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ARTICLE INFO ABSTRACT

Keywords: Objective: This study evaluated the regulatory effect of Tetramethylpyrazine (TMP) on the spinal
Tetramethylpyrazine cord injury (SCI) rat model and clarified the neuroprotective mechanism of TMP on SCL
miR-497-5p Methods: An SCI rat model was generated and treated with TMP injections for two weeks. miR-
EGF_L7 . 497-5p and EGFL7 expression changes were evaluated, motor function recovery after SCI was
Angiogenesis

Spinal cord ini assessed by BBB score test and footprint analysis, lesions of rat spinal cord were assessed by HE

pinal cord injury

Nerve regeneration staining and TUNEL staining; angiogenesis was assessed by immunoblotting for CD31; inflam-

Nerve defect repair matory factor levels were detected by ELISA. EGFL7 was verified as a target of miR-497-5p by
bioinformatics website analysis and luciferase reporter gene assay. HyOo-injured neurons were
cultured in vitro to explore the effect of TMP.
Results: After SCI, miR-497-5p was upregulated while EGFL7 was downregulated in rats. TMP
inhibited apoptosis and promoted angiogenesis, nerve regeneration, and repair of nerve defects
by reducing miR-497-5p and increasing EGFL7 expression. miR-497-5p targeted EGFL7. In
addition, TMP hindered neuronal inflammation and apoptosis induced by Hy0 in vitro.
Conclusion: TMP promotes angiogenesis by downregulating miR-497-5p to target EGFL7, and
promotes nerve regeneration and repair of nerve defects in rats with SCIL

1. Introduction

Spinal cord injury (SCI) is a serious injury to the central nervous system that can result in abnormal or loss of motor, sensory, and
autonomic function [1]. There are 11,000 new SCI cases in the United States each year, and more than 60,000 new cases in China each
year [2]. When primary spinal cord injury occurs, acute disruption of the microvascular structure occurs immediately, leading to the
breakdown of the blood-spinal barrier, endothelial cell death, and increased vascular permeability [3]. These comprehensive vascular
injuries trigger a series of secondary pathological processes, including inflammation, and the formation of glial and fibrotic scars,
which further prevent tissue regeneration and functional recovery [4,5]. As an important structure for a stable supply of nutrients and
oxygen, microvessels play a crucial role in neurogenesis and maintenance of physiological functions [6]. Angiogenesis refers to the
generation of newly formed microvessels from the germination of original blood vessels or proliferation in the injury core [7].
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Therefore, targeting angiogenesis early in SCI can reduce cell loss and neurological deficits. Intrathecal anti-NoGo-A antibodies in the
treatment of SCI can improve vascular germination and repair and reduce neurological deficits [8,9]. This evidence confirms that
angiogenesis plays a key role in nerve repair after SCI. Therefore, finding ways to enhance nerve regeneration and angiogenesis could
aid recovery from SCIL

Tetramethylpyrazine (TMP), the main bioactive component of Ligusticum chuanxiong, exerts anti-inflammatory, antioxidant,
neuroprotective, and axonal growth-promoting effects [10]. In addition, TMP can protect various cells by inhibiting the cascade of
oxidative stress and apoptosis [11]. Due to these properties, TMP is of therapeutic potential in a variety of diseases, including SCI [12,
13]. For example, TMP attenuates SCI-induced nerve injury by inhibiting vascular endothelial cell apoptosis and promoting angio-
genesis [14]. TMP promotes the recovery of SCI through the Akt/Nrf2/HO-1 pathway [15]. However, the molecular mechanism of
TMP in SCI has not been fully elucidated.

MicroRNAs (miRNAs) are a class of short non-coding RNAs that either silence translation or interfere with the expression of target
mRNAs [16]. miRNAs are involved in the physiological and pathological processes of various diseases, such as cancer [17], nerve
injury diseases [18], and cardiovascular diseases [19]. miR-497-5p is one of the members of the miR-15/107 family [20-22], and its
expression profile in vascular diseases has been extensively studied. miR-497-5p is involved in melanoma [23], gastric cancer [24],
and esophageal squamous cell carcinoma [25]. Besides, miR-497-5p regulates inflammation-related signaling pathways in hepato-
cellular carcinoma [26]. A previous study shows that miR-497-5p is upregulated in Parkinson’s disease, and it could modulate
neuronal apoptosis and autophagy [27]. In addition, miR-497-5p has also been shown to be involved in angiogenesis [28]. However,
the role of miR-497-5p in SCI is unclear.

