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Background: Ischemic injury in stroke is followed by extensive neurovascular inflammation and changes in ischemic penumbra gene
expression patterns. However, the key molecules involved in the inflammatory response during the acute phase of ischemic stroke
remain unclear.

Methods: Gene expression profiles of two rat ischemic stroke-related data sets, GSE61616 and GSE97537, were downloaded from
the GEO database for Gene Set Enrichment Analysis (GSEA). Then, GEO2R was used to screen differentially expressed genes
(DEGs). Furthermore, 170 differentially expressed intersection genes were screened and analyzed for Gene Ontology (GO) analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Candidate genes and miRNAs were obtained by
DAVID, Metascape, Cytoscape, STRING, and TargetScan. Finally, the rat middle cerebral artery occlusion-reperfusion (MCAO/R)
model was constructed, and qRT-PCR was used to verify the predicted potential miRNA molecule and its target genes.

Results: GO and KEGG analyses showed that 170 genes were highly associated with inflammatory cell activation and cytokine
production. After cluster analysis, seven hub genes highly correlated with post-stroke neuroinflammation were obtained: Cxcll, Kngl,
116, AnxAl, TIMP1, SPP1, and Ccl6. The results of TargetScan further suggested that miR-340-5p may negatively regulate SPP1,
AnxAl, and TIMP1 simultaneously. In the ischemic penumbra of rats 24 h after MCAO/R, the level of miR-340-5p significantly
decreased compared with the control group, while the concentration of SPP1, AnxAl, and TIMP1 increased. Time-course studies
demonstrated that the mRNA expression levels of SPP1, AnxAl, and TIMP1 fluctuated dramatically throughout the acute phase of
cerebral ischemia-reperfusion (I/R).

Conclusion: Our study suggests that differentially expressed genes SPP1, TIMP1, and ANXA1 may play a vital role in the inflammatory
response during the acute phase of cerebral ischemia-reperfusion injury. These genes may be negatively regulated by miR-340-5p. Our
results may provide new insights into the complex pathophysiological mechanisms of secondary inflammation after stroke.
Keywords: SPP1, AnxAl, TIMP1, miR-340-5p, ischemic stroke, acute phase

Introduction

Stroke is one of the leading causes of death and disability worldwide, which causes substantial economic and social
burdens.' Ischemic stroke is caused by insufficient blood and oxygen supply to the brain,” accounting for about 85% of
the casualties of stroke patients.® The concept of treatment for ischemic injury and acute stroke has changed considerably
over time.* Although the latest American Heart Association/American Stroke Association Guidelines have recommended
extending the endovascular treatment window to 6-16 hours or even 24 hours,’ recent data have shown that less than
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10% of stroke patients benefit from this treatment. Ineffective treatment seems to be associated with a short time window,
multiple exclusion criteria, hemorrhagic complications, and the highly specialized resources required for thrombectomy.®
Therefore, more and more attention has been focused on the acute phase of neuroprotective treatment within 7 d after
ischemia due to its extended treatment window and low hemorrhagic complications.

Recently, brain-protective agents related to inflammatory immune factors have shown potential application prospects in
basic and Phase II-III clinical studies.” Since the concept of ischemic penumbra was introduced,® researchers have found that
changes in gene expression drive inflammation and programmed cell death in the brain after the interruption of blood supply.
Changes in gene expression patterns triggered by ischemic injury cause an inflammatory cascade that develops gradually over
hours to days, promoting the growth of the ischemic core toward the penumbra and extending brain tissue damage to the entire
ischemic region.*>'* Although molecular neuroinflammation secondary to cerebral ischemia causes further damage to
ischemic brain tissue, increasing evidence has shown that these events have a beneficial role in post-stroke recovery.''"'?
The initial release of inflammatory signals is intended to clear infarcted tissue fragments, rebuild the extracellular matrix
(ECM), and restore normal brain structure.'® Given that inflammation has a positive and negative role in the occurrence and
development of cerebral nerve injury and recovery after ischemia,'* scientists have not been able to well explain the detailed
inflammation process after stroke. Therefore, it is of critical importance to profoundly investigate the pattern of genetic
alterations during the acute phase of stroke, identify more critical inflammation-related molecules as early as possible, and
construct a precise network of these molecules to obtain new targets for intervention.

