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Abstract. Stroke is one of the major causes of disability and death worldwide. The lack of effective 
medical treatment for stroke heightens the need for new therapeutic targets. In this study, we ob-
tained two microarray data sets from the Gene Expression Omnibus (GEO) database and identified 
differential genes (DEGs) between MCAO and control groups. Then, enrichment analysis of the 
DEGs was performed using DAVID and Metascape. The results show 27 DEGs shared between the 
two datasets. The functional enrichment analysis showed that these genes are mainly enriched in 
immune response, complement and coagulation cascades, apoptotic processes. The four hub genes 
(C1qc, Fcgr2b, C1qb, and Cd14) were screened out using the Cytoscape. Next, real-time PCR and 
Western blot analysis showed that expression of C1q and CD14 increased at 14 days after tMCAO. 
Furthermore, we took eight small molecule compounds with the lowest score using Cmap and stud-
ied their background characteristics. These results are built on a meta-analysis of data, which are 
generally accessible from the online space. Finally, we evaluated the protective effect of the rolipram 
through behavior tests after tMCAO, and results showed that the rolipram significantly attenuated 
neurobehavioral dysfunction at 14 days after brain ischemia. The present results provide novel insights 
into the biological process and potential therapeutic drugs involved in stroke. 
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Introduction

Stroke is the second leading cause of death globally, posing 
a  significant threat to human well-being. Approximately 
5.5 million individuals die from stroke annually worldwide 
(Campbell et al. 2019). The remaining physical disability 
and neurological dysfunction after onset bring great men-
tal pressure and economic burden to the patients and their 
families. The risk of stroke increases with age, and 87% of 
stroke patients are ischemic stroke patients (Benjamin et al. 
2019; Zhou M et al. 2019).

Ischemia has induced nerve cell damage, and its patho-
logical process is complex. It involves various mechanisms, 
including inflammatory response, excitatory amino acid 
toxicity, intracellular calcium overload, energy metabolism 
disorders, free radical damage, and apoptosis (Langhauser et 
al. 2012; Zhao et al. 2018; Brenna et al. 2020). After cerebral 
ischemia-reperfusion injury, the inflammatory cascade is 
activated, and the production of reactive oxygen species 
and free radicals in brain cells increases (Dodson et al. 2017; 
Zhou F et al. 2019). Moreover, studies have shown that innate 
immune responses accompanying ischemic stroke involve 
various immune cells and various pathways, and contribute 
significantly to stroke pathophysiology (Kurisu et al. 2019). 
Altogether, immune responses and inflammation have 
emerged as important elements in the pathological progres-
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sion of stroke. However, these mechanisms are intricate and 
have not been fully elucidated.

At present, the main clinical treatment of cerebral is-
chemia includes cerebral vascular recanalization and neu-
roprotection. Antiplatelet aggregation drugs can be used to 
treat cerebral ischemia, but studies have pointed out that 
the long-term combined use of antiplatelet aggregation 
drugs increases the risk of hemorrhage and causes cerebral 
hemorrhage, resulting in serious consequences (Savarese et 
al. 2016; Signorelli et al. 2020). Utilizing a growing under-
standing of stroke pathophysiological pathways, many small 
molecule inhibitors (SMIs) have been developed to inhibit 
thrombosis, reduce ischemia-induced excitotoxicity, amelio-
rate mitochondrial injury, and attenuate the inflammatory 
response (Flores et al. 2014). However, further study is still 
needed to confirm their effectiveness. 

Bioinformatics analysis might be a valuable tool for stroke 
research. To find more effective therapeutic targets and po-
tential drugs, many scientists look for genes closely related 
to cerebral ischemia using bioinformatics methods (Zhu 
et al. 2019). Therefore, we used bioinformatics technology 
to analyze public databases and identify ischemic stroke 
key genes, and performed enrichment analysis to identify 
pathways playing an important role in ischemic stroke. 
Then, the key genes’ mRNA and protein expression levels 
were verified in experimental mice. Lastly, we attempted to 
predict potential stroke treatment drugs and investigated the 
usefulness of these drugs by evaluating their protective effect 
in experimental mice. We expect to find potential therapeutic 
drugs and provide insights for the development of ischemic 
stroke treatments.

