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� DIA proteomics was applied to MCAO
mice detection for the first time.

� Proteomics and bioinformatics
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� C3, Apoa4 and S100a9 were
highlighted as a marker or drug
targets for stroke.
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Strokes usually results in long-term disability and death, and they occur worldwide. Recently, increased
research on both on the physiopathological mechanisms and the transcriptome during stroke progres-
sion, have highlighted the relationship between stroke progression and immunity, with a special focus
on inflammation. Here, we applied proteome analysis to a middle carotid artery occlusion (MCAO) mouse
model at 0 h, 6 h, 12 h and 24 h, in which proteome profiling was performed with 23 samples, and 41
differentially expressed proteins (DEPs) were identified. Bioinformatics studies on our data revealed
the importance of the immune response and particularly identified the inflammatory response,
cytokine- cytokine receptor interactions, the innate immune response and reactive oxygen species
(ROS) during stroke progression. In addition, we compared our data with multiple gene expression omni-
bus (GEO) datasets with and without a time series, in which similar pathways were identified, and three
proteins, C3, Apoa4 and S100a9, were highlighted as markers or drug targets for stroke; these three
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proteins were significantly upregulated in the MCAO model, both in our proteomic data and in the GEO
database.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Ischemic stroke is a cardiovascular disease, and it represents a
leading cause of morbidity and mortality worldwide, leading to a
major economic burden [1]. Prevention and therapy need to be
improved to tackle this public health problem and to improve
ischemic stroke outcome. Until now, there have been few thera-
peutic options used in clinical treatment for stroke patients. It is
worth continuing to research novel therapeutic interventions for
the prevention and recovery of stroke.

Recently, increasing evidence has shown that inflammation and
the immune response after stroke are closely associated with
stroke severity and outcome [2,3], which has been confirmed in
animal studies [4]. More concretely, the suppression of innate
and adaptive immune system pathways caused after a stroke
increases the risk of poststroke infection, contributing to increased
mortality and poor outcome [5]. Microarray studies demonstrated
that after an ischemic stroke, global mRNA and non-coding RNA
expression profiles are altered extensively in the blood or brain
[6–8], providing important new insight into this disease at the
transcriptional and translational levels. However, to deepen stroke
understanding and uncover novel mechanisms for treatment, sci-
entific investigation of the identified gene products at the protein
level is eagerly needed [9]. Proteomics, the analysis of protein
expression in biosamples, can improve our understanding of
pathophysiological mechanisms and aid in diagnostic tool develop-
ment [10]. As the earliest proteomic study on stroke, Sironi’s group
conducted an analysis of serum and urine samples