proposed that the expression changes in apoA-I
in erythrocytes make apoA-I a potential biomarker candidate
for SCI and could provide insight for a better understanding of
its mechanisms. However, this study has limitations. Because
of the small sample size, a larger cohort study should be
conducted to validate our results in the future. Moreover,
this study is only focused on the acute and subacute stages of
SCI. It is also very important to investigate alterations in the
expression levels of DEPs in the chronic phase of SCI.

In conclusion, the current study is the first to explore
erythrocytes as a potential source of oxidative biomarkers

Figure 6 | Western blot analysis of protein expression of TAL, MPO, and GSS in erythrocytes of dogs following SCI.

(A) Representative blots for each protein. The band intensities were assessed by scanning densitometry. (B) The relative protein expression (optical density ratio
to GAPDH) of the representative proteins TAL, MPO, and GSS. Data are expressed as the mean + SD (n =5). ¥P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
(repeated measures analysis of variance followed by Dunnett’s post hoc test). dpi: Day(s) post-injury; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; GSS:
glutathione synthetase; MPO: myeloperoxidase; SCI: spinal cord injury; TAL: transaldolase.
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for SCI. Our study characterized the dynamic changes in
protein expression in erythrocytes in the acute and subacute
phases of SCI and provided a panel of potential oxidative
stress biomarkers for SCI that hold promise as therapeutic
targets and potential biomarkers. The data presented here
may further our understanding of the molecular mechanisms
underlying the development and progression of oxidative
stress following SCI.
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Additional Table 1 Gene ontology (GO) functional enrichment analysis for the differentially expressed

proteins in erythrocytes of dogs following spinal cord injury

Term Category P-value UniProt ID

Biological process

Cell migration GO:0016477 2.25E-06  F1Q421, F1PBI6, F1PDJ5, E2QWN7, E2QSZS, Q8MIJD1
Cell motility GO:0048870 3.44E-06  F1Q421, FIPBI6, F1PDJ5, E2QWN7, E2QSZS5, Q8MID1
Localization of cell GO:0051674 3.44E-06 F1Q421, FIPBI6, F1PDJ5, E2QWN7, E2QSZS5, Q8MID1
Locomotion GO:0040011 8.31E-06  F1Q421, FIPBI6, FIPDJ5, E2QWN7, E2QSZS5, Q8MID1
Movement of cell or GO:0006928 1.22E-05  F1Q421, F1PBI6, F1PDJ5, E2QWN7, E2QSZS, Q8MJD1
subcellular component

Phagocytosis GO:0006909 2.65E-05  E2QSZS5, Q8MJDI, F1PBI6

Fibrinolysis GO:0042730 5.62E-05  F1Q421, F1PBI6

Immune response GO:0006955 6.72E-05 E2QSZ5, E2QWN7, Q8MIJD1, F1PDJ5, F1PBI6
Response to stress GO:0006950 7.04E-05 F1Q421, F1PBI6, E2QWEO, F1PDJ5, Q8MIJD1, E2QSZ5, J9POR6
Negative regulation of cytokine ~ GO:0001818 7.37E-05  Q8MIJD, F1PDJ5, F1PBI6

production

Negative regulation of response  GO:0032102 8.06E-05  F1Q421, F1PDJ5, F1PBI6

to external stimulus

Immune system process GO0:0002376  8.48E-05 F1Q421, F1PBI6, F1PDJ5, E2QWN7, E2QSZ5, Q8MIJD1
Defense response GO:0006952 9.91E-05 J9POR6, E2QSZ5, Q8MID1, F1PDIJS5, F1PBI6
Cell-substrate adhesion GO:0031589 1.12E-04 E2QSZ5, F1PBI6, F1PDJ5

Immune effector process GO:0002252 1.14E-04  E2QSZ5, E2QWN7, Q8MID1, F1PDJ5

Molecular function

Lipoprotein particle receptor GO:0070325 1.31E-02  F1PDJ5

binding

Protein-lipid complex binding GO:0071814 5.62E-05  F1PBI6, F1PDJ5

Sulfur compound binding GO:1901681 7.71E-05  F1Q2D2, Q8MJD1, F1PBI6

Modified amino acid binding GO:0072341 2.11E-04 F1Q2D2, F1PBI6

Macromolecular complex GO:0044877 7.17E-04  E2QSZS5, E2QWN7, F1PBI6, F1PDJ5

binding

Identical protein binding GO:0042802 8.79E-04  E2QSZ5, E2QWN7, F1Q2D2, F1PDJ5

Actin filament binding GO:0051015 1.13E-03  E2QSZS, E2QWN7

Protein complex binding GO0:0032403 1.53E-03  E2QSZ5, E2QWN7, F1PBI6

Heparin binding GO:0008201 1.64E-03  Q8MIJDI, F1PBI6

Serine-type endopeptidase GO:0004252 2.75E-03  F1Q421, Q8MIJD1

activity

Glycosaminoglycan binding GO:0005539 2.84E-03  Q8MIDI, F1PBI6

Peptide binding GO:0042277 3.41E-03  F1Q2D2, F1PDJ5

Peptidase activity GO:0008233 3.43E-03 E2QWEO, F1Q421, Q8MID1

Serine-type peptidase activity GO:0008236 3.61E-03  F1Q421, Q8MJD1

Amide activity GO:0033218 3.81E-03  F1Q2D2, F1PDJ5

Cellular component

Cytoplasmic, GO:0016023 9.07E-06  E2QWEO0, E2QSZ5, Q8MID1, F1PDIJS, F1PBI6
membrane-bounded vesicle

Cytoplasmic vesicle GO:0031410 1.63E-05  E2QWEO0, E2QSZ5, Q8MIDI1, F1PDJS5, F1PBI6
Intracellular vesicle GO:0097708 1.66E-05 E2QWEO, E2QSZ5, Q8MJD1, F1PDJ5, F1PBI6
Phagocytic cup GO:0001891 5.62E-05  E2QSZ5, E2QWN7

Membrane-bounded vesicle GO:0031988 1.20E-04  F1PDIJS, F1PBI6, E2QWEO, F1Q2D2, E2QWN7, E2QSZ5, Q8MID1
Vesicle GO:0031982 1.51E-04  F1PDIJS5, FI1PBI6, E2QWEO, F1Q2D2, E2QWN7, E2QSZ5, Q8MID1
Secretory vesicle GO:0099503 3.55E-04 E2QWEO0, Q8MJD1, F1PBI6
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Actin filament GO:0005884 4.26E-04  E2QSZS, E2QWN7

Extracellular exosome GO:0070062 4.34E-04 F1PDIJ5, F1PBI6, F1Q2D2, E2QWN7, E2QSZS5, Q8MID1
Extracellular organelle GO0:0043230 4.47E-04  F1PDIJS5, F1PBI6, F1Q2D2, E2QWN7, E2QSZ5, Q8MID1
Extracellular vesicle GO:1903561 4.47E-04  F1PDIJS, F1PBI6, F1Q2D2, E2QWN7, E2QSZ5, Q8MID1
Endocytic vesicle GO:0030139 1.64E-03  E2QSZS, F1PDJ5

Extracellular region GO:0005576 7.51E-04  F1PDIJS5, F1PBI6, F1Q2D2, E2QWN7, E2QSZ5, Q8MJDI, F1Q421
Extracellular space GO:0005615 1.86E-03  E2QWN7, Q8MJD1, F1PDJ5, F1PBI6

Extracellular region part GO0:0044421 3.09E-03 F1PDIJ5, F1PBI6, F1Q2D2, E2QWN7, E2QSZS5, Q8MID1

Category refers to the GO functional categories.
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Additional Table 2 Pathway enrichment analysis for the differentially expressed proteins in erythrocytes

following spinal cord injury

Term Category P-value UniProt ID
Phagosome cfa04145 0.0002 E2QSZ5, J9POR6, F1PBI6
Glutathione metabolism cfa00480 0.0008 F1Q0J0, F1Q2D2
Transcriptional misregulation in cancer cfa05202 0.0050 Q8MJD1, J9POR6
Metabolic pathways cfa01100 0.1977 F1Q2D2, HOGWS87
Vitamin digestion and absorption cfa04977 0.0208 F1PDJ5

Pentose phosphate pathway cfa00030 0.0233 HOGWS87

Cysteine and methionine metabolism cfa00270 0.0259 F1Q2D2

Fat digestion and absorption cfa04975 0.0298 F1PDJ5

Bladder cancer cfa05219 0.0361 F1PBI6
Staphylococcus aureus infection cfa05150 0.0374 F1Q421

African trypanosomiasis cfa05143 0.0425 F1PDJ5
Biosynthesis of amino acids cfa01230 0.0475 HOGWS&7

Drug metabolism - cytochrome P450 cfa00982 0.0488 F1Q0JO
Metabolism of xenobiotics by cytochrome P450 cfa00980 0.0500 F1Q0J0
Extracellular matrix-receptor interaction cfa04512 0.0538 F1PBI6

Category refers to the pathway functional categories.