Methods

Microarray data

To obtained more comprehensive and accurate results, 
the data expression profiles of stroke were searched in the 
Gene Expression Omnibus (GEO, https://www.ncbi.nlm.
nih.gov/geo/), and two independent datasets of research 
on MCAO (middle cerebral artery occlusion), GSE97537 
and GSE52001, were included in our study. Then, screened 
differential genes (DEGs) of two datasets were used Venn 
Diagram to construct the co-expression DEGs (Co-DEGs).

The GSE97537 data set contained 5 sham samples and 7 
ischemic samples. GSE52001 contained 3 sham samples and 
3 ischemic samples. The data type was expression profiling by 
array, and the species was Rattus norvegicus. Subsequently, 
these datasets were extracted from the total RNA of brain 
tissues for mRNA gene expression profile analysis (Table 1).

Identification of DEGs

We applied an interactive web tool GEO2R (http://www.
ncbi.nlm.nih.gov/geo/geo2r) which uses the GEO query 
and Limma R packages from the Bioconductor project to 
perform comparisons against the processed data tables 
provided by the original submitter. The cut-off criteria were 
|log2 fold change (FC)| > 1 and adjust p-value < 0.05. Volcano 
plots were also obtained by GEO2R.

Co-DEGs annotation

Database for Annotation,  Visualization and Integrated 
Discovery (DAVID) (https:// david.ncifcrf.gov/home.jsp) 
(Huang et al. 2007) and Metascape (http://metascape.org/
gp/index.html) (Zhou Y et al. 2019) are two common en-
richment tools. The KEGG (Kyoto Encyclopedia of Genes 
and Genomes) enrichment analysis was used by David v6.8. 
We also uploaded the Co-DEGs and performed annotation 
of biological processes in Metascape. The difference was 
statistically significant at p < 0.05.

Hub genes identification and expression 

The Search Tool for the Retrieval of Interacting Genes 
(STRING) (http://string-db.org) (Szklarczyk et al. 2019) 
can convert Co-DEGs into expressed proteins and structure 
the PPI (protein-protein interaction) network. We got a PPI 
network of Co-DEGs through STRING and visualized it by 
Cytoscape (version 3.8.0) (Shannon et al. 2003).

Molecular Complex Detection tool (MCODE) (version 
1.6.1), an open plug-in of Cytoscape, was performed to 
identify system modules from the PPI network. The criteria 
were that the MCODE scores > 5, maximum depth = 100, 
cut-of = 2, k-score = 2, and node score cut-off = 0.2. In ad-
dition, CytoHubb was also used to screen out hub genes and 
sequenced them by the arithmetic of MCC (maximal clique 
centrality). The Degree of each node was calculated and the 

Table 1. Basic information about the datasets

GEO Platforms
Number of samples

Organism Tissue References
Sham Ischemic

GSE97537 GPL1355 5 7 Rattus norvegicus Brain Takuma et al. (2017) 
GSE52001 GPL14746 3 3 Rattus norvegicus Brain Lai et al. (2015) 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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network composed of the top 10 genes with Degree score 
was regarded as the core sub-network. Finally, the candidate 
genes with the highest MCODE score module and the top 
10 genes with a degree score of MCC were integrated, and 
then the intersection was defined as hub genes.

Drug prediction of ischemic stroke

The Connectivity Map (Cmap) database can be used 
to compare the similarity between drug-induced gene 
profiles and gene expression and obtain a  connectivity 
score ranging from −100 to +100. A score of less than 0 
indicates that the compound may have therapeutic effects 
on the disease (Jiang et al. 2021). This paper uploaded the 
differentially up-regulated Co-DEGs to the Cmap online 
database (https://clue.io/) for drug prediction. The small 
molecule compounds with the lowest connectivity score 
were included as the result of this prediction. The main 
mechanism of these small molecule compounds was sum-
marized by a literature search.

