Hindawi

Evidence-Based Complementary and Alternative Medicine
Volume 2020, Article ID 3561235, 16 pages
https://doi.org/10.1155/2020/3561235

Research Article

Transcriptome Analysis Reveals the Effects of Troxerutin and
Cerebroprotein Hydrolysate Injection on Injured Spinal

Cords in Rats

Linbang Wang, Hucheng Wang, Ke Tang, Weiyang Zhong, Zhiyu Chen,

and Zhengxue Quan

Department of Orthopedic Surgery, The First Affiliated Hospital of Chongging Medical University, Chongqing 400016, China

Correspondence should be addressed to Zhengxue Quan; quanzx18@126.com

Received 8 January 2020; Revised 4 June 2020; Accepted 23 June 2020; Published 4 August 2020

Academic Editor: Sebastian Granica

Copyright © 2020 Linbang Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Spinal cord injury (SCI) is a serious condition that results in disability and has a high morbidity rate; its treatment is very difficult.
Although troxerutin and cerebroprotein hydrolysate (TCH) injections have been extensively used in clinics in China for the
treatment of traumatic brain injury (TBI) and cerebral stroke, the potential efficacy of TCH injection in the treatment of SCI has
never been revealed. In this study, the effects of administering TCH injections on neurological recovery in post-SCI rats were first
tested with regard to the behavior and histology; subsequently, the specific expression profile of mRNAs and long noncoding
RNAs (LncRNAs) in their spinal cords were conducted using RNA sequencing (RNA-seq). The LncRNA-mRNA networks were
also elucidated. After SCI, we found that TCH injection with the right dose is effective for the recovery of locomotion function and
repairing of the damaged tissue in the spinal cord; TCH injection is also discovered to have a role in the regulation of 443
differentially expressed genes (DEGs) and 27 differentially expressed LncRNAs (DELs) that are identified to have multiple
functions, including locomotion, blood vessel morphogenesis, thiamine metabolism, Hippo signaling pathway, and axon
guidance, by applying the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and Gene Ontology (GO)
analysis. In addition, it is revealed that, after SCI, the highly expressed LncRNA AABR07071383.1 in the post-SCI cis/trans-
regulates the expression of mRNA Acpp mRNA that encodes a key enzyme involved in the metabolic process of thiamine in the
abirritation of the dorsal root ganglion (DRG), which implies that TCH injection may be more effective when administered with
benfotiamine (a common treatment drug).

1. Introduction

Spinal cord injury (SCI) mostly occurs due to a traumatic
event that causes severe damage to the central nervous
system (CNS). It results in various degrees of motor and
sensory dysfunction [1, 2], high mortality, and multiple
complications such as neuropathic pain, syringomyelia, and
spasticity, thereby inflicting suffering to more than 40
thousand people worldwide each year [3, 4]. The treatment
of SCI has been a challenging topic for the last 100 years, and
people are still working towards revealing its mechanism
while also making incremental contributions toward func-
tion recovery after SCI [5-7].

Troxerutin, also known as vitamin P4, has been proven
to possess antihyperlipidemic, anti-inflammatory, antioxi-
dant, and neuroprotective properties [8]. Cerebroprotein
hydrolysate, an affluent of peptides and amino acids [9], has
been found to have a synergistic effect, along with troxerutin,
due to its ability to pass through the blood-brain barrier
easily. It has also been known to regulate the metabolism and
development functions of neurons to protect against acute
ischemic stroke and traumatic brain injury (TBI) [10, 11].
Troxerutin and cerebroprotein hydrolysate (TCH) injection
contains 40 mg/ml troxerutin and cerebroprotein hydroly-
sate with a total nitrogen content of 0.5mg/ml has been
approved and is widely used in the clinical treatment of TBI
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[12], although the pharmacology of the effects of TCH on
traumatic CNS injury at the transcriptome level is still
unclear, and there is a lack of direct evidence showing that
TCH injection has a positive effect on the recovery of the
spinal cord injury.

Therefore, we first applied hematoxylin and eosin (H&E)
staining to the damaged section of the spinal cord in a cross
manner to verify the angiogenesis and neural restoration
effect of TCH injection. Subsequently, we tested the recovery
of the motor function of rats by applying the Basso, Beattie,
and Bresnahan (BBB) scale [13]. RNA-seq provides the
transcriptomic characterization of an individual’s activity in a
spatiotemporal-specific manner; thus, we did a transcriptome
analysis on the rats that were treated with TCH injection after
SCI. We found that over 9 genes and LncRNAs were highly
involved in the recovery process of SCI. We performed GO
and KEGG analyses along with other bioinformatic analyses
of the differentially expressed genes and found that TCH is
highly concerned with molecular biological functions in-
cluding the metabolism of thiamine, regeneration of axon,
and process of pain. The high expression of LncRNA
AABR07071383.1 in the TCH treated group indicates that
benfotiamine could be a potential drug that plays a synergistic
effect with TCH by trans/cis-regulation of LncRNA [14]; this
indicates that a potential drug target is a strategy for clinical
treatment. A flowchart of the systematic profiling of this study
design and the processed results is shown in Figure 1.