Epidermal growth factor-like domain-containing protein 7 (EGFL7), a member of the epidermal growth factor-like protein family,
is a potent angiogenic factor expressed in many cell types. EGFL7 plays a vital role in controlling angiogenesis during embryogenesis,
organogenesis, and maintenance of skeletal homeostasis [29]. Several studies have shown that EGFL7 can promote angiogenesis [30,
31]. In addition, miR-497-5p was found to regulate EGFL7 expression.

This study aimed to investigate the effect of TMP on angiogenesis and nerve regeneration in SCI and its underlying mechanisms. In
vivo and in vitro experiments revealed that TMP mediates miR-497-5p/EGFL7 axis to promote SCI angiogenesis, nerve regeneration,
and nerve defect repair, providing a new direction for SCI treatment.

2. Materials and methods
2.1. SCI animal model

This study was approved by the Ethics Committee of Second Affiliated Hospital of Inner Mongolia Medical University (Ethics
approval number: NM20170611DC). Sprague-Dawley rats (Animal Center of the Chinese Academy of Sciences, Shanghai, China) were
fed in a specific pathogen-free environment for at least 48 h and treated with SCI referring to the modified Allen method [32]. Briefly, a
laminectomy was performed on the T10 vertebrate with steel clips inserted under the transverse process. Contusions of 200 kdyn were
performed using an IH spinal cord impactor (Precision Systems and Instrumentation, Lexington, KY). Sham operation rats were treated
with laminectomy only.

2.2. Lentiviral treatment

After SCI, the injured spinal segment was treated with TMP (200 mg/kg/day) for two weeks. Meanwhile, SCI rats were intrathecally
injected with antagomir NC (5-CAGUACUUUUGUGUAGUACAA-3'), miR-497-5p antagomir (5-ACAAACCACAGUGUGCUGCUG-3),
agomir NC (5-UUCUCCGAACGUGUCACGUTT-3), miR-497-5p agomir (5-CAGCAGCACACUGUGGUUUGUAAACCACAGU-
GUGCUGCUGUU-3"), sh-NC (5-UUCUCCGAACGUGUCACGUTT-3), sh-EGFL7 (5-AGCAGATTTCCTTCCTGGA-3"), oe-NC (5-
GTTCTCCGAACGTGTCACGT-3"), 0e-EGFL7 (5-GCTCTAGACCTGCAAGAAAGACTCGTGA-3'), miR-497-5p antagomir + sh-NC and
miR-497-5p antagomir + sh-EGFL7, respectively. The lentiviral vectors used were constructed by Genepharma (Shanghai, China).

Table 1
Primer sequences used in PCR.
Genes Sequences (5 3')
miR-497-5p F: CAGCAGCACACUGUGGUUUGUA
R: CTCTACAGCTATATTGCCAGCCAC
EGFL7 F: GGGATGGCAGGGAGATACTTG
R: CTGGCGTGGGACTTGGTG
U6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT
GAPDH F: CGGAGTCAACGGATTTGGTCGTAT

R: AGCCTTCTCCATGGTGGTGAAGAC

Note: F, forward; R, reverse; miR-497-5p, microRNA-497-5p; EGFL7,
Epidermal growth factor-like domain 7; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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3. Detection of RNA expression

Total RNA was extracted from tissues or cells using Trizol reagent (Invitrogen, USA) and reverse-transcribed using SuperScript
Reverse Transcription Kit (Invitrogen). On an ABI PRISM7900 Sequence Detection System (Applied Biosystems, USA), PCR was
implemented with SYBR Green Master Mix (Applied Biosystems, USA). GAPDH and U6 were internal controls, and the relative
expression levels were analyzed by the 2722t method. The primers (Table 1) were synthesized by Sangon (Shanghai, China).