Animals and experimental design

Wild-type C57BL/6J mice (10–12-week-old, male) were 
purchased from Vital River Laboratory Animal Technology 
(Beijing, China). All mice were kept on a standard 12-h 
light/dark cycle with ad libitum access to food and water. All 
animal procedures were approved by the Animal Research 
Ethics Committee of Xi’an Ninth Hospital Animal Labora-
tory. These experiments were carried out in accordance with 
the National Institutes of Health Guide for the Care and 
use of Laboratory Animals (National Institutes of Health 
Publication No. 80-23, revised in 1996). In total, 60 mice 
were used for the experiments. Mice were euthanized at 
14 days after transient middle cerebral artery occlusion 
(tMCAO) for real-time PCR and Western blot analysis. 
PCR and Western-blot analyzes were performed in sam-
ples obtained from 2 experimental groups: simulated and 
model groups. Each experimental group included 6 mice. 
Behavior tests were performed at 0, 1, 3, 7, and 14 days 
after tMCAO. For behavior tests, animals were assigned 
into the following four groups: sham, model, rolipram (low 
dose), and rolipram (high dose). Each experimental group 
included 12 mice. 

Animal surgery and drug administration 

tMCAO was performed as previously described (Jin et al. 
2011). Briefly, mice were anesthetized with 1.5% isoflurane 
using a  Rodent Anesthesia Machine (RWD Life Science, 
Shenzhen, China). Then, the right common carotid artery, 
internal carotid artery (ICA), and external carotid artery 
(ECA) were surgically exposed. A silicone-coated surgical 

nylon filament was inserted into the right ICA through the 
ECA stump to block the origin of the middle cerebral artery. 
After 1 h of occlusion, the filament was gently removed for 
the reperfusion. The sham group mice underwent the same 
procedures except for filament insertion. Warming pads 
were used to maintain the body temperatures at 37.0 ± 0.5°C 
during surgery. Two hours after the induction of tMCAO, 
the rolipram was administered intraperitoneal injection 
once daily for one week at the same time points. Two doses 
of rolipram were applied in the present study: a low dose of 
1.25 mg/kg and a high dose of 2.5 mg/kg. 

Real-time PCR

At 14 days after tMCAO, brain samples were collected from 
the peri-infarct cortex. Total RNA was isolated from tissues 
using TRIzol Reagent (Vazyme, China) to manufacture 
protocol. First, total RNA was used for the reverse transcrip-
tion reaction. Then, the pre-amplified cDNA samples were 
mixed with One-Step SYBR PrimeScript PLUS RT-PCR Kit 
(Vazyme, China). Finally, Quantitative PCR was conducted 
on an ABI7000 Real-time PCR system (Applied Biosystems, 
Inc., University Park, IL, USA).

GAPDH was used as a positive control. Primer sequences 
are shown as follows in Table 2.

Western blot

At 14 days after tMCAO, brain samples were collected from 
the periinfarct cortex. Total proteins were extracted using 
RIPA buffer (Beyotime Biotechnology, Haimen, China) with 
cOmplete™ protease inhibitor cocktail (Roche, Indianapo-
lis, IN, USA). The protein concentrations were measured 
using a BCA protein assay kit (Beyotime Biotechnology). 
Next, 30 μg per lane proteins were separated on SDS po-
lyacrylamide gels, and transferred to polyvinyl-difluoride 
membranes (Millipore, USA). The membranes were blocked 
with 5% (w/v) bovine serum albumin (BSA) (Sigma, USA) 
containing 1/1000 Tween 20 for 1 h and probed with pri-
mary antibodies overnight at 4°C. The primary antibodies: 