With the completion of human genome sequencing, the development of biological sciences has entered the post-
genomic era. The focus of genomics research has shifted from the structure of the genome to the function of genes.'
Bioinformatics has been widely used to identify DEGs and functional pathways associated with stroke onset and
progression due to its high-throughput and large sample size.'®!'” However, these independent datasets are highly
heterogeneous, and differences in animal species, experimental models, and duration of ischemia can lead to different
results.'® Moreover, the inflammatory response in the acute phase of ischemic stroke involves a series of time-dependent

1920 clearance of dead tissue by macrophages, and the

events such as microglia activation, astrocyte proliferation,
involvement of various matrix molecules in scar formation.'® This sequence of inflammatory events has been shown
to change over time with different molecular expression patterns. In addition, microRNAs (miRNAs) have an essential
role in the inflammatory cascade of cerebral ischemia-reperfusion injury. The construction of miRNA-mRNA networks is
of theoretical importance for discovering potential molecular therapeutic targets.”!

The human middle cerebral artery (MCA) and its branches are commonly involved arteries in ischemic stroke
(accounting for 70% of cerebral infarction), which are prone to occlusion or ischemic injury.”? The transient or
permanent middle cerebral artery occlusion (MCAOQO) model has been verified by more than 2000 experiments and is
widely used to investigate ischemic stroke in rats.**?® It is suitable for simulating focal cerebral ischemia and is
characterized by brain cell death, inflammation, and blood-brain barrier damage.

Therefore, we screened two rat stroke mRNA datasets in the GEO database, respectively, in the early and late acute
stages of the stroke so as to identify essential genes involved in the progression of inflammatory response and miRNAs
that may regulate the inflammatory response. In addition, we performed qRT-PCR validation of critical genes and
miRNAs in combination with stable rat MCAO/R models and complete description of the temporal profile of three hub
genes during the acute phase of cerebral ischemia-reperfusion, aiming to further elucidate the key molecular mechanisms
of inflammation in the acute phase of stroke as a basis for designing effective therapies in the acute phase of stroke.

Materials and Methods

Acquisition of RNA Information

The microarray expression datasets GSE61616** and GSE97537>° were acquired from the GEO database (https://www.
ncbi.nlm.nih.gov/geo/). A total of 10 samples were selected from GSE61616, including 5 Middle cerebral artery
occlusion-reperfusion (MCAO/R) models and 5 Sham models (SHAM). A total of 12 samples were chosen from
GSE97537, including 7 Middle cerebral artery occlusion reperfusion (MCAO/R) models and 5 Sham models
(SHAM). The RNA data from the selected samples were downloaded for further analysis.
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Differentially Expression Analysis
The GEO2R online analysis tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/) was used to explore the DEGs between

MCAO/R and SHAM samples,® and the adjusted P-value and |logFC| were calculated. Differential expressed genes
(DEGs) were defined as adjusted P-value<0.05, and [logFC| >1. Statistical analysis was carried out for each dataset, and
the intersecting part was identified using the Venn diagram webtool (bioinformatics.psb.ugent.be/webtools/Venn/).

Gene Set Enrichment Analysis (GSEA)

Gene Set Enrichment Analysis (GSEA)?” sequenced the genes according to the differential expression degree of the two
groups and then detected whether the preset gene set was enriched at the top or bottom of the sequencing table All
genetic information of MCAO/R and SHAM samples was uploaded to GSEA software (version 4.1.0) for further
analysis.

DAVID Analysis

To reveal the functions and pathways of 170 overlapping genes, we performed Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways analyses by the DAVID 6.8 online tools (https://david.ncifcrf.gov/). P<0.05 was
regarded as the criterion for statistical significance.

Metascape Functional Annotation and Pathway Analysis
One hundred seventy overlapping genes were uploaded to Metascape online analysis tools (https://metascape.org/) to

perform Gene Ontology (GO) analysis, including molecular function (MF), biological process (BP), and cell composition
(CC) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Min Overlap=3, P-value
Cutoff=0.01, Min Enrichment=1.5.

Module Analysis and Protein—protein Interaction (PPl) Network
DEGs were inputted into the Metascape (https://metascape.org/) and STRING (https://www.string-db.org/) online database

to the protein network interaction diagram. Cytoscape software (version 3.8.2) was used to perform visualization of the PPI
network. One hundred seventy overlapping genes were uploaded to Cytoscape software to visualize the interaction network
of the biological process by using the Cytoscape ClueGo plug-in. Only pathways with a P value <0.05 were shown.

Prediction of Vital miRNAs and Construction of mMRNA-miRNA Correlation

Network
Target genes from DEGs were inputted into the TargetScan7.1 (http://www.targetscan.org/) online program to predict the

critical miRNAs. Finally, those results were uploaded to Cytoscape software to construct of mRNA-miRNA correlation
network. The selection conditions were set as the seed match > 7 mer-1A, the target gene binding region was 3'UTR, and
the context++ score percentile > 90.

