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Abstract
Background: Neuronal survival after spinal cord ischemia-reperfusion injury (SCII) is a major factor
affecting the motor function. Recently, matrix metalloproteinase-7 (MMP-7) plays an important role in a
variety of diseases, but the speci�c role of MMP-7 in SCII remains unclear. This paper aims to further
investigate the role of MMP7 in SCII.

Methods: We built the SCII model by clipping the aortic arch for 14 minutes. The RNA and protein
expression of MMP-7 was detected by Western blot and real-time polymerase chain reaction (PCR) during
the groups. The co-localization of major cell types and MMP-7 in the spinal cords was detected by
Immuno�uorescence staining. To further study the speci�c mechanism, rats were intrathecally pretreated
with si-MMP7 or negative control (NC) siRNA 3 days before clipping the aortic arch for 14 minutes. The
Tarlov criteria and Haematoxylin and eosin staining were used to detect neurological function and
histological assessment. Western blot, PCR and Immuno�uorescence staining were used to evaluate the
effect of silencing MMP-7.

Results: The expression of MMP-7 RNA and protein increased both at 12 h and 24 h after SCII. At 24 h
after SCII, the expression of MMP-7 RNA reached its maximum amount. Compared with the sham group,
MMP-7 �uorescent expression in the SCII group greatly enhanced, and MMP-7 �uorescence was mainly
co-expressed with neuronal nuclei (NeuN) �uorescence. The Tarlov scores and number of intact neurons
were increased by pre-treatment with si-MMP7. Pre-treatment with si-MMP7 could also decrease the
expression of MMP-7, Interleukin-1β (IL-1β) and cleaved caspase-3 and reduce the MMP-7 expression in
neurons.

Conclusions: Silencing MMP-7 protected the rats against SCII by inhibiting the neuroapoptosis and
in�ammation. Silencing MMP-7 could be a hopeful therapeutic treatment after SCII.

1. Background
Spinal cord ischemia-reperfusion injury (SCII) is a devastating and unpredictable complication that can
lead to paraplegia after aortic aneurysm repair [1]. The complication is still not completely preventable
with the development of surgical techniques and medical interventions [2, 3]. Motor dysfunction is due to
the massive neuronal death after ischemic-reperfusion injury, which is thought to be one of the
mechanisms of SCII [4–6]. Thus, decreasing neuronal death may represent a hopeful strategy for
relieving motor dysfunction after SCII.

Matrix metalloproteinases (MMPs) are zinc-containing endopeptidases that can cleave and degrade the
extracellular matrix [7]. MMPs are functional classi�ed as gelatinases (MMP2 and MMP9), collagenases
(MMP1, MMP8 andMMP13), matrilysin (MMP7 and MMP26), and stromelysins (MMP3, MMP10 and
MMP11) [8]. MMP-7 is one of the smallest MMPs and a secreted zinc-dependent endopeptidase [9, 10].
MMP-7 plays a vital role in the modulation of multiple biological processes. For example, MMP-7 is
upregulated in several kinds of cancer [11, 12]; and MMP-7 protects against acute kidney injury by
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priming renal tubules for survival and regeneration [13]. In neurological diseases, MMP-7 is greatly
increased in rat sciatic nerve segments after nerve injury [14]; and MMP-7 is on the regulation of Schwann
cell phenotype and the regeneration of injured peripheral nerves [15]; and MMP-7 removes remyelination-
impairing �bronectin aggregates in multiple sclerosis lesions [16]. Additionally, it has been con�rmed in
our previous study that MMP-7 was involved in SCII [17], but the mechanism has not been fully
understood. In this study, we explore the speci�c role of MMP-7 in the pathogenesis of SCII to provide a
theoretical basis for �nding effective therapies.

2. Material And Methods

2.1. Animals and regents
All male Sprague-Dawley (SD) rats (n=72) weighing about 220-260 g were purchased from the Animal
Center of China Medical University. The protocols of animal experiments were approved by the Ethics
Review Committee of China Medical University. The rats were housed in standard cage under a
temperature-controlled (22-24℃) condition, with free food and water.

MMP-7 small interfering RNAs (siRNAs) were provided by Shanghai GenePharma Company. MMP-7
siRNA sequence (5′-CCUACAGAAUCGUGUCCUATT-3′, 5′-UAGGACACGAUUCUGUAGGTT-3′) and Scramble
siRNA (si-NC) sequence (5′-UUCUCCGAACGUGUCACGUTT-3′, 5′-ACGUGACACGUUCGGAGAATT-3′) were
designed.