Table 2. Primer sequences for polymerase chain reaction ampli-
fication

Gene Sequence

CD14
F: (5’-3’): TGG GCG AGA AAG GAC TGA T
R: (5’-3’): AGG AGC AAA GCC AAA GTT CC

C1qc
F: (5’-3’): AAG GAR GGG TAC GAC GGA CT
R: (5’-3’): GTA AGC CGG GTT CTC CCT TC

GAPDH
F: (5’-3’): ACC ACA GTC CAT GCC ATC AC
R: (5’-3’): TCC ACC ACC CTG TTG CTG TA

F, forward; R, reverse.
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anti-CD14 (Proteintech, 17000-1-AP, 1:500), anti-C1qc (Pro-
teintech, 16889-1-AP, 1:500) and anti-β-actin (Proteintech; 
20,536-1-AP). The membranes were washed three times with 
TBST (7 min each) and then incubated with corresponding 
secondary antibody (goat anti-rabbit IgG (H+L) secondary 
antibody, 1:5000), at room temperature for 1 h. After rins-
ing with TBST buffer three times, the labeled proteins were 
detected using the Tanon 5200 Chemiluminescent Imaging 
System (Tanon Science & Technology. China). β-actin was 
used as an internal loading control.

Behavior test

(1) Beam-walking test 
The motor performance and coordination of mice were 
evaluated with the beam-walking test. The beam-walking test 
was performed as previously described (Qiao et al. 2019). 
Briefly, the beam-walking unit consisted of a 1 m beam with 
a smooth and flat surface (2.8 cm width) raised 50 cm above 
the floor. The mice were motivated to cross the beam by 
placing their home cage at the opposite end. 
(2) Corner test 
The corner test was performed as previously described with 
slight modification (Qiao et al. 2019). The mouse was placed 

between two boards with an angle of 30° facing the corner. 
The mouse was placed facing the corner halfway between the 
corner and the open ends of the boards. The non-ischemic 
rats turned non-selectively on both sides, but the tMCAO rats 
preferentially turned toward the non-impaired side. There 
was a 10 s rest between each trail and the turns toward the 
non-impaired side were recorded.
(3) The grip strength test
The strength grip test was used to test the motor coordina-
tion of the mouse. During the test, the grip strength test 
was performed using the grip strength meter (BSBIOGS3, 
Panlab, Harvard Apparatus). Each mouse was allowed to 
hold a metal grid with forelimbs and then pulled backward 
in the horizontal plane until they could no longer hold the 
grid. Grip strength was scored as grams (g) unit.

Statistical analysis

The GraphPad Prism Software 8 (La Jolla, CA, USA) was 
used for statistical analysis and the results were presented 
as the means of ±SEM. For experiments with more than 
two groups and one factor of the parameters, results were 
compared using a one-way analysis of variance (ANOVA) 
followed by Bonferroni’s test. For experiments with more 
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Figure 1. The DEGs information about the GSE97537 and GSE52001 datasets. A. Boxplot of GSE97537 gene chip. B. Boxplot of GSE52001 
gene chip. C. The volcano plots present DEGs in the GSE97537. D. The volcano plots present DEGs in the GSE52001. E. The Venn dia-
gram figured out 27 Co-DEGs between the GSE97537 and GSE52001 datasets.
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than two groups and two factors of the non-parameters, 
results were compared using two-way ANOVA followed 
by Bonferroni’s or Tukey’s test. All tests were considered 
statistically significant difference at p < 0.05.

Results

Identification of Co-DEGs

After normalization, all samples had fundamentally the 
same gene expression mean values (Fig. 1A,B), indicating 
that the sample data sources were reliable. The volcano plot 
presents the DEGs between the ischemic and sham samples 
of the GSE97537, and GSE52001 datasets, respectively 
(Fig. 1C,D). While the Venn diagram shows the 27 DEGs 
shared between the two datasets (Fig. 1E), including 22 
upregulated genes and 2 downregulated genes, the other 
three genes showed opposite expression trends in the two 
datasets (Table 2).