Middle Cerebral Artery Occlusion-Reperfusion (MCAO/R) Model

A total of 55 adult male Sprague-Dawley rats, 6-8 weeks old, weighing 280-330 g, were obtained from Zhaoyang
Animal Company. All the animals were housed in an environment with a temperature of 22 £ 1 °C, relative humidity of
50 £+ 1%, and a light/dark cycle of 12/12 hr. All animal studies (including the rat’s euthanasia procedure) were done in
compliance with the regulations and guidelines of Soochow University institutional animal care and conducted according
to the AAALAC and the IACUC guidelines.

Rats were randomly divided into the Sham group and MCAO/R group, with six rats in each group. After anesthesia,
an incision was made along the midline of the neck, the common carotid artery was exposed, the external carotid artery
was ligated, and the internal carotid artery was isolated. A silicon-rubber tip-coated nylon monofilament was inserted
through the external carotid artery into the internal carotid artery until slight resistance was felt. The blood flow was then
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blocked for 2 hours, after which the monofilament was removed to restore the blood supply to the brain.***’ The
penumbra brain tissue was removed 24h/3d/5d/7d/9d after reperfusion for further experiments.

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

Twenty-four hours after ischemia-reperfusion, the rats were deeply anesthetized and perfused with PBS via the heart. The
brains were quickly taken out, snap frozen at —20°C for 20 min, and cut into 2 mm thick brain slices. Tissues were then
mixed with 2% TTC (Jiancheng Biotech) solution and incubated at 37°C for 15-30min in the dark.

Hematoxylin-Eosin (HE) Staining

Paraffin sections were dewaxed sequentially with xylene, anhydrous ethanol, and alcohol, stained with hematoxylin
(Shanghai yuanye Bio-Technology Co., Ltd; S19007) and eosin (Aladdin, E110818), and dehydrated. Samples were then
incubated with xylene, sealed with Neutral Balsam Neutral Balsam (Solarbio, G8590), and observed under the
microscope.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from rat cerebral ischemic penumbra tissue or sham-operated tissue using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). The total RNA concentration was then determined using a One Drop OD-1000+
spectrophotometer. Synthesis of cDNA was achieved with the RevertAid First Strand cDNA Synthesis Kit (#K1621,
Thermo Scientific, USA). PCR amplification was performed using fluorescent dye SYBR™ Green PCR Master Mix
(#43,091,055, ThermoFisher, USA), and primers were provided by RIBOBIO, China (Supplementary Material). Gene
expression was quantified by calculating 2-AACt by normalizing the amount of RNA to tubulin content.

Statistical Analysis

Quantitative data are presented as means + SEM, and comparisons between two groups were performed by Student’s
t-test. Statistical comparisons between multiple groups were evaluated using one-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) test. A p-value <0.05 was considered statistically significant.

Results
DEGs Identification

We screened two target microarrays in the GEO database to search for essential inflammatory genes in the acute phase of
ischemic stroke. The GSE97537 chip includes 7 MCAO/R samples and 5 SHAM samples, and the GSE61616 chip includes
5 MCAO/R samples and 5 SHAM samples (Table 1). The sequencing information of the two data sets is from Rattus
norvegicus, and both belong to the GPL1355 platform. According to the standard adjusted P-value<0.05 and |logFC| >1,
2389 DEGs were obtained from the GSE61616 data set, and 242 DEGs were obtained from the GSE97537 data set. The
volcano plot was made as shown in Figure 1 A. These genes were further filtered and then mapped by the Venn diagram. As
shown in Figure 1B, the two sets of data share 170 overlapping genes that are differentially expressed.

The GSE97537 microarray data were obtained from rat brain tissue 24 h after ischemia-reperfusion, and the GSE61616
microarray data were obtained from rat brain tissue 7 d after ischemia-reperfusion. One hundred seventy genes were
differentially expressed in the early and late acute phase, and most were upregulated (Supplementary Material), despite the

6-day time span. Unfortunately, we could not determine whether these 170 genes were consistently differentially expressed

Table | Basic Information of the Selected Datasets

Datasets Animal Samples Number of Animals
Species Gender Tissue Molecular Type | Reperfusion Time Sham MCAO/R

GSE61616 | Sprague-Dawley rats Male Brain miRNA 7d

GSE97537 | Sprague-Dawley rats Male Brain miRNA 24h
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Figure | Identification of DEGs in the brain of rats after stroke. (A). Volcano plot representing DEGs between MCAO/R groups and SHAM groups shows DEGs in
GSE61616 and GSE97537 datasets, respectively. (B). Venn diagrams showing the overlaps of numbers of DEGs between 2 selected GEO datasets.

throughout the acute phase or experienced fluctuations. Still, their expression was significantly increased during the time
window of 24 h-7 d after ischemia-reperfusion; thus, we speculated there might be a close association between those genes and
critical events that determine injury and repair of ischemic brain tissue.