3.1. Western blot

Proteins were extracted using RIPA lysis buffer and quantified by a BCA protein assay kit (Beyotime, China). After being separated
by 12 % SDS-PAGE, the samples were loaded onto polyvinylidene fluoride membranes (Bio-Rad, USA) which were then counteracted
with primary antibodies EGFL7 (19291-1-AP, 1:500, Proteintech), CD31 (ab28364, 1:500, Abcam), and GAPDH (2118, 1:1000, CST)
and co-incubated with the secondary antibody (ab6734, 1:3000, Abcam). Protein bands were visualized using chemiluminescent
reagents (WBKLS0100, Millipore, USA). GAPDH was used as an internal reference, and Image J (V1.8.0, National Institutes of Health,
USA) was used to analyze the levels of target proteins.

3.2. Basso, Beattie, and Bresnahan (BBB) score

Before SCland 1, 3, 7, 14, and 21 days after SCI, respectively, the motor behavior of rats was assessed in the open field based on BBB
score [33]. The preoperative BBB score of the rats was 21 points.

3.3. Footprint analysis

Rats run down a paper-covered hallway after their front and back PAWS are painted with different colors of non-toxic paint. Stride
length and width were measured and analyzed while the rats ran at a constant speed. Each rat was assessed by two independent
examiners who did not know about treatment options [34].

3.4. HE staining

After the BBB score, the rats were anesthetized with 3 % pentobarbital sodium and immediately intracardially perfused. Then, the
spinal cord was exposed and approximately 2 cm of spinal cord tissue around the lesion site was excised and fixed in 4 % para-
formaldehyde buffer to prepare paraffin slices with 5 pm thickness. Sections were dewaxed and hydrated, stained with hematoxylin for
5 min and 0.5 % eosin for 2 min. Then the sections were dehydrated with alcohol, cleared with xylene, and sealed with neutral resin.
Finally, the spinal cord lesions of rats were observed under a microscope (Olympus) [35].

3.5. TUNEL staining

Paraffin slices with 5 pm thickness were dewaxed and hydrated with gradient alcohols for determining apoptosis using the TUNEL
fluorescence FITC kit (Roche, USA). After TUNEL staining, DAPI staining (Sigma-Aldrich) was performed followed by fluorescence
observation under a laser scanning confocal microscope (FV1000, Olympus, Japan) [36].

4. ELISA

Blood samples were centrifuged at 3000 g to obtain plasma. The concentrations of TNF-a, TGF-B, and IL-1 in the samples were
determined using ELISA kits (R&D Systems, Inc., MN, USA).

4.1. H202-induced injury of primary neurons

Primary neurons were obtained from 4-day-old neonatal SD rats. Rat spinal cords were immersed in a D-Hank medium and
centrifuged to collect the pellet. The pellet was treated with detachment with 0.25 % trypsin, which was stopped by 10 % FBS-DMEM.
The neurons were incubated with Cytarabine (final concentration 3 mol/L) for 3 d and exposed to HyO [37]. DMSO-dissolved TMP
(95162, Sigma) was administrated to HoOs-injured neurons at different concentrations (50 pg/ml; 100 pg/ml; 150 pg/ml) [38].

4.2. Flow cytometry

Apoptotic cells were detected by AnnexinVFITC/PI double staining according to the procedures [39]. In brief, the neurons were
centrifuged at 2000 rpm for 5 min, washed twice with cold PBS, and suspended with 400 pL 1 x binding buffer. At 4 °C, the cell
suspension was then added with 5 pL AnnexinV-FITC and incubated in dark for 15 min and 10 pL PI in dark for 5 min. Finally, the
apoptosis rate was measured on a flow cytometer (BD FACS Calibur, BD, USA).
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4.3. Targeting relation analysis

HEK293T cells (ATCC) were placed in 10 % FBS-DMEM supplemented with 1 mM glutamine, 100 units/ml penicillin, and 100 mg/
ml streptomycin. According to the manufacturer’s instructions, the luciferase reporter gene test was performed using the dual
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Fig. 1. TMP promotes angiogenesis, nerve regeneration and nerve defect repair in rats with SCL

A: BBB score to test the motor behavior of rats; B-C: HE staining and TUNEL staining to assess the lesions of rat spinal cord; D: Western blot to detect
CD31 expression to assess angiogenesis; E-G: ELISA to detect inflammatory factors; H-I: RT-qPCR or Western blot to detect miR-497-5p and EGFL7
expression; the values are expressed by the mean standard deviation. *P < 0.05 vs. Sham; #P < 0.05 vs. Model.
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luciferase test kit (D0010, Solarbio, Beijing, China) [40]. In short, a reporter vector containing EGFL7 3 'UTR and a mutant vector
binding to miR-497-5p with mutant sites were constructed: pGL3-EGFL7-WT and pGL3-EGFL7-MUT. The vectors were co-transfected
with miR-497-5p mimic or mimic NC into HEK293T cells. After 48 h, the cells were collected after lysis and tested for luciferase activity
by a photometer. Renilla luciferase activity was used as the internal reference. The ratio of firefly luciferase activity to renilla luciferase
activity is considered to be relative luciferase activity.

4.4. Statistical analysis

All data were analyzed using SPSS 17.0 (SPSS, IL, USA). To compare BBB scores, repeated measures analysis of variance (ANOVA)
was performed followed by Bonferroni post hoc correction. One-way ANOVA with Tukey’s post hoc test was utilized for comparing
multiple sets of data. All data were presented as mean + standard deviation (SD), and the significance cutoff was set at P < 0.05.

5. Results
5.1. TMP promotes angiogenesis, nerve regeneration and nerve defect repair in rats with SCI

Before SCI and 1, 3, 7, 14, 21 days after SCI, respectively, we evaluated the motor function of rats using a 21-point BBB score and
discovered that Sham operation rats walked normally, and SCI rats had obvious walking deficits, while TMP treatment could improve
walking deficits in SCI rats (Fig. 1A). In addition, the footprint analysis was used to evaluate the recovery of motor function in SCI rats,
and the results showed that the length and width of SCI rats’ stride decreased, and motor function was poor. However, after TMP
treatment, the length and width of SCI rats’ stride increased, and motor function was significantly improved (Supplementary Fig. 1A,
Supplementary Fig. 2). The lesions of the rat spinal cord were evaluated by HE staining and TUNEL staining. No obvious apoptosis and
necrosis was found in the spinal cord tissue of the sham operation rats; SCI rats showed neuronal atrophy and apoptosis, while SCI rats
receiving TMP treatment presented improvements of pathological conditions (Fig. 1B and C). Angiogenesis was assessed by Western
blot detection of CD31 expression, presenting that CD31 expression was decreased in SCI rats, while its expression trend could be
recovered when TMP was administrated (Fig. 1D). ELISA detection suggested that SCI induced serum levels of inflammatory factors
(TGF-p1, TNF-a and IL-1p) in rats, but this pro-inflammatory influence could be attenuated by TMP (Fig. 1E-G). In addition, we also
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Fig. 2. Depleting miR-497-5p augments TMP-induced protection against SCIL.

A: RT-qPCR to detect miR-497-5p expression; B: BBB score to test the motor behavior of rats; C-D: HE staining and TUNEL staining to assess the
lesions of the rat spinal cord; E: Western blot to detect CD31 expression to assess angiogenesis; F-H: ELISA detects the levels of inflammatory factors;
the values are expressed by the mean standard deviation. *P < 0.05 vs. TMP + antagomir NC; #P < 0.05 vs. TMP + agomir NC.
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found miR-497-5p upregulation and EGFL7 downregulation in SCI rats, and TMP could inhibit miR-497-5p and promote EGFL7
expression levels (Fig. 1H and I).

5.2. Depleting miR-497-5p augments TMP-induced protection against SCI

When exploring the effect of miR-497-5p on SCI rats, rats were intrathecally injected with antagomir NC, miR-497-5p antagomir,
agomir NC and miR-497-5p agomir lentivirus at the same time as TMP treatment. RT-qPCR verified that the injection was successful
(Fig. 2A). BBB score results showed that down-regulation of miR-497-5p could further improve walking defects in SCI rats, while up-
regulation of miR-497-5p could reverse the therapeutic effect of TMP (Fig. 2B). Footprint analysis showed that down-regulation of
miR-497-5p could further improve motor function in SCI rats, while up-regulation of miR-497-5p could reverse the improvement of
TMP (Supplementary Fig. 1B, Supplementary Fig. 2). HE staining and TUNEL staining showed that the pathological conditions of the
spinal cord tissue of rats were further improved after downregulation of miR-497-5p, while the effect of up-regulation of miR-497-5p
was opposite (Fig. 2C and D). Western blot results showed that CD31 expression was significantly increased after down-regulation of
miR-497-5p, while up-regulation of miR-497-5p weakened the therapeutic effect of TMP (Fig. 2E). ELISA results showed that down-
regulation of miR-497-5p could further reduce the contents of TGF-p1, TNF-a, and IL-1p in serum of SCI rats, while up-regulation of
miR-497-5p had the opposite effect (Fig. 2F-H). As detected, depleting miR-497-5p augments TMP-induced protection against SCI.

5.3. miR-497-5p represses EGFL7 expression

The bioinformatics website predicted the targeted binding sites for miR-497-5p and EGFL7 (Fig. 3A). A dual-luciferase reporter
gene assay was then performed to obtain the outcome that miR-497-5p mimic reduced the luciferase activity of pGL3-EGFL7-WT
(Fig. 3B). EGFL7 expression was reduced when miR-497-5p was upregulated, and vice versa (Fig. 3C and D). In conclusion, miR-
497-5p downregulates EGFL7.

5.4. EGFL7 upregulation promotes TMP-mediated protection in SCI rats

For understanding the action of EGFL7 on SCI rats, at the same time as TMP treatment, rats were intrathecally injected with oe-NC,
oe-EGFL7, sh-NC and sh-EGFL7 lentiviruses, respectively, thus altering EGFL7 expression (Fig. 4A). BBB score results reported that up-
regulation of EGFL7 could further improve walking defects in SCI rats, while down-regulation of EGFL7 could reverse the therapeutic
effect of TMP (Fig. 4B). The results of footprint analysis revealed that up-regulation of EGFL7 further improved motor function in SCI
rats, while down-regulation of EGFL7 reversed TMP’s improvement effects on SCI rats (Supplementary Fig. 1C, Supplementary Fig. 2).
HE staining and TUNEL staining observed that the pathological conditions of the spinal cord of rats were further improved after EGFL7
up-regulation, while the effect of EGFL7 down-regulation was opposite (Fig. 4C and D). Western blot noted that CD31 expression was
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significantly increased after EGFL7 was up-regulated, while the therapeutic effect of TMP was weakened when EGFL7 was down-
regulated (Fig. 4E). ELISA results suggested that upregulation of EGFL7 could further reduce the contents of TGF-p1, TNF-a, and
IL-1p in serum of SCI rats, while downregulation of EGFL7 had the opposite effect (Fig. 4F-H). In summary, EGFL7 upregulation
promotes TMP-mediated protection in SCI rats.

5.4.1. EGFL7 inhibition resists miR-497-5p silencing-induced protection against SCI

To verify that TMP mediates miR-497-5p/EGFL7 axis to protect against SCI, rats were intrathecally injected with miR-497-5p
antagomir + sh-NC or miR-497-5p antagomir + sh-EGFL7 lentivirus at the same time as TMP treatment. As the results suggested,
sh-EGFL7-induced downregulation of EGFL7 prevented the therapeutic efficacy of miR-497-5p antagomir in SCI rats (Fig. 5A-H;
Supplementary Fig. 1D, Supplementary Fig. 2).

5.5. TMP has a protective effect on HyOz-injured neurons

We further verified the protective effects of TMP on SCI through in vitro experiments. HoOo-treated neurons were treated with
different concentrations of TMP (50 pg/ml; 100 pg/ml; 150 pg/ml), and flow cytometry was used to detect neuronal apoptosis. It was
found that HyO, significantly induced neuronal apoptosis, while TMP reduced neuronal apoptosis in a dose-dependent manner
(Fig. 6A). In addition, the levels of inflammatory cytokines (TGF-p1, TNF-a, and IL-1f) were also significantly reduced after TMP
treatment in a dose-dependent manner (Fig. 6B-D). These results are also consistent with previous in vivo data.

6. Discussion

SCI is a highly disabling disease with a series of destructive behaviors following the initial injury, including neurological damage,
inflammation, and oxidative stress [41]. Although treatments or restorative treatments have been developed to slow or stop the
progression of SCI, no method has yet been able to fully heal SCI. TMP has been shown to exert neuroprotective effects on SCI [14].
Therefore, exploring the potential mechanism of TMP in SCI is helpful to understand the pathogenesis of SCI and develop effective SCI
treatment strategies. Our study functionally revealed that TMP can promote angiogenesis, nerve regeneration, and nerve defect repair
in SCI rats as well as inhibit apoptosis and inflammation of HoO»-injured neurons. Mechanistically, SCI promoted EGFL7 expression by
downregulating miR-497-5p.

For a long time, TMP has been a clinical option for cardiovascular diseases [42]. Recently, more and more studies have shown that
TMP has a neuroprotective function. Zhang Li et al. [43] have stated that TMP can promote the proliferation and differentiation of
neural stem cells and inhibit oxidative stress-induced apoptosis. Hu Jie et al. have reported that TMP has a protective effect on SCI rats,
and TMP treatment reduces neuronal loss and promotes angiogenesis and neurological recovery after SCI [44]. Multiple studies have
shown that TMP promotes neurological recovery after SCI by regulating multiple pathways [45,46] and TMP could suppress in-
flammatory cell activation and pro-inflammatory cytokine production to ameliorate SCI [47]. Our study analysis once again confirmed
the protective effect of TMP on SCI: TMP treatment promoted angiogenesis, nerve regeneration, and repair of nerve defects in SCI rats,
and inhibited neuronal apoptosis and the production of pro-inflammatory cytokines. As stated previously, TMP limits neuronal
apoptosis in SCI by downregulating miR-214-3p [48]. Our paper demonstrated that TMP administration inhibited miR-497-5p
expression, a finding suggesting that the role of TMP in SCI may be related to miR-497-5p.

In past studies, miR-497-5p has been indicated in a variety of human diseases, including cancer [49], diabetes [50], and neuro-
logical diseases [27]. This study initially discovered that miR-497-5p was upregulated in SCI rats and depleting miR-497-5p based on
TMP treatment could further attenuate SCI-induced damages in rats and H202-induced apoptosis and inflammation in neurons while
restoring miR-497-5p partially limited the treatment effect of TMP. Furthermore, we recognized that miR-497-5p was negatively
correlated with EGFL7 expression in SCI rats and TMP administration inhibited miR-497-5p and promoted EGFL7 levels.

EGFLY7 is a conserved secreted angiogenic factor that is involved significantly in angiogenesis [51]. It is mainly expressed during
vascular development and promotes angiogenesis by controlling various endothelial molecular mechanisms [29]. Our experimental
analysis found that EGFL7 expression was decreased in SCI rats, and restoring EGFL7 could enhance the therapeutic effect of TMP on
SCI, while silencing EGFL7 reversed the therapeutic effects of TMP or inhibition of miR-497-5p on SCL

However, there are some limitations in this study. Firstly, the number of experimental animals used in this study is small, so there
may be some errors in this study. Secondly, TMP can regulate a variety of miRNAs, but only miR-497-5p was selected in this study.
Third, there are many target genes of miR-497-5p, but only EGFL7 was selected for exploration in this study. Finally, the downstream
regulatory mechanisms of EGFL7 were not further explored. It is hoped that in the future we can further explore more possible reg-
ulatory mechanisms of TMP’s neuroprotective effect in SCI rats.

7. Conclusion
The study results presented that TMP promotes angiogenesis, nerve regeneration, and repair of nerve defects after SCI by down-

regulating miR-497-5p to modulate EGFL7 expression. This result not only contributes to the understanding of the mechanism of SCI
but also provides a new reference for the development of new SCI treatments.
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Fig. 6. TMP has a protective effect on HyO»-injured neurons.

A: Flow cytometry to detect cell apoptosis; B-D: ELISA to detect the levels of inflammatory factors; the values are represented by the mean standard
deviation. *P < 0.05 vs. Control; #P < 0.05 vs. HyOs.
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