Co-DEGs annotation

To analyze the biological classification of the Co-DEGs, we 
performed functional and pathway enrichment analyses us-
ing Metascape and DAVID. First, Co-DEGs were uploaded 
to Metascape, and it was shown that the biological processes 
were remarkably enriched in response to wounding, negative 
regulation of immune response, regulation of tumor necrosis 
factor production, and gliogenesis (Fig. 2A,B). DAVID was 
utilized to analyze the KEGG functional of Co-DEGs. The 
KEGG pathway analysis demonstrated that the Co-DEGs 
were mainly enriched in pertussis, complement and coagula-
tion cascades, staphylococcus aureus infection, and Chagas 
disease (Fig. 2C). 

Module analysis of the key genes 

We determined the interactions between the 27 DEGs using 
the STRING online database (version: 10.5) to identify PPIs 
underlying ischemic stroke (Fig. 3A). Next, we analyzed the 
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Figure 2. Enrichment analysis for the DEGs by Metascape. A. Network of enriched terms colored by cluster identity, where nodes that 
share the same cluster identity are typically close. B. Heatmap of enriched terms across input differently expressed gene lists, colored by 
p-values, via the Metascape. C. The KEGG (Kyoto encyclopedia of genes and genomes) functional annotation for the DEGs based on 
the DAVID (Database for annotation, visualization and integrated discovery). 
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PPI data using the MCODE app of Cytoscape. The hub genes 
of the sub-networks in the MCODE analysis were C1qc, Fc-
gr2b, C1qb, and Cd14 (Fig. 3B). Moreover, we screened the 
top 10 genes using cytoHubb algorithms (MCC) to find hub 
genes. The screening hub genes are C1qb, Fcgr2b, C1qc, Cd14, 
A2m, Serping1, Cd44, Plp2, S100a6, Timp1 (Fig. 3C,D), and 
those genes contains results on MCODE analysis. Ultimately, 
the four genes were C1qc, Fcgr2b, C1qb, and Cd14, which 
are defined as key genes.

Results of Cmap drug prediction

We downloaded the predicted drug outcomes from Cmap 
and ranked them based on their connectivity score. The top 

8 small molecule compounds with the lowest connectivity 
score were verapamil, buspirone, flumazenil, rolipram, phe-
nytoin, cholic-acid, 4,5-dianilinophthalimide (DAPH) and 
myricetin (Fig. 4, Table 3). The main mechanism of these 
small molecule compounds was summarized by a literature 
search (Table 4). Most of those small molecule compounds 
are clinically used in the treatment of various diseases except 
rolipram, myricetin and DAPH, which are still in the stage of 
laboratory research. T﻿he neuroprotective effect of rolipram 
has been reported in focal cerebral ischemia, but there are 
no clear data on whether the rolipram has the functional 
recovery effect. We aimed to determine if treatment with 
rolipram can improve motor dysfunction in the animal 
models of cerebral ischemia.

Figure 3. Sub-networks of PPIs. A. PPI network. B. The key 
module of MCODE analysis. C, D. The top 10 genes screened 
by cytoHubb in MCC. PPI, protein-protein interaction; 
MCODE, molecular complex detection tool; MCC, maximal 
clique centrality.
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Figure 4. Structure of 8 potential drugs. 

Expression of CD14 and C1qc was increased at 14 days after 
tMCAO

To validate the key differential genes expression revealed 
by bioinformatic analyses, the Real-time PCR and Western 
blot techniques were used to verify two key genes (CD14, 
C1qc) mRNA and protein expression levels. The Real-time 
PCR results showed that CD14 mRNA and C1qc mRNA 
levels were increased in the periinfarct cortex after tMCAO 
(Fig. 5A,B). Western blot results showed that the expression 
of CD14 and C1qc was also increased markedly on day 14 
post-injury (Fig. 5C,D). 