Gene Set Enrichment Analysis (GSEA)

To gain a preliminary understanding of the main roles of all genes in the two selected databases, we performed a
GSEA analysis. All gene expression information in the two selected GEO data sets was uploaded to the GSEA
software, and the C2, C5, and C7 gene set databases were selected to analyze gene expression profiles at the
overall level. The fundamentally enriched gene sets were situated in a default cut-off as P-value < 0. 05, FDR < 0.
25. The analysis results showed that both gene sets were significantly enriched in the defense response, comple-

ment, and coagulation cascades (Figure 2A and B), which may be associated with neurovascular inflammation
after stroke.

GO and KEGG Enrichment Analysis of DEGs

Next, we focused on these 170 intersecting differential genes from the two datasets. GO and KEGG enrichment analyses
were performed for 170 overlapping genes using DAVID and Metascape online sites. The analysis results of the DAVID

Journal of Inflammation Research 2022:15 hetps: 4877

Dove:


https://www.dovepress.com
https://www.dovepress.com

Nie et al Dove

A GSE61616

Enrichment plot: GOBP_DEFENSE_RESPONSE Enrichment plot:
07 KEGG_COMPLEMENT_AND_COAGULATION_CASCADES
= (2l
8os
; g m 0.7
& 0.5 S
@ 04 £
= g 8 0.5
g 03 204
= 1=
£ 02 @ 0.3
i £
E 01 % 0.2
o =
0.0 M £ 01
Yoo
@ T
% ) MACOR!' (positively correlated) é SO (o ——
c ©
=y 5
@ 1 @ 1
2 Zero cross at 7404 o Zero cross at 7404
3 0 £,
E E
2 . G
B 'SHAM' (negatively correlated) é i { { 'SHAM (negatively correlated) :
S 0 2000 4000 6000 8000 10000 12000 14000 16,000 = 0 2000 4000 6000 8000 10000 12000 14000 16,000
= Rankin Ordered Dataset @ Rankin Ordered Dataset
— Enrichment profile — Hits Ranking metric scoresl I— Enrichment profile — Hits Ranking metric scores

B GSE97537

Enrichment plot: GOBP_DEFENSE_RESPONSE Enrichment plot:

KEGG_COMPLEMENT_AND_COAGULATION_CASCADES

Bos —
v 8os
8 0.6 [7]
2 £ 0
goal 2
E T 0.4
£ g
£ 0.2 3 er
w =

0.0 ’ ’ T 0.0

o

'MCAOR' (positively corelated) 'MCAOR' (positively correlated)

o

Zero cross at 8111 05 Zero cross at 8111

00

]
o

'SHAM' (negatively correlated) 'SHAM' (negatively correlated)

o

2,000 4,000 6,000 8000 10000 12000 14000 16,000
Rankin Ordered Dataset

Ranked list metric (Signal2Noise)
o
o

0 2,000 4,000 6,000 8000 10000 12000 14000 16,00
Rankin Ordered Dataset

Ranked list metric (Signal2Noise)

|— Enrichment profile — Hits Ranking metric scores |— Enrichment profile — Hits Ranking metric scores

Figure 2 GSEA analysis of the two GEO datasets. (A) GSEA analysis results for GSE61616. (B) GSEA analysis results for GSE97537.

database are presented in a bubble plot, as shown in Figure 3A. The biological processes of the 170 overlapping genes
were significantly enriched in the inflammatory response, response to lipopolysaccharide, and neutrophil chemotaxis.
Cellular components were significantly enriched in the extracellular exosome, extracellular space, and cell surface. As for
molecular function, changes were primarily enriched in integrin binding and chemokine activity. KEGG analyses
revealed that MCMs were involved in TNF signaling pathway.