2. Materials and Methods

2.1. Animal. Adult specific-pathogen-free female Sprague
Dawley rats (8 weeks old) were purchased from Laboratory
Animal Center of Chongqing Medical University (certifi-
cate: SCXK(YU)2018-0003).

The rats were maintained under optimal environment:
normal day/night lighting schedule, the relative humidity of
60+ 10%, a temperature of 25 + 1°C, and free access to food
and water according to the institutional guidelines for the
care and use of laboratory animals.

All procedures on the animals of this study were ap-
proved by the Ethics Committee Chongqing Medical Uni-
versity (approval no: 2017-128).

2.2. Surgery and Drug. The Sprague Dawley rats were divided
into the following 6 groups (n=20 per group): SCI control
group (control, represented as SCI-CONs in the tran-
scriptome analysis), sham operation control group (Sham),
and 4 other experimental groups that were grouped based on
their TCH dose (2 ml/kg, 4 ml/kg, 6 ml/kg, and 8 ml/kg). The
group that was administered a dose of 6 ml/kg was shown to
have the best effect based on the results of function recovery
and tissue repairment and was later chosen for the experi-
mental group for RNA sequencing (SCI-DRUGs). The
Sprague Dawley rats were preoperatively shaved and anes-
thetized by an intraperitoneal injection of 1% pentobarbital.
Laminectomy is subsequently performed to expose the T10
level of the dura of the spinal cords. In the control and ex-
perimental groups, Allen’s impactor (provided by the
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Orthopedics Center, First Affiliated Hospital, Chongqing
Medical University) was set at 15gx 20 cm; one impact was
executed in each operation and the success of modeling was
judged by both mass morphology of the edema and hem-
orrhage of the local spinal cord tissue, as well as the spasmodic
swing of tails and flutter of hind limbs. The muscle and skin
were subsequently sutured by layers. During postoperative
care, the rats were permitted to have free access to food and
water, and the bedding in cages was changed every day. All
rats were intramuscularly injected with penicillin (50,000 IU/
times) each day and manual auxiliary urination was per-
formed 3 times a day for the first 3 days.

The rats in the experimental groups were given TCH
(batch number. 160602; Buchang Pharmaceutical Co., Ltd.,
Heze, China), 1 time per day by tail intravenous injection
with 0.9% sodium chloride. The rats in the control and sham
group were given an equal volume of 0.9% sodium chloride
under an identical administration regimen.

2.3. BBB Scale. 'The BBB scale of rats was evaluated before
operation, at 3 hours, and every 4 days afterward until
4 weeks after successful modeling to assess the locomotion
function recovery of the hind limbs [13]. The scores on the
BBB scale increase as the ability to perform fine hind limb
movements improves.

2.4. Measurement of Spinal Cord Edema. The water content
of the injured spinal cord segment tissue was measured by a
wet-dry method for the degree of spinal cord edema. Four
rats from each group were anesthetized and sacrificed by
cervical dislocation on the third day after injury. Spinal cord
tissue of about 3 segments (1 cm in length) centered on the
lesion was carefully removed. The samples were weighed as
wet weight (WW), oven-dried to a constant weight, and
weighed as dry weight (DW). The percentage of water
content was calculated according to the following formula:
content (%)= (1 -DW/WW) x 100% [15].

2.5. H®E Staining. Six rats from each group were anes-
thetized at 12 hours and 2 weeks after injury. The heart was
exposed by opening the chest, and 0.9% sodium chloride
containing heparin (15U/mL) was injected into the left
ventricle until the body stiffened, followed by perfusion with
4% paraformaldehyde (Servicebio Co., Ltd., Wuhan, China).
Spinal cord tissue of about 3 segments centered on the lesion
was carefully removed and placed in 4% paraformaldehyde
for 36 hours. The paraffin embedding was subsequently
operated on and cut into 6 slices of 6 ym thickness by
microtome (Servicebio Co., Ltd., Wuhan, China). The slices
were heated (60°C for 30 minutes) to melt the paraffin wax,
deparaffinized in xylene (Servicebio Co., Ltd., Wuhan,
China), dehydrated in ethanol, and stained by H&E
(Servicebio Co., Ltd., Wuhan, China). These slices were
subsequently differentiated with 1% hydrochloric acid,
stained with eosin (Weigesi Biotechnology Co., Ltd.,
Guangzhou, China), cleared in xylene, mounted with neutral
resin, and finally observed using an optical microscope.
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FIGURE 1: A flowchart of the systematic profile of the effect and transcriptome regulation of TCH application in post-SCI SD rats in the

present study.