2.2. SCII model
The SCII model was �nished, as described previously [18]. Animals were injected intraperitoneally with 4%
sodium pentobarbital (50 mg/kg; Beyotime Biotechnology, Shanghai, China). The distal and proximal
blood pressure was calculated by two catheters which were respectively inserted into the tail artery or the
left carotid artery. After endotracheal intubation and mechanical ventilation, the aortic arch of rats was
revealed by a left thoracotomy. In a direct visualization, the aortic arch was occluded between the left
carotid artery and left subclavian artery to cause spinal cord ischemia.

Useful ischemia was kept for 14 minute, which was veri�ed by observing a 90% reduction in �ow
measured at the tail artery. In the Sham group, rats were subjected to the same process without occluding
the aortic arch.

2.3. Intrathecal infusion of siRNAs
The injection space was located between segments L4 and L6 in the dura. Phenomenon of tail �ick was
the sign con�rming the correct position [19]. According to the preliminary experiment, 25 µl of si-MMP7 or
NC was intrathecally injected with Lipofectamine 3000 (Invitrogen, USA) at a concentration of 2.5 µg/ µl.
After 3 intrathecal injections at 24 h intervals, rats with no evidence of motor function de�cit underwent
surgery.

2.4. Behavioral assessment
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The behavioral assessment of the rat’s hind limb was measured with Tarlov criteria after SCII by two
watchers who were unfamiliar with the experiment. Tarlov scores were ranged from 0 (no hind limb motor
function) to 4 (normal) in previous study [20].

2.5. Experimental protocol
In Figure.1A-B, the experimental protocol was shown. The rats (n=72) were divided into four or �ve groups
using a random number table. As shown in Fig. 1A, the expression of MMP-7 was measured at different
time points (12h, 24h, 36h, and 48h) after SCII. Then, the rats were randomly arranged to four groups at
24 h after SCII in the Fig. 1B: (1) sham group: rats were performed 25 µl of saline by intrathecal injection
before sham-operation at 24 h intervals for three consecutive days. (2) SCII group: rats were performed 25
µl of saline by intrathecal injection before SCII-operation at 24 h intervals for three consecutive days. (3)
SCII+negative control (NC) group: 25 µl of NC was intrathecally injected into rats before SCII-operation at
24 h intervals for three consecutive days. (4) SCII+si-MMP7 group: 25 µl of si-MMP7 was intrathecally
injected into rats before SCII-operation at 24 h intervals for three consecutive days.

2.6. Quantitative real-time polymerase chain reaction (PCR)
The TRIzol reagent was used to extract the total RNA from L4−6 sections of spinal cords. The PrimeScript
RT reagent kit (RR037A Takara) was used to reversely transcribe the cDNA. Then, a TB Green Premix Ex
TaqII kit (Takara) on a Prism 7000 detection system (Takara) was used to analyze the cDNA. GAPDH was
used to normalize the relative MMP-7 expression, and all samples were measured in triplicate by the
2−ΔΔCT method. The primers used in the study were as follows: MMP-7 (5'- CACGGAGAC AACTTCCCATT-
3', 5'- CACCATCCGTCCAGTACTCA-3'), and GAPDH (5'- GGGGCTCTCTGCTCCTCCCTG-3', 5'-
AGGCGTCCGATACGGCCAAA -3').

2.7. Western blot
L4−6 spinal cord segments were homogenized and collected at 4°C. After extraction with a BCA protein kit
(Beyotime Biotechnology), the protein samples were loaded onto 8% sodium dodecylsulfate
polyacrylamide gel electrophoresis and then transferred to polyvinylidene di�uoride membranes. The
membranes were blocked with 5% skim milk for 1 h and were incubated overnight at 4°C with primary
antibodies against IL-1β (Abcam, ab9722, 1:2000), cleaved caspase-3 (A�nity, AF7022, 1:500), MMP-7
(A�nity, AF0218, 1:500), and β-actin (Abcam, ab8227, 1:10000). The membranes were washed with
TBST (Solarbio) and incubated with relevant secondary antibodies (Beyotime, 1: 1000). The bands were
detected by an ECL kit (Bio-Rad, USA) and software (Bio-Rad Laboratories).