The results of the analysis using Metascape are shown in Figure 3B. These overlapping genes were mainly enriched in the
inflammatory response, wound response, chemokine activity, and apoptosis-related pathways. The top 20 GO and KEGG
enrichment items were classified into four functional groups: biological process (17 items), cellular component (1 item),
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Figure 3 Functional Enrichment Analysis of DEGs. (A) Bubble plot of GO and KEGG enrichment analysis results from the DAVID online website. (B) Bar graph of GO and

KEGG enrichment analysis results from the online website of Metascape.

molecular function (1 item), and KEGG pathway (1 item). The 170 overlapping genes were mainly enriched in response to

wounding, inflammatory response, immune effector process, regulation of cell adhesion, regulation of cytokine production,

response to lipopolysaccharide, angiogenesis, positive regulation of cell death, regulation of hemopoiesis, apoptotic signaling
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pathway, positive regulation of reactive oxygen species metabolic process, regeneration, acute inflammatory response,
phagocytosis, negative regulation of response to external stimulus, response to interleukin-1, and response to extracellular
stimulus. The cellular component that these genes were involved in was the side of the membrane. The molecular function for
these genes was integrin binding.

Next, the ClueGo plug-in of Cytoscape software was further used to visualize the interaction network of biological
processes enriched by 170 genes. As shown in Figure 4A and B, the pie chart shows the top 20 enriched items, which are
the regulation of cytokine production (18.18%), leukocyte migration (14.77%), inflammatory response (7.73%),
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Figure 4 Functional Enrichment Analysis of DEGs using ClueGO. (A) ClueGO was used to analyze the interaction network of enriched biological processes; multiple color
dots imply that a DEG is involved in multiple biological processes. (B) The pie charts show the enrichment of various biological processes; the gray sector represents paths
with a proportion < 1.8%.
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leukocyte chemotaxis (5.91%), response to wounding (4.55%), positive regulation of angiogenesis (3.86%), leukocyte
differentiation (3.64%), macrophage migration (3.41%), tube morphogenesis (3.18%), granulocyte migration (2.95%),
myeloid leukocyte migration (2.73%), response to lipopolysaccharide (2.73%), regulation of wound healing (2.50%),
positive regulation of tumor necrosis factor superfamily cytokine production (2.05%), blood coagulation (2.05%),
leukocyte activation involved in immune response (1.82%), regulation of leukocyte activation (1.82%), positive regula-
tion of tumor necrosis factor production (1.82%), extrinsic apoptotic signaling pathway (1.82%), and cellular response to
interleukin-1 (1.82%). Most of these modules are highly associated with inflammatory cell activation and inflammatory
processes.

Construction of Protein—Protein Interaction (PPI) Network to Mine Gene Clusters

Related to the Inflammatory Response

To dig out core genes from DEGs, we uploaded the 170 intersected genes to Metascape for further analysis,
obtaining seven gene clusters (Figure 5A and B). Among them, the red cluster contained the most significant
number of genes, with a total of 13 genes involved in the biological processes of cytokine activity (loglO
(p) = —8.7), inflammatory response (loglO(p) = —8.1), and receptor-ligand activity (loglO(p) = —8), which are
highly correlated with inflammation. The 13 genes were TIMPI1, IL6, KNG1, ANXAI1, SPP1, FBNI1, CCL6,
S1PR3, CP, PRSS23, CXCL16, CXCL1, and P2RY12. The second-largest cluster is the blue cluster, with a total
of ten genes that are highly correlated with immune response. The remaining small clusters are mainly related to
immunity and calcium ion activity. In this study, we selected the largest cluster associated with inflammation for
subsequent analysis.

Screening of Genes Associated with the Inflammatory Response

Thirteen genes highly associated with inflammation in the red cluster were uploaded to STRING (Figure 6A) and
Metascape (Figure 6B) for further analysis. In the visible protein—protein interaction network, the genes involved
in the inflammatory response contain red patches, and there are a total of seven (FDR=2.42E-06): AnxAl, Ccl6,
Cxcll, 116, Kngl, SPP1, and TIMPI1. In GO and KEGG enrichment analysis, eight genes were found to be
enriched in the inflammatory response pathway (LogP=—8.115286814): AnxAl, Ccl6, Cxcll, 116, Kngl, SPP1,
TIMP1, and S1pr3. Except for S1pr3, the remaining seven genes overlapped in the results obtained by the two
analysis methods.