Effects of rolipram on sensorimotor function after tMCAO

To evaluate the effects of rolipram on sensorimotor func-
tional recovery after tMCAO, we designed the following 
three evaluation behavioral testing. During a beam-walking 
test, mice in the model group could not cross the beam at 0, 
1, 3, 7, or 14 days. These mice fell off the beam earlier than 
those in the sham group. Rolipram (high dose) markedly 
improved beam crossing performance at 7 and 14 days after 
tMCAO compared with the model group (Fig. 6A). In the 

corner test, the model group mice performed more right 
turns than those in the sham group; this effect was improved 
by rolipram (high dose) treatment at 7 and 14 days after 
tMCAO (Fig. 6B). The grip strength test results shown that 
a progressive decline in grip strength as the model group 
mice. Treatment of rolipram (high dose) significantly ame-
liorated grip strength values at 7 and 14 days after tMCAO 
(Fig. 6C). In the behavioral test, rolipram (low dose) did not 
exhibit much benefit after tMCAO. The above experimental 
results suggest that treatment with high dose rolipram im-
proves sensorimotor function in mice after stroke.

Discussion

At present, the pathogenesis of cerebral ischemia-reperfu-
sion injury includes inflammation, excitatory amino acid 
toxicity, intracellular calcium overload, free radical damage, 
energy metabolism disorder, cell apoptosis, and many other 
mechanisms with complex interactions (Dirnagl et al. 1999; 
Gelderblom et al. 2009; George and Steinberg 2015). In this 
study, we screened hub genes of cerebral ischemia and pre-
dicted potential drugs based on a bioinformatics approach. 
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Figure 5. Expression of CD14 and C1qc was increased at 14 days after tMCAO. C1q mRNA level (A) and CD14 mRNA level (B) were 
measured. Western blotting for C1qc (C) and CD14 (D) in periinfarct cortex on days 14 after tMCAO. Data are means ± SEM; n = 6; 
* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001. tMCAO, transient middle cerebral artery occlusion.
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Table 3. Venn diagram co-expressed DEGs in GSE97537 and GSE52001

Gene symbol Gene_name DOWN/UP
Fos FBJ osteosarcoma oncogene DOWN
Pamr1 peptidase domain containing associated with muscle regeneration 1 DOWN
A2m alpha-2-macroglobulin UP
Angptl4 angiopoietin-like 4 UP
Bag3 Bcl2-associated athanogene 3 UP
C1qb complement component 1, q subcomponent, B chain UP
C1qc complement component 1, q subcomponent, C chain UP
Capg capping protein (actin filament), gelsolin-like UP
Cd14 CD14 molecule UP
Cd44 Cd44 molecule UP
Cebpd CCAAT/enhancer binding protein (C/EBP), delta UP
Cp ceruloplasmin UP
Fcgr2b Fc fragment of IgG, low-affinity IIb, receptor (CD32) UP
Fermt3 ferritin family member 3 UP
Gfap glial fibrillary acidic protein UP
Gpd1 glycerol-3-phosphate dehydrogenase 1 (soluble) UP
Gpnmb glycoprotein (transmembrane) nmb UP
Mt2A metallothionein 2A UP
Pla1a phospholipase A1 member A UP
Plp2 proteolipid protein 2 (colonic epithelium-enriched) UP
S100a6 S100 calcium binding protein A6 UP
Serpinb1a serine (or cysteine) proteinase inhibitor, clade B, member 1a UP
Serping1 serine (or cysteine) peptidase inhibitor, clade G, member 1 UP
Timp1 TIMP metallopeptidase inhibitor 1 UP

P2ry12 purinergic receptor P2Y, G-protein coupled, 12 DOWN (GSE92537)  
UP (GSE52001)

Cyr61 cysteine-rich, angiogenic inducer, 61 DOWN (GSE52001) 
UP (GSE92537)

Klf10 Kruppel-like factor 10 DOWN (GSE52001)
UP (GSE92537)
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Using a  control and ischemic dataset, we identified 27 
DEGs, which enriched in response to wounding, negative 
regulation of immune response, regulation of tumor necro-
sis factor production and gliogenesis. Moreover, the KEGG 
analysis revealed that the DEGs were mainly enriched in 
the complement and coagulation cascades, staphylococcus 
aureus infection, and chagas disease. The results from our 
bioinformatics analysis suggest that immune response and 
complement cascade play a very important role in cerebral 
ischemic injury. It has been revealed that after ischemic 
stroke, the damaged cells could cause systemic immune 
response by releasing the specific signals that activate 
immunodepression (Zhang et al. 2022). Further immune 
response strongly contributes to ischemia-elicited tissue 
damage in stroke, especially causing a second insult dur-
ing reperfusion (Li et al. 2023). The complement cascade is 
associated with various neurological and non-neurological 
diseases (Garred et al. 2021). It is a part of the innate im-
mune system; its primary physiological function is to pro-
mote the phagocytosis and digestion of target cells. Under 
the stimulation of external factors, the activation of the 
complement system can produce inflammatory reactions 
and affect the coagulation and plasminase system, leading 
to the injury of normal tissue cells in the body (Schafer et 
al. 2020). However, despite recent advances, the participa-
tion of the complement system in the relevant molecular 
mechanisms of stroke remains unclear.

In the present study, the MCODE score module and Cy-
toHubb analysis revealed C1qc, Fcgr2b, C1qb, and Cd14 as 
key genes which enriched in complement and coagulation 
cascades. The results of the analysis indicated these genes 
play an important role in cerebral ischemic injury.

C1q is the recognition component of the classical comple-
ment pathway. As a starting factor in the classical pathway 
of complement initiation, complement C1q is involved in 
the occurrence and development of many autoimmune 
diseases. However, the relationship between C1q and stroke 
has been less studied. Recently, it has been shown that 
patients with acute ischemic stroke and transient ischemic 
attack have high serum levels of C1q, which is the core gene 

Figure 6. Sensorimotor re-
covery was promoted by 
the treatment of rolipram 
after the stroke. Rolipram 
reduced sensorimotor defi-
cits as shown in the  corner 
test (A), beam-walking test 
(B), and grip strength test 
(C). All data are represented 
as means ± SEM, ## p < 0.01 
vs. Sham; * p < 0.05, ** p < 
0.01 vs. tMCAO. tMCAO, 
transient middle cerebral ar-
tery occlusion; Rolipram (H), 
rolipram (high dose) group 
(2.5 mg/kg); Rolipram  (L), 
rolipram (low dose) group 
(1.25 mg/kg). 
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Table 4. Prediction results from Connectivity Map (Top 8 small 
molecule compounds)

Name Description Score
Verapamil Calcium channel blocker −99.93
Buspirone Serotonin receptor agonist −99.93
Flumazenil Benzodiazepine receptor antagonist −99.93
Rolipram Phosphodiesterase inhibitor −99.93
Phenytoin Hydantoin antiepileptic −99.93
Cholic-acid Bile acid −99.93
Myricetin Androgen receptor agonist −99.93
DAPH EGFR inhibitor −99.93

DAPH, 4,5-dianilinophthalimide.
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selected in this paper (Sun et al. 2021). Moreover, this gene 
is positively correlated with the severity of ischemic stroke 
(Pedersen et al. 2009) showed that complement C1q could 
inhibit apoptosis caused by macrophage phagocytosis, thus 
delaying the formation of atherosclerosis. The formation 
of atherosclerotic plaque is an important mechanism of is-
chemic stroke. These results confirm that complement C1q 
plays an important role in the neurological impairment of 
ischemic stroke. CD14 is a  glycosylphosphatidylinositol-
anchored glycoprotein highly expressed and secreted by 
monocytes/macrophages. It can mediate cytokine secretion 
and inflammatory response (Wu et al. 2019). Some studies 
have confirmed that cerebral ischemia patients had high 
serum CD14 levels, and others have confirmed that it is 
positively correlated with the inflammatory injury process 
of cerebral ischemia (Roedig et al. 2019; Leskela et al. 2020). 
Importantly, the results of our experiments indicate that 
CD14 and C1q expression increases at protein and mRNA 
levels at 14 days after tMCAO. C1q and CD14 may be closely 
related to the occurrence and development of ischemic stroke 
and may become potential biomarkers or therapeutic targets 
for clinical diagnosis. However, its role in the pathophysi-
ological process of cerebral ischemia also needs to be further 
explored. In this study, we used Cmap to screen out some 
important new drug candidates for stroke. These predicted 
drugs that were screened out may turn out to be effective 
against ischemic stroke. 

Rolipram is a type IV-specific phosphodiesterase (PDE4) 
inhibitor that increases intracellular cyclic adenosine 
monophosphate (cAMP) levels in the central nervous system 
(Montana and Dyke 2002). Initially developed as an antide-

pressant, rolipram produces anxiolytic- and antidepressant-
like effects and improves cognition in rodents (Li et al. 2009; 
Heckman et al. 2015). Beneficial effects of rolipram have also 
been described after experimental models of brain injury in 
rodents, such as encephalomyelitis (EAE), traumatic brain 
injury or spinal cord injury (Sommer et al. 1995; Atkins et 
al. 2007; Costa et al. 2013). In particular, rolipram exerts 
blood-brain barrier (BBB) stabilizing and anti-inflammatory 
effects in models of cerebral ischemia (Kraft et al. 2013). Fur-
thermore, a lot of research has demonstrated that rolipram 
reduced the volume of cerebral infarction and improved 
memory deficits by decreasing cell death and enhancing the 
survival of newborn neurons in cerebral ischemia (Block et 
al. 1997; Sasaki et al. 2007; Li et al. 2011). Although the above 
studies showed the neuroprotective effects of rolipram in 
animal models of cerebral ischemia, it is unknown whether 
it can improve motor dysfunction in cerebral ischemia mice. 
Our behavior experimental results confirmed that treatment 
high dose rolipram improves sensorimotor function in mice 
after stroke. Nevertheless, the specific molecular mechanism 
still needs to be elucidated thoroughly in the future.

In summary, using two available datasets, we effectively 
identified ischemic stroke-related DEGs. We used two 
methods to identify four key genes related to the patho-
genesis of cerebral ischemia. Moreover, Real-time PCR 
and Western blot analysis showed that expression of C1q 
and CD14 increased at 14 days in tMCAO mice. Finally, 
rolipram which is one of the drug candidates for stroke 
improved sensorimotor function in tMCAO mice. However, 
to elucidate whether rolipram might regulate expression of 
C1q and CD14 to exert its function, additional studies will 

Table 5. Summary of mechanism and application of negatively related small molecule compounds

Name Pharmacology Targets Adaptation disease Clinical trials (stroke)

Verapamil L-type calcium channel 
blocker

Voltage-dependent L-type 
calcium channels

Vasopastic angina, unstable 
angina, and chronic stable angina

Ischemic stroke
Phase I (completed)

Buspirone Serotonin 5-HT1A receptor 
agonist

5-hydroxytryptamine receptor 
Dopamine receptor Anxiety disorders Acute ischemic stroke 

Phase III (terminated) 

Flumazenil Benzodiazepine antagonist Gamma-aminobutyric acid 
receptor Induced general anesthesia No available

Rolipram Phosphodiesterase inhibitor c-AMP-specific 3’,5’-cyclic 
phosphodiesterase 4D (Investigational) No available

Phenytoin Non-specific sodium channel 
blocker Sodium channel protein Seizures No available

Cholic-acid Facilitates fat absorption and 
cholesterol excretion

Bile acid receptor
Cytochrome-c Bile acid synthesis disorders No available

Myricetin Antioxidant, anticancer and 
anti-inflammatory activities

Phosphatidylinositol 
4,5-bisphosphate 3-kinase
Tyrosine-protein kinase JAK1

(Experimental) No available

DAPH EGFR inhibitor JAK/STAT signal path
Protein tyrosine kinase (Experimental) No available

DAPH, 4,5-dianilinophthalimide. 
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be needed. In conclusion, the present results provide novel 
insights into the biological process and potential therapeutic 
drugs involved in stroke.
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