2.8. Immuno�uorescence (IF) staining
The cellular distribution of MMP-7 expression was measured by immuno�uorescence staining at the 24h
time point after SCII. Spinal cord segments were �xed and cut into 8 µm sections. The segments were
sealed with 10% bovine serum albumin (BSA) and incubated with primary antibodies overnight at 4°C.
Then, they were incubated with the corresponding secondary antibodies for 2 h at room temperature.
Primary antibodies included mouse anti-NeuN (Abcam, ab104224, 1:400), goat anti-GFAP (Abcam,
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ab53554, 1:400), mouse anti-Iba-1 (Abcam, ab5076, 1:400), rabbit anti-MMP-7 (A�nity, AF0218, 1:200)
and mouse anti-cleaved caspase-3 (Abmart, M020539, 1:50). Corresponding secondary antibodies
included FITC-conjugated A�niPure donkey anti-goat IgG (H+L) (Proteintech, 1:200), Alexa Fluor 594-
conjugated donkey anti-rabbit IgG (H+L) (Proteintech, 1:200), �uorescein (FITC)-conjugated A�niPure
donkey anti-mouse IgG (H+L) (Proteintech, 1:200). Images of anterior horns were captured under a
�uorescence microscopy (Olympus, Melville, USA).

2.9. Haematoxylin and eosin staining
At 24 h after SCII, rats were anesthetized and euthanised for haematoxylin and eosin staining assay. After
�xed with 4% paraformaldehyde, the L4−6 spinal cord segments were stained with hematoxylin and eosin

(H&E) staining kit (Servicebio G1005, China).20 Morphology of Neurons in the stained areas was
examined by two unfamiliar observers with an optical microscope (Leica, Germany). The occurrence of
diffusely eosinophilic cytoplasm with pyknotic homogenous nuclei and basophilic stippling was utilized
to identify the necrotic or normal neurons, respectively [21, 22]. The number of normal motor neurons in
the anterior horn was calculated as the average counts from three sections [23].

2.10. Statistical analysis
GraphPad Prism 7.0 (CA, USA) and SPSS 25.0 (CA, USA) were used to analyze the statistical results. Data
were expressed as the mean ± SD. Normally distributed data were performed by the t-tests, one-way or
two-way ANOVA, while non-normally distributed data were performed by Kruskal-Wallis test. Results with
a value of p < 0.05 were regarded with statistical signi�cance

3. Results

3.1. Changes in behavioral assessment and MMP-7
expression after SCII
As shown in Fig. 2A, behavioral assessment was performed by Tarlov criteria at 12 h intervals within 48 h
after SCII. Compared with the sham group, the average Tarlov scores in SCII group were greatly decreased
within 48 h after surgery (p < 0.05). As shown in Fig. 2B-D, compared with the sham group, the expression
of MMP-7 was noticeably upregulated in SCII 24 h group according to PCR and Western blot (p < 0.05).
Based on the above �ndings, the SCII-24h time point was used to assess the effect of MMP-7.

3.2. The expression and localization of MMP-7 protein after
SCII
The expression and localization of MMP-7 with GFAP, Iba-1 and NeuN was evaluated by Double
immuno�uorescence labeling (Fig. 3). As shown in Fig. 3A, red and green �uorescence represented MMP-
7 and markers of the main cell types (GFAP, Iba-1 and NeuN) respectively, and yellow �uorescence
represented the co-localization. MMP-7 was mostly expressed in NeuN-positive neurons. Compared with
the sham group, the �uorescent density of MMP-7 greatly increased in SCII-24h group (Fig. 3B, p < 0.05).
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As shown in Fig. 3C, the results demonstrated that SCII aggrandized the double-positive cell number of
MMP-7 and NeuN (p < 0.05).

3.3. Silencing MMP-7 improved neurological de�cits and
histologic evaluation after SCII
Lower limb motor function in each experimental group was evaluated by Tarlov criteria (Fig. 4A).
Compared with the sham group, Tarlov scores in SCII group were greatly decreased (p < 0.05); compared
with the SCII group, Tarlov scores in si-MMP7 group were greatly increased (p < 0.05), and Tarlov scores
were similar in the NC group and SCII group (p > 0.05). The data revealed that silencing MMP-7 could
improve neurological de�cits after SCII.

At 24 h after SCII, histologic evaluation demonstrated that intact neurons in the anterior horn were greatly
reduced, as shown for three signs: pyknotic homogenous nuclei, diffusely eosinophilic cytoplasm and
basophilic stippling (Fig. 4B-C, p < 0.05). However, the si-MMP7 group demonstrated more intact neurons
compared with the SCII group (p < 0.05). The data showed that histologic evaluation could be improved
by silencing MMP-7 after SCII.

3.4. Silencing MMP-7 decreased MMP-7 expression in
neurons
As shown in Fig. 5, MMP-7 was mostly expressed in NeuN-positive neurons. Compared with the sham
group, �uorescence intensity of MMP-7 and number of co-localized cells in the SCII group was greatly
increased (p < 0.05), while the quantitative analysis in si-MMP7 group was greatly decreased compared
with the SCII group (p < 0.05). It was similar in the NC group and SCII group (p > 0.05). It can be
concluded that si-MMP7 could affect SCII by restraining MMP-7 expression in neurons.

3.5. The protection by silencing MMP-7 against SCII through
restraining the MMP-7/ cleaved caspase-3 axis and IL-1β.
As shown in Fig. 6A-D, compared with the sham group, the protein expression of MMP-7, IL-1β and
cleaved caspase-3 in SCII group was greatly increased (p < 0.05), while the protein expression in si-MMP7
group was greatly reduced compared with the SCII group (p < 0.05). The protein expression was similar in
the NC group and SCII group (p > 0.05). Meanwhile, the RNA expression of MMP-7 was also reduced by
silencing MMP-7 after SCII (Fig. 6E, p < 0.05). As shown in Fig. 6F, MMP-7 �uorescence was co-localized
with cleaved caspase-3 �uorescence, suggesting that MMP-7 might play partially roles by cleaved
caspase-3. The changing trend of apoptotic factor and in�ammatory cytokine was closely related to that
of MMP-7 according to Fig. 6. The data showed that neuroapoptosis and in�ammation could be
restrained by silencing MMP-7 after SCII.

4. Discussion
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We identi�ed the role of MMP7 in SCII and studied the mechanism on neuroapoptosis and in�ammation.
MMP-7 expression was noticeably increased at the 24 h time point after surgery. Silencing MMP-7
showed a protective effect after SCII by improving lower limb motor function and histologic evaluation,
along with reducing the expression of MMP-7, apoptotic factor and in�ammatory cytokine. It was
concluded that silencing MMP-7 protected the rats against SCII by inhibiting the neuroapoptosis and
in�ammation.

During nervous system development and following injury, MMPs have been increasingly recognized as
playing vital roles [24]. For example, MMP-9 was associated with the early process of neuropathic pain in
CCI rats [25]; and in peripheral nerve regeneration, MMP-7 promoted myelin sheath formation and
Schwann cell migration [15]. As the smallest member of MMPs, MMP-7 plays vital roles in many
physiological processes [26]. In bactericidal and anti-in�ammatory roles, MMP7-de�cient mice are
strongly protected against an otherwise lethal dose of LPS [27]. In our previous study [17], we suggested
silencing lncRNA Gas5 protected against SCII in a rat-model by regulating MMP-7, but the speci�c
mechanism of MMP-7 remained unclear. In this study, MMP-7 expression was greatly upregulated along
with the reduction of Tarlov scores after SCII, suggesting a probable relation between MMP-7 and
dyskinesia. Based on the 24 h time point after SCII, cellular distribution of MMP-7 with GFAP, Iba-1 and
NeuN was evaluated by Double immuno�uorescence labeling. The results revealed that MMP-7 was
mostly expressed in NeuN-positive neurons and the �uorescent density of MMP-7 greatly increased after
SCII, suggesting that MMP-7 could play vital roles in SCII at least partially through neurons.

RNA interference technology is widely utilized to regulate the expression of individual genes and study
the cellular function. In addition, siRNA technology was used to perform targeted treatment of protein
genes and study the roles of speci�c proteins [28]. In our research, the protein and RNA expression of
MMP-7 was greatly reduced by intrathecal injection of si-MMP7. Meanwhile, the IL-1β and cleaved
caspase-3 was greatly reduced by intrathecal injection of si-MMP7. IL-1β and cleaved caspase-3 are
common in�ammatory cytokine and apoptotic factors, respectively [29]. Therefore, silencing MMP-7
could inhibit the neuroapoptosis and in�ammation. In addition, silencing MMP-7 could improve lower
limb motor function and histologic evaluation and reduce the expression of MMP-7 in neurons. Overall,
silencing MMP-7 exerted neuroprotection on rat spinal cords against SCII.

In a study of MS lesions, double staining showed that MMP-7 was evidently localized to Iba1-positive
microglia at 3 and 5 weeks demyelination [16], indicating that MMP-7 was closely related to microglia
function. In our study, MMP-7 was mostly expressed in NeuN-positive neurons, indicating that MMP-7
was closely related to neurons function. It may be due to different disease models, tissue sites and
timing. Additionally, the function of neurons and microglia may be partially in series. Of the major cell
types of spinal cords, neurons are closely associated with lower limb motor function after SCII [4].
Therefore, MMP-7, which was mainly expressed in NeuN-positive neurons, could affect lower limb motor
function after SCII at least partly through neurons. As shown in Fig. 6F, MMP-7 �uorescence was co-
localized with cleaved caspase-3 �uorescence, suggesting that MMP-7 might play partially roles by
cleaved caspase-3. Neuroapoptosis was now known to be the vital factor related to neuronal loss during
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SCII [30]. Damage from ischemia reperfusion could inhibit neuronal repair systems and induce caspase-
mediated neuroapoptosis [30, 31]. Therefore, MMP7, which was co-localized with NeuN and cleaved
caspase-3 respectively, was closely related to the mechanism of neuroapoptosis induced by SCII. In
addition, silencing MMP-7 could increase Tarlov scores and reduce the expression of MMP-7 in neurons
and cleaved caspase-3 protein expression. Overall, silencing MMP-7 ameliorated SCII-induced
neuroapoptosis through restraining the MMP-7/ cleaved caspase-3 axis.

This study will help researchers exploit potential therapeutic targets and diagnostic biomarkers for SCII.
In the clinical treatment of MMP-7 after SCII, the detailed molecular mechanisms of MMP-7 need more
additional research and cell experiments in vitro. The mechanism of neuroapoptosis has been elaborated,
but more detailed mechanisms of in�ammation or others require further study.

5. Conclusions
Collectively, we report that MMP-7 exerts vital function on SCII. Silencing MMP-7 protects the rats against
SCII by inhibiting the neuroapoptosis and in�ammation. Silencing MMP-7 could be a hopeful therapeutic
treatment after SCII.
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Figures

Figure 1

Experimental protocol. (A) Neurological function evaluation and expression of MMP-7 at 12 h intervals
within 48 h after SCII. (B) Neurological function evaluation, qRT-PCR, Western blot, HE and IF during four
groups.
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Figure 2

Changes in behavioral assessment and MMP-7 expression after SCII. (A) Neurological function was
evaluated by Tarlov criteria at 12 h intervals within 48 h after SCII (n=8). (B) Relative MMP-7 mRNA
expression at 12 h intervals within 48 h after SCII (n=4). (C-D) Relative MMP-7 protein expression at 12 h
intervals within 48 h after SCII (n=4). Data were expressed as the mean ± SD. *p < 0.05, vs. sham group.
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Figure 3

Cellular distribution of MMP-7 expression after SCII. (A) Representative images showed the co-
localization of MMP-7 (red) with GFAP (green), Iba-1 (green) and NeuN (green). Co-localization was
represented by yellow signals (white arrow). Scale bar: 100 μm. (B) Quantitative data were presented for
�uorescent density of MMP-7 (n=3). (C) Quantitative data were presented for double-labeled cells (n=3).
Data were expressed as the mean ± SD. *p < 0.05, vs. sham group.
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Figure 4

Lower limb motor function and histologic evaluation after SCII. (A) Lower limb motor function in each
experimental group was evaluated by Tarlov criteria. Each rat was represented by a different sign (n=8).
(B-C) The intact neurons in the anterior horn were demonstrated by histologic evaluation (n=3). Scale bar:
50 μm. Data were expressed as the mean ± SD. *p < 0.05, vs. sham group; #P < 0.05, vs. SCII group.
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Figure 5

Fluorescent expression of MMP-7 in neurons after silencing MMP-7. (A) Representative images showed
the co-localization of MMP-7 (red) with NeuN (green). Co-localization was represented by yellow signals
(white arrow). Scale bar: 100 μm. MMP-7 was mostly expressed in NeuN-positive neurons. (B)
Quantitative data were presented for �uorescent density of MMP-7 (n=3). Silencing MMP-7 decreased
MMP-7 �uorescent density. (C) Quantitative data were presented for double-labeled cells (n=3). Silencing
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MMP-7 decreased the number of co-localized cells. Data were expressed as the mean ± SD. *p < 0.05, vs.
sham group; #P < 0.05, vs. SCII group.

Figure 6

(A-D) Relative MMP-7, IL-1β and cleaved caspase-3 protein expression after silencing MMP-7 (n=4). (E)
Relative MMP-7 mRNA expression after silencing MMP-7 (n=4). (F) Representative images showed the
co-localization of MMP-7 (red) and cleaved caspase-3 (green). Co-localization was represented by yellow
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signals (white arrow). Scale bar: 20 μm. Data were expressed as the mean ± SD. *p < 0.05, vs. sham
group; #P < 0.05, vs. SCII group.