Further miRNA Mining and Interaction Network Analysis

The aforementioned analysis software yielded seven intersection genes highly related to inflammatory response: AnxAl,
Ccl6, Cxcll, 116, Kngl, SPP1, and TIMP1. To obtain the miRNAs that may regulate these genes and further understand
the pathophysiological roles, gene-miRNAs analysis was performed using TargetScan7.1 software. The selection condi-
tions were set as the seed match > 7 mer-1A, the target gene binding region was 3'UTR, and the context++ score
percentile > 90. Cytoscape was used to draw the interaction network, as shown in Figure 7. Our results suggested that
miR-340-5p simultaneously regulates the three candidate target genes of AnxAl, SPP1, and TIMP1, which may jointly
participate in inflammatory response after cerebral ischemia.

Validation of Critical Genes and miRNAs Highly Associated with Inflammation in a Rat
MCAO/R Model

To verify the association of miR-340-5p with AnxA1/SPP/TIMP1, we constructed a rat MCAO/R model. The brain was
collected 24 h after ischemia-reperfusion, and TTC staining and HE staining confirmed the operation’s success (Figure 8A
and B). We used qRT-PCR to detect the expression levels of candidate genes and miRNAs in the rat ischemic penumbra and
the corresponding control group. The experimental results showed that the expression of miR-340-5p was significantly
decreased at 24h after ischemia-reperfusion (p-value<0.0001, Figure 8C), while the expression of AnxAl, SPP1, and
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TIMP1 increased (p-value<0.0001, Figure 8C). These results suggest that miR-340-5p may negatively regulate three post-
ischemic upregulated genes: SPP1, AnxA1, and TIMP1, and have an essential role in the inflammatory response in the early

post-stroke acute phase.

4882 https:

Dove!

Journal of Inflammation Research 2022:15


https://www.dovepress.com
https://www.dovepress.com

Dove Nie et al

Prss23

A

Anxa1

Cxcl16 <Tim 1 £
CA

Al i<
Biological Process(Gene Ontology)
GO-term description countin network  false discovery rate color
G0:0006954 inflammatory response 7 2.42E-06 o
GO0:0006952 defense response 8 4.04E-06
G0:0034097 response to cytokine 7 2.29E-05 [
| [G0:0005125: cytokine activity
] G0:0006954: inflammatory response
| G0:0050900: leukocyte migration
] GO0:0009611: response to wounding
] G0:0048771: tissue remodeling
] G0:0032612: interleukin-1 production
] G0:0045596: negative regulation of cell differentiation
] G0:1903034: regulation of response to wounding
] GO0:0071674: mononuclear cell migration
G0:0001667: ameboidal-type cell migration
0 2 4 6 8
-log10(P)
GO-Term Description LogP Log(g-value) Symbols

G0:0006954 inflammatory response _ -4.198 116,Spp1,Anxa1,Cxcl1,Timp1,Ccl6,Kng1,S1pr3

Figure 6 Multi-software screening for genes highly associated with inflammation. (A) STRING enriched biological processes; molecules related to inflammatory response
are shown in red, molecules related to response to cytokine in blue, and molecules related to defense response in green. (B) Red cluster enriched biological processes, and
genes associated with inflammatory responses.

Temporal Expression of SPP1/AnxAl/TIMPlI mRNA in Rat Ischemic Penumbra After
MCAO/R

To provide insights for future anti-inflammatory strategies targeting the acute phase of ischemic brain injury, we further
elucidated the temporal dynamics of three hub genes. The expression levels of SPP1/TIMP1/AnxAl mRNA in the
ischemic penumbra of rats were continuously measured from 24 hours after I/R to 9 days. Our results showed that SPP1/
TIMP1/AnxAl exhibited significantly different time courses (Figure 9). SPP1 reached a small peak at 24 h and then
gradually decreased, followed by a gradual increase and a peak at 7 d (Figure 9A). Timpl1 reached a peak at 24 h; it then
continued to fluctuate until a second small peak at 7 d (Figure 9B). Anxal increased gradually over 9 d, except for a
slight drop back on day 7 (Figure 9C). Our data show that in the complex network of inflammation and brain injury after
ischemic stroke, the expression of genes highly associated with inflammation fluctuates wildly, indicating that the
inflammatory response has changed dramatically over time and may involve critical pathologic mechanisms.

Discussion

Stroke is now the second leading cause of death globally, responsible for a significant proportion of disability-adjusted
life years.*® Neuroinflammation that develops constantly has a vital role in many pathologic processes in the acute phase
of ischemic stroke.>'* However, the specific mechanisms of inflammation and the changes in gene patterns are still not
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fully uderstood.'® This study obtained seven critical genes involved in neuroimmune activation/inflammation after
cerebral ischemia by screening and enrichment analysis of gene expression profiles of rat cerebral ischemia-related
datasets. We combined bioinformatics and animal experiments to further confirm three genes, SPP1, AnxAl, and TIMP1,
which are upregulated after I/R and continue to fluctuate throughout the acute phase, and an essential downregulated
microRNA miR-340-5p, which can theoretically regulate them simultaneously. Our results may provide new directions
for elucidating the molecular mechanisms of inflammation after stroke.

MicroRNAs (miRNAs) are small single-stranded non-coding RNA molecules that can silence the expression of target
genes by binding to the 3’-untranslated regions (3'UTRs) of target mRNA.** In vitro and in vivo studies have shown that
miRNAs can inhibit inflammation and oxidative stress and prevent excitotoxic injury after stroke.’> >’ Our results
confirmed that miR-340-5p expression was decreased in periinfarct brain tissues of rats 24 h after ischemia-reperfusion,
which is similar to previous findings. For instance, Yoo et al reported that the expression level of miR-340-5p was
decreased in peripheral blood circulation in patients with acute ischemic stroke.>® Moreover, a study of rat hippocampal
neurons exposed to oxygen and sugar deprivation/reoxygenation (OGD/R) in vitro found that miR-340-5p is down-
regulated in injured primary hippocampal neurons; overexpression of miR-340-5p reduced OGD/ R-induced cellular
inflammation, and TNF-o, IL-1B, and other levels were lower than those of the control group.>® Unlike previous studies,
we proposed three new candidate target genes for miR-340-5p. Our study further confirmed that miR-340-5p is a
promising target in the acute phase of cerebral ischemia-reperfusion injury. We also associated this target with more
genes and focused on their mutual regulation in the inflammatory process. These results may provide new insights into
the complex mechanisms of post-ischemic inflammation.

SPP1 (encoding Osteopontin, OPN) is a possible target gene of miR-340-5p. We found that SPP1 is significantly
upregulated in the ischemic penumbra after temporarily blocking the middle cerebral artery in rats, which was consistent
with the report of Wang et al.** SPP1 is a secreted multifunctional acidic phosphate protein,*' involved in various
biological and disease processes, including inflammation, immune response, vascular remodeling, wound healing, bone
turnover, etc.**** But the pathophysiological significance of its upregulation after cerebral ischemia is still controversial.
For example, Carbone et al showed that serum OPN levels peaked on the 7th day after stroke and were positively
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correlated with cerebral infarction volume and poor neurological score.*> Notably, some recent work strongly supports
OPN as an effective neuroprotective agent against ischemic injury. The ischemic challenge of cortical cells (120-minute
OGD) followed by incubation with OPN for 24 h reduces cell death due to hypoxia and glucose deprivation. Our time-
course data showed two peak expressions of SPP1 at 24 h and 7 d after I/R, which may explain the previous contra-
dictory results suggesting that the role of OPN changes significantly with the disease course. OPN may exert a cerebral
protective impact early in the acute phase of the ischemic stroke while mediating damage in the late phase. Of course, the
different effects may also be caused by varying levels of upregulation, where low levels of upregulation may mediate
repair, whereas a gradual increase with a peak after 7 d may lead to infarct core expansion and poor prognosis. In
addition, according to the bioinformatics data obtained in this study, OPN was significantly upregulated in both the early
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and late acute phase of stroke, with the levels at 7d (|logFC|=9.74404, P-value=1.03E-05) appearing to be higher than at
24h (JlogFC|=2.66, P-value=2.28E-03), which is consistent with our experimental results, and provides further evidence
that it may be a key molecule in the inflammatory process. However, due to the multiple roles and subtypes of OPN in
the nervous system, more data are needed to elucidate the complex role in ischemic stroke.

TIMP1 (Tissue inhibitor metalloproteinase-1) is another target candidate gene of miR-340-5p. Experimental evidence from
histological sections of human specimens shows that infarcted brain tissue has a higher concentration of TIMP1 compared with
healthy brain tissues,*® which is consistent with our findings in rats. TIMP1 belongs to the TIMP family, which codes for proteins
that are endogenous inhibitors of matrix metalloproteinases (MMPs) and can cause irreversible inactivation of most known
MMPs. MMPs are a group of peptidases involved in extracellular matrix degradation.*’ The latest large prospective study of
patients with acute ischemic stroke demonstrates that elevated TIMP1 levels are strongly and independently associated with an
increased risk of severe disability and death after stroke.*’ Furthermore, our study confirmed that TIMP1 is consistently highly
expressed throughout the acute period of I/R and shows large fluctuations at 24h and 7d, suggesting that TIMP1 may be involved
in the occurrence and development of inflammation in the acute stage of post-stroke as a critical gene.