2.6. RNA Isolation and Library Construction. Two rats from
each group were anesthetized and sacrificed by cervical dis-
location on the 14th day after injury. Spinal cord tissue of about
3 segments centered on the lesion was carefully removed, and
the total RNA isolation process was conducted immediately by
using an RNA Extraction Kit (Takara RNAiso Co., Ltd., Beijing,

China). RNA concentration was confirmed to be higher than
200 ng/uL, and the quality was tested with Nanodrop2000
(Thermo Fisher Scientific, Inc., Waltham, MA, USA); OD260/
280 was between 1.8 and 2.2. The criterion for the qualification
of RNA-seq was the RNA integrity number (RIN value), which
was verified using Agilent2100.



HMlumina TruseqTM RNA Sample Prep Kit I (Illumina,
Inc., San Diego, CA, USA) was used for library construction
[16]; to be noted, the rRNA in the system was firstly removed
by using RNA Purification Reagent (EpiCentre, Inc., San
Diego, CA, USA) as a portion of the LncRNA in the cell
(>24%) lacks poly A tails so that more detailed and complete
results of the LncRNAs expression can be obtained, UNG
enzyme (Illumina, Inc., San Diego, CA, USA) was used for
cDNA synthesis, TBS380 Picogreen (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) was used for
quantification of cDNA, Certified Low Range Ultra Agarose
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used
for the library collection, cBot Truseq PE Cluster Kit v3-
cBot-HS (Illumina, Inc., San Diego, CA, USA) was used for
bridge amplification, and Hiseq2000 Truseq SBS Kit v3-HS
(200 cycles, Illumina, Inc., San Diego, CA, USA) was used for
sequencing.

2.7. Process of Reads and Identification of Differentially
Expressed Genes. The quality of raw data is evaluated in 3
steps: first, the base mass distribution statistics is obtained
using FastQC (version v0.11.4), then the raw data are cut and
filtered using Cutadapt (version v1.16, parameter is set to -q
20 -m 20), and finally, alignment analysis of sequence data to
reference genome is performed using HIST?2 (version v 2.1.0,
with parameters set to -p 10 and rna-strandness RF). The
quality assessment of the sequencing library was performed
using the read repeatability assessment, expression satura-
tion evaluation, and insert fragment length check using
RSeQC (version v2.6.4). StringTie (version v1.3.3b) was used
to assess the expression level, and edgeR (Version v 3.24) was
used for DEGs filtering. DEGs clustering, GO/KEGG an-
notation, and GO/KEGG enrichment analysis were done
using software plot_cluster_exp (version is v 1.1.0),
GO_anot_exp (version is v 1.4.0), and GO/KEGG_enrich-
ment (version is v 2.1.0), respectively. The method of ana-
lyzing the expression and function of LncRNA is the same as
that of the DEGs, cis-regulation of LncRNAs-mRNAs was
done using LncRNA_mRNA_targets (version v 2.1.0), and
trans-regulation of LncRNAs-mRNAs was done using
RNAplex (version v2.1.8).

2.8. Statistical Analysis. SPSS 19.0 statistical software (IBM,
Armonk, NY, USA) was used to analyze the data. All data
were expressed as mean +standard deviation. The differ-
ences between the groups were analyzed by one-way analysis
of variance or Student’s t-test. p value < 0.05 was considered
a statistically significant difference.

3. Results

3.1. Assessment of Locomotion Function in Post-SCI Rats with
Different Treatments. The results of the BBB scale in all
groups before and after injury are illustrated in Figure 2. The
motor function of the rats in the sham group was largely
unaffected, whereas motor function in other groups was
completely lost after modeling (Figure 2(b)). BBB scores at 1,
4, 8, 12, 16, 20, 24, and 28 days in all experimental groups

Evidence-Based Complementary and Alternative Medicine

were higher than the scores prior to administering a TCH
injection (Figures 2(b) and 2(c)), and the 6 ml/kg group had
higher scores than other experimental groups at 8, 12, 16, 20,
24, and 28 days (p <0.05; Figures 2(b) and 2(d)).

The water content of spinal cords was measured on the
third day after the injury as edema of the spinal cord de-
veloped to a peak after SCI. As shown in Figure 3, each
group, when compared with the sham group, showed ob-
vious edema (p <0.05), and tissue water content of the rest
groups reduced poorly (p <0.05) compared to the 6 ml/kg
group except for the 8 ml/kg group (p>0.05).

The results of H&E staining showed that the neurons of
the sham group were smooth and well arranged, without
absence and morphological changes; the cells in the SCI and
control groups both reduced measurably with severe ne-
crosis and swelling; both the 6 ml group cells and the 8 ml
group cells arranged well, and the former was without
obvious edema (Figure 4).

3.2. Transcriptome Sequencing and Data Quality Control.
Raw data obtained from Illumina sequencing were primarily
transformed into FASTQ format, in which the base and its
mass fraction of reads could be recorded. The results of each
sample are shown in Table 1; it was observed that the error
rate of the base was below the upper limit for subsequent
analyses, the content of GC-content percentage was normal,
and the data size was permissible for LncRNAs recognition
and analysis. The quality of reads was assessed by base mass
distribution analysis and represented by quality value (Q) as
shown in Figure S1; Q declined as the process of sequencing
progressed since the enzyme activity and sensitivity of the
reactants reduced; however, all our samples were qualified
for subsequent analyses.

The original sequencing data were filtered since the raw
sequencing data contained sequencing linker sequences,
low-quality reads, high-N sequences, and short-length se-
quences that could seriously affect the quality of subsequent
assembly. The data statistics before and after (represented as
clean, C; and raw, R) the quality trimming is shown in
Table 1.

3.3. Comparison Analysis with Reference Genome and Quality
Control of Transcriptome Library. The transcriptome se-
quencing data were aligned to the data of the reference ge-
nome for subsequent analyses. The reads that could be aligned
were named mapped as reads, and the performance of the
genome assembling could be illustrated by the proportion of
mapped reads in all clean reads. This was named as alignment
efficiency, and the alignment result is shown in Table 2. The
alignment efficiency was above 70% and was in accordance
with the requirements for subsequent analyses.

Two strategies were applied to evaluate the repetitive
rate: one was based on the sequence such that the exact
same reads that recurred were recognized as repetitive
reads, and the other was based on the alignment such that
the reads that were aligned on the same starting site of the
reference genome and had the same splicing pattern were
considered as repetitive reads, as shown in Figures 5(a)-
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FIGURE 2: Behavioral performance of the rat model of spinal cord ischemia-reperfusion injury at different time points following surgery. (a)
BBB scale scores. (b) Dynamic evaluation of the scores in each group, p < 0.05. (¢) Experimental groups compared to the control groups on
the twenty-eighth day, p <0.05. (d) The 6 ml/kg group compared to other experimental groups and sham group, p <0.05.

5(d). Subsequently, the inserting segment length was
verified, and a cross-intron segment with a greater length
was aligned to the reference genome since the mature
mRNA in eukaryons did not contain introns. The inserting
segment length was counted as the distance between the
start and endpoints of the reads inserted on both sides of
the segments in the reference genome. The dispersion
degree was used to evaluate the results of the magnetic
beads purification procedure as shown in Figures 5(e)-
5(h). Then, the expression saturation assessment was
performed; the transcripts of genes at different expression
levels required different amounts of data volume to be
effectively detected. For example, a relatively high-ex-
pression gene would require less data volume to approach
saturation point, while low-expression ones require larger
data volumes to ensure detection accuracy as observed in
Figures 5(i)-5(1), the sample had a high degree of se-
quencing saturation, and most of the genes with medium
or above expression (i.e., genes with FPKM values above
3.5) were close to saturation at 20% alignment of the
sequencing reads (the vertical axis value approached 1).

This indicated that the overall quality of saturation was
high and that the amount of sequencing covered most of
the expressed genes.

3.4. Differential Expression Gene Analysis. In the RNA-seq
analysis, the expression level of the gene was calculated by
aligning the clean reads to the reference genomic region. The
FPKM value (fragments per kilobase million, the number of
kilobase fragments of 1 gene per million fragments) of each
gene in the sample was calculated based on the alignment
result and combined with the gene annotation information
of the mRNA. The FPKM value was subsequently used as the
expression level of the gene in the sample. Nearly 17,195,
17,095, 17,211, and 17,114 expressed genes were identified in
SCI-CON1, SCI-CON2, SCI-DRUGI, and SCI-DRUG2
samples, respectively. Then, 443 DEGs (415 upregulated
genes and 27 downregulated genes in the experiment group)
were screened out. The expression pattern clustering analysis
was then performed on DEGs, in which DEGs with the same
or similar expression patterns in the same groups were
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FIGURE 3: Spinal cord water content at 72 hours after SCI (n = 4). Each point in the graph shows the percentage of water per spinal cord (n =4

per group).
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FIGURE 4: Pathological H&E staining of spinal cord tissue in each group (x100). (a)-(g) The sham group, experiment group (6 hours after
operation), control group, 2 ml/kg group, 4 ml/kg group, 6 ml/kg group, and 8 ml/kg group, respectively. (a) Neurons were smooth and
arranged well without absence. (b) Obvious hemorrhage. (c) Plenty of space among neurons was clearly visible with severe necrosis. (d)
Neurons were reduced obviously. (e) Neurons were arranged densely. (f) and (g) Neurons arranged well.

clustered, and the result was visualized in a heat map
(Figure 6(a)). All these DEGs were further grouped into 6
subclusters. DEGs from cluster 1 included 1378 SCI high-
expression genes (Figure 6(b)), DEGs from cluster 2 in-
cluded 224 SCI high-expression genes (Figure 6(c)), DEGs
from cluster 3 included 317 SCI high-expression genes
(Figure 6(d)), DEGs from clusters 4 included 43 SCI high-
expression genes (Figure 6(e)), DEGs from cluster 5 in-
cluded 55 SCI high-expression genes (Figure 6(f)), and
DEGs from clusters 6 included 65 SCI high-expression genes
(Figure 6(g)).

3.5. Functional Annotation and Enrichment Analysis of DEGs.
The GO database was used to classify differentially expressed
genes according to the biological processes they participate
in, the components that make up the cells, and their mo-
lecular functions. The GO annotation analysis was per-
formed and the result showed that 27 biological processes
including locomotion, metabolic process, and the presyn-
aptic process involved in chemical synaptic transmission as
well as 14 cellular components including antioxidant activity
and 9 molecular functions including the synapse part were
annotated (Figure 7). The GO enrichment analysis of the
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TaBLE 1: Statistics of data before and after quality trimming of raw data.

Sample Sequences Bases Error % Q20% Q30% GC%
SCI-C-1R 108084164 16212624600 0.0299 95.95 90.08 49.14
SCI-C-1C 107979998 15941090910 0.0294 96.23 90.42 49.00
SCI-C-2R 103441860 15516279000 0.0294 96.18 90.48 48.26
SCI-C-2C 103386392 15294424679 0.0289 96.43 90.78 48.15
SCI-D-1R 106242876 15936431400 0.0298 95.99 90.14 48.30
SCI-D-1C 106183590 15680311454 0.0293 96.26 90.47 48.17
SCI-D-2R 96150788 14422618200 0.0302 95.86 89.82 48.62
SCI-D-2C 96101130 14241154777 0.0298 96.07 90.08 48.52

Q20, Q30%: the proportion of the number of the bases that have a Phred value higher than 20 and 30, respectively in all bases; Error %: error rate of the bases;
and GC%: the proportion of the sum of base G and base C in the total base amount.

TaBLE 2: Results of the transcriptome sequencing data aligning to the reference genome.

Sample All read Mapped read Mapped ratio (%) Unique-read Unique ratio (%)
SCI1 53989999 47858185 88.64 44192826 81.85
SCI2 51693196 43128530 83.43 40076645 77.53
D1 53091795 46719639 88.00 43390415 81.73
D2 48050565 42540279 88.53 38887230 80.93

All read: the amount of the reads after filtering; Mapped read: the amount of the reads that can be recognized in the reference transcriptome; Mapped ratio: the
ratio of the recognized reads in all reads; Unique-read: the amount of the reads that can only be recognized in one unique site in the reference transcriptome;
and Unique-ratio: the ratio of the uniquely recognized reads in all reads.
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Ficure 5: Continued.
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saturation curve of different expression levels is illustrated with a different color for each line in (i)-(1): red lines represent 0-0.3, yellow lines
represent 0.3-0.6, green lines represent 0.6-3.5, light blue lines represent 3.5-15, and purple lines represent >60. The percentage of effective
alignment reads increases along with the proportion of the expression with an error rate of under 15% compared to the final value: the closer
the proportion value is to 1, the more saturated the expression level tends to be. The sooner the plateau is reached, the higher is the
expression level of the gene in the sample.
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FiGure 6: Cluster analysis of DEGs between each spinal cord sample. (a) Hierarchical clustering of DEGs. Red represents high-expression
DEGs, and green represents low-expression DEGs. (b)-(i) Subcluster analysis of DEGs. The grey lines show the genes with a similar

correlation level, and the blue lines show the mean level.

DEGs identified the 30 most enriched GO terms as shown in
Figure 8, which included blood vessel morphogenesis,
skeletal system morphogenesis, locomotion, developmental
processes, and tissue development. In the KEGG enrichment
analysis, the most important biochemical metabolic path-
ways and signal transduction pathways involved in DEGs
including thiamine metabolism, Hippo signaling pathway,
and axon guidance were identified (Figure 9 and Figure S2).

3.6. Differential Expression Analysis of LncRNAs and Con-
struction of the cis/trans-Regulation of LncRNA/mRNA.
The expression levels of the differentially expressed
LncRNAs were identical to those of the mRNAs; 27
LncRNAs were identified including 24 intergenic, one
overlapping, one exon/intronic, and one antisense LncRNA
(Figure 10). The predicted target genes were divided into cis-
regulation and trans-regulation groups based on the dif-
ferent modes of action of LncRNAs on the target genes. The
target genes cis-regulated by LncRNAs were identified in the
10 kb range, upstream and downstream of LncRNA. The
expression of genes that transcribed synthetically in the
promoter regions was generally promoted, but their ex-
pression was inhibited when transcribed in the reversed
manner; however, reverse transcription was promoted in
some specific cases of the 3'-UTR region. The mRNA of
Acpp, Cdhll, Fbn2, Hmcenl, and Prg4 was identified to be
cis-regulated by LncRNA AABR07021357.1,
AABR07042668.1, AABR07072602.1, AABR07021357.1, and
AABRO07071383.1, respectively (Table 3). The GO enrich-
ment analysis of the genes that were cis-regulated by the

LncRNAs showed that the terms including thiamine
phosphate phosphatase, thiamine metabolic compound,
central nervous system project, and extracellular matrix
regulation were enriched (Figure 11). Trans-regulation was
the inhibition of mRNAs by LncRNAs; based on the reverse
complementation of LncRNA and mRNA, the target genes
were identified by discovering possible hybridization sites of
LncRNAs and mRNAs. We found that mRNA Ksrl, Ddi2,
Wnt4, Sikl, Acpp, and Nfatc4 were potentially trans-reg-
ulated by IncRNA AABR07071383.1 (Table 4).

4. Discussion

Troxerutin is a derivative of bioflavonoid rutin that is widely
distributed in fruits, vegetables, and grains [17]. There is
mounting clinical evidence to show that troxerutin possesses
pharmacological effects in the treatment of multiple diseases.
It has been revealed that troxerutin improves symptoms of
insulin resistance and hyperlipidemia in diabetes via anti-
oxidant activity. Previous studies also showed that troxer-
utin protects against 2',2,4,4'-tetrabromo diphenyl ether
(BDE-47) mediated inflammation damage to ameliorate the
antioxidant level after traumatic injuries of various patho-
logical conditions such as an acute kidney injury and TBI
[11, 18, 19]. Troxerutin has been proven to be beneficial in
the treatment of neuropsychological diseases; oral admin-
istration of troxerutin could reverse synaptic failure and
cognitive disorder in the mice model of Alzheimer’s disease
[17, 20]. In addition, troxerutin has been shown to be ef-
fective in the treatment of hemorrhoidal diseases where it
protects the endothelial cells and improves local
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microcirculation [10, 21]. In a previous study, 15 DEGs were
identified by transcriptomic analysis of the blood cells of rats
treated with troxerutin [8]; this demonstrated that troxer-
utin mainly possesses functions of T-cell-mediated cyto-
toxicity, telencephalon development, cell membrane
development, endoplasmic reticulum exports, S2-micro-
globule binding, and transporter associated with antigen
presentation (TAP)-binding. Cerebroprotein hydrolysate,
also known as Cerebrolysin [22], is suggested to play a role as
the precursor to a neurotransmitter; it also directly functions
as a neurotransmitter and is used to improve the recovery of
neurological function [9, 22, 23]. Due to its ability to
penetrate the blood-brain barrier easily, it is widely used in
clinical treatment for disorders of the central and peripheral
nervous system such as stroke and nerve injuries either
separately or in combination with other methods [12, 24].
TCH has been extensively used in clinics in China [10] and

has shown to inhibit the process of oxidative stress and
promote angiogenesis in cerebral ischemia. It also has an
effect on the recovery of TBI by protecting neurovascular
units from reoxygenation-induced injury [10].

The goal of the recovery process in SCI is to have a partial
or full restoration of motor and sensation nerve conduction
[25]; this is very difficult to achieve because there are several
factors that accelerate neuron necrosis and impede the
functional regeneration of spinal cord neuronal axons [26].
Neurons in the post-SCI microenvironment lack essential
growth facilitators [27], such as the signaling pathways
involved in axon regeneration, synapse remodeling, and
circuit reorganization. Studies have shown that the activa-
tion of axon regeneration signaling pathways like WNT and
Hippo and the upregulation of attractive and repulsive cues
related to molecules in the local environment such as netrins
and semaphorins could quicken the recovery sensory deficit
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and dyskinesia [28-32]. From the results of this study, it can
be seen that when the concentration of TCH exceeds 6 ml/
kg, the efficacy of TCH decreases and the drug concentration
dependence disappears, which indicates that there is a
concentration dependence of TCH in a certain concentra-
tion range. Therefore, the dose of 6 ml/kg is the balance
between the maximum efficacy and the lowest side effects of
TCH. In this study, we discovered for the first time that the
recommended therapeutic dose of TCH after SCI in rats is
6 ml/kg. Within 2 weeks after administration of this dose of
TCH to SCI rats, it was found that further injury could be
prevented by reducing neuronal apoptosis and promoting
the recovery of neurological function. The GO annotation
analysis on the results of RNA-seq suggested that 192
upregulated genes were associated with developmental
processes, 162 upregulated genes were associated with sig-
naling, 79 upregulated genes are associated with locomotion,
10 upregulated genes were associated with synapse, and 3
upregulated genes were associated with antioxidant activity.

The KEGG enrichment analysis showed that the Rno04390
Hippo signaling pathway and Rno04360 axon guidance were
highly enriched. 4 DEGs were considered to be involved in
the TCH effect; troxerutin may have downregulated the
expression of caspase-6 (Casp6), a downstream enzyme in
the activation cascade. The reactivation of Casp6 was found
to have a strong correlation to cell death and specific roles in
the CNS, especially in the case of neurodegenerative dis-
orders such as axonal degeneration and Alzheimer’s disease
[33]. It has also been observed that the inhibition or
knockdown of Casp6 would delay the course of axon damage
and neurofilament dissolution [34]. Bone morphogenetic
protein 7 (Bmp7) induces ectopic bone formation by po-
tently inhibiting TNF-a-induced oligodendrocyte apoptosis
[35]. It is also highly expressed in a number of glial cells and
motor neurons after spinal cord injury, which indicates that
the upregulation of Bmp7 can promote nerve repair; pre-
vious studies have confirmed that local injection of Bmp7
can promote both neuronal regeneration after spinal cord
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injury and the recovery of motor function in rats [36].
Netrin-1 (Ntnl) has a strong chemotropic function for
axonal guidance, cell migration, morphogenesis, and an-
giogenesis in CNS [32]. In the peripheral nervous system,

TABLE 3: Analysis of the cis-regulation pairs of DELs-DEGs.

IncRNA mRNA Cor Class Distance
AABR07021357.1 Prg4 0.999619225 Upstream —6521
AABR07042668.1 Cdhll 0.99203388 Downstream 75
AABR07072602.1 Fbn2 0.981304859 Downstream 34591
AABR07021357.1 Hmcnl 0.870894572 Downstream 50107
AABR07071383.1 Acpp 0.863110323  Upstream —-3704

Cor: the correlation of each LncRNA-mRNA pair; Class: the classification of
the relation between each LncRNA-mRNA pair; and Distance: the distance
between each LncRNA-mRNA pair.

Ntnl receptors are expressed in Schwann cells, the cell
bodies of sensory neurons, and the axons of both motor and
sensory neurons that cause dissociation of UNC5C in mi-
crotubules and lead to axon repulsion [31, 32]; Ntnl also
promotes the projection of axon in DRG towards the spinal
cord [37]. It could also prevent the initiation of apoptosis;
studies show that Ntn1 is downregulated after an axon injury
and that the application of exogenous netrin-1 after TBI
normalizes spine density and presynaptic excitability of the
injured neurons [32]. However, its expression is upregulated
after a peripheral nerve transection injury [31].

The other challenge in the recovery of SCI is that the
constriction of blood vessels by the action of pericytes leads
to acute ischemia [38]. In the long term, pericyte 5-HT1 and
a2 adrenergic receptors become activated, which would also
constrict capillaries, thereby causing a chronic state of is-
chemia and hypoxia locally for several months as seen in a
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TaBLE 4: Analysis of the trans-regulation pairs of DELs-DEGs.

IncRNA mRNA Cor Energy
AABR07071383.1 Sik1l 0.931430977977652 -93.3
AABR07030791.1 Prss35 0.939241957304881 -90.2
AABR07071383.1 Wnt4 0.955294363494347 -97.4
AABR07071383.1 Ddi2 0.969257491456494 -66.7
AABR07071383.1 Ksrl 0.986526459451311 -88.2
AABR07071383.1 Acpp 0.86311032343114 -83
AABR07071383.1 Nfatc4 0.835789276226398 -87.6

Cor: the correlation of each LncRNA-mRNA pair; Energy: binding energy of each LncRNA-mRNA pair.

rat SCI model [39, 40]. It has also been proven that increased
blood vascular density and restored blood supply could
promote neuronal survival, axonal regeneration, and
functional recovery. The results of the present study showed
that TCH stabilized the injured segment by reducing
posttraumatic spinal cord edema. The GO annotation in
RNA-seq results suggested that 129 upregulated genes were

associated with the extracellular region part, 138 upregulated
genes are associated with negative regulation of biological
processes, 79 upregulated genes were associated with lo-
comotion, and 81 upregulated genes were associated with
cell proliferation. The GO enrichment analysis showed that
GO: 0048514 (blood vessel morphogenesis) and GO:
0009888 (tissue development) were highly enriched. Three
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DEGs were considered to be involved in the TCH effect, and
Cyré6l is a secreted protein that interacted with heparan
sulfate proteoglycan and integrins. The expression of Cyr6l
was induced by growth factor and its high expression played
a role in cell proliferation, angiogenesis, and extracellular
matrix formation. Various mechanical stresses induce Cyr61
expression in cartilage/bone tissues and in periodontal
ligaments. Cyr6l also engages in a distinct intracellular
signaling cascade in microglia/macrophages and promotes
M1 macrophage recruitment in the compressed spinal cord
[41]. Our present data indicated that Cyr61 was significantly
upregulated in the chronically, severely compressed spinal
cord and that it colocalized extensively with reactive as-
trocytes at sites of inflammation. SMOC-2 is highly
expressed during wound healing; it could stimulate endo-
thelial cell proliferation and angiogenic activity, thus serving
as a target for angiogenesis in myocardial ischemia [42].
Foxc2 plays a role in the development of mesenchymal
tissues by acting as a crucial modulator during both an-
giogenesis and lymphangion genesis. It has been revealed
that the expression of Foxc2 was elevated by hypoxia in the
postischemia/reperfusion injury in the kidneys; it facilitates
vascular development and modulates a variety of angiogenic
factors, including Mmp2, Pdgtb, Vegf, DIl4, Notchl, and
Hey?2 [43]. It can also regulate the expression of osteopontin,
which is a determinant of PI-induced tumor angiogenesis.
Foxc2 is also found to activate the ERK or PI3K signaling
pathway in the bone marrow mesenchymal stem cell-in-
duced angiogenesis [44].

In the present study, a total of 21 upregulated and 7
downregulated DELs were identified in the TCH treated
group after SCI as compared to the control group. The
regulation analysis of LncRNA-mRNA revealed that mRNA
of Ksr1, Ddi2, Wnt4, Sikl, Acpp, and Nfatc4 were potentially
trans-regulated by LncRNA AABR07071383.1 while Prg4,
Cdhl11, Fbn2, Hmenl, and Acpp were cis-regulated by
LncRNA AABR07021357.1, AABR07042668.1,
AABR07072602.1, AABR07021357.1, and AABR07071383.1,
respectively. We focused our attention on the trans/cis-
regulation pair of LncRNA AABR07071383.1 and mRNA
Acpp. Benfotiamine  (S-benzoylthiamine  O-mono-
phosphate, BT) was observed to have antinociceptive effects
in animals and Acpp (Prostatic acid phosphatase) could
dephosphorylate BT in the DRG neurons of the spinal cord.
The dephosphorylated product S-benzoylthiamine (S-BT)
decomposes to O-benzoylthiamine (O-BT) and finally to
thiamine, thus showing antinociceptive effects in animals
and humans [45-47]. Our results suggested that TCH may
have a synergistic effect with benfotiamine as TCH improves
the expression of LncRNA AABR07071383.1, which upre-
gulates the expression of Acpp and accelerates the metabolic
process of benfotiamine, thus having antinociceptive effects
in the post-SCI condition (Figure 12).

However, a limitation of this study was that the sample
size for RNA-seq was small (n=2 for each group); this was
due to the requirement of high-quality data for bio-
informatic analysis, which was hard to obtain. However, it
did not impact the analysis for DEGs and DELs or the
function analysis as it has been shown that the false positive
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rate of transcriptome analysis does not decrease substantially
as the sample size increases in the condition of n > 2, with the
proper depth of sequencing [48], which was qualified in the
study.

In conclusion, the findings of this study suggested that
TCH injection is effective for the recovery of neural function
and local angiogenesis in rats after SCI; the transcriptome
analysis showed that TCH regulated the expression of genes
that mediate multiple functions such as axon regeneration
and blood vessel morphogenesis in the spinal cord tissue.
The construction of the LncRNA-mRNA networks showed
that TCH mediated the expression of Acpp by upregulating
LncRNA, which implies the potential synergistic effect of
abirritation that TCH and BT may have for the treatment of
SCI; this provides a theoretical basis for the use of TCH
injection in clinical practice and investigation.
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