According to our data, the third gene identified by our team that may interact with miR-340-5p is annexin Al
(AnxAl), which is upregulated in the ischemic penumbra of rats. Interestingly, Senchenkova et al showed that the plasma
levels of AnxA1 decrease after stroke in humans and mice.*® However, there are more data in support of our conclusion.
For example, Datta et al compared infarcts in three different brain regions and position-matched control samples, finding
that anti-inflamma-related AnxAl levels showed an upward trend.*’ In recent years, research on AnxA1 has focused on
its subcellular location. Many reports indicated that the extracellular AnxAl is involved in regulating inflammation,
while its nuclear translocation induces neuronal apoptosis after stroke.’®' Our study confirmed that AnxAl is
significantly upregulated in the acute phase of ischemic stroke and may be regulated by miR-340-5p. Overall, AnxAl
is a highly related protein to the inflammatory process and has potential application value.

It is well known that one miRNA can bind to multiple target genes.’® Although miR-340-5p has been confirmed to
negatively regulate the expression of several mRNAs, its main target genes remain to be discovered.**> In this study, we
identified three miR-340-5p candidate target genes, ie, SPP1, AnxAl, and TIMP1, which were differentially expressed in
the rat cerebral ischemic penumbra using bioinformatics methods and made preliminary verifications, providing a new
promising target for studying the inflammatory mechanism of neuronal damage after stroke.

Interestingly, we noticed that there might be some connection between the three candidate genes selected. The
characteristics of the inflammatory response after ischemic stroke have been widely described,'*'*>* but the initial
purpose of its occurrence is to play a protective role,'* which has become a new focus of scholars. Matrix proteases,
extracellular matrix molecules, and integrins are the three key molecules that initiate the classic wound healing response.
Both OPN and TIMP1 are involved in the degradation and remodeling of ECM after stroke. For example, as an integrin
ligand, OPN can interact with various specific integrin receptors through its arginine, glycine, asylate domain (RGD) and
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mediate the repair of brain tissue damage. The matrix protease inhibitor TIMP1 can regulate excessive proteolytic
activity and maintain ECM homeostasis in the acute stage of focal brain injury.*” According to our data, SPP1 and
TIMP1 fluctuate to peak at the same time points, which may reflect their synergistic effects. AnxAl can regulate cell
adhesion and migration and interact with cytoskeletal proteins.>® In addition, all three genes are involved in the
occurrence and development of atherosclerosis.*’>*® Studies have also found that the neuroprotective effect mediated
by OPN is the same as miR-340-5p, which can be activated through the PI3K/Akt signaling pathway, while PI3K
inhibitors can block the protective effect of OPN.”’

The dual roles of the above genes have plagued scholars for obvious reasons as they are interconnected and constantly
changing in the inflammatory network of ischemia. Herein, we constructed the interaction network of Spp1, Anxal, and Timp1
and comprehensively analyzed their fluctuations during the acute phase of I/R. Our study confirmed that all three screened genes
were significantly upregulated from 24h to 7d after ischemia-reperfusion, and it is reasonable to speculate that the course stage
they are in or the changes in their levels may influence their effects. MiR-340-5p was deduced from our screened genes. As
bioinformatics analysis revealed it regulates three of our seven critical genes, we believe that it has a pivotal role in regulating
inflammation during the acute phase of stroke. Further animal experiments confirmed that miR-340-5p was significantly down-
regulated, and Sppl, Anxal, and Timpl were upregulated 24 hours after cerebral ischemia-reperfusion.

Our results point toward an apparent new direction. Future studies should focus on how changes in Spp1, Anxal, and
Timp1 levels during acute ischemic stroke affect their function. For example, how the different environmental and
temporal processes of the inflammatory cascade determine whether they lead to injury or mediate recovery. The network
of interactions among them and with miRNAs should also receive more attention in the future.

This study has some limitations. All the data we analyzed came from online databases and from rodents. Further
research requires more samples and human tissue data to support our results. Secondly, we did not directly verify the
relationship between SPP1, TIMP1, AnxAl, and miR-340-5p. Their potential connection mechanism in ischemic brain

injury also requires more in-depth exploration.

Conclusion

Our study suggests that differentially expressed genes SPP1, TIMP1, and ANXA1l may have a vital role in the
inflammatory response during the acute phase of ischemic stroke. These genes may be negatively regulated by miR-
340-5p. Our results may provide new insights into the complex pathophysiological mechanisms of secondary inflamma-
tion after stroke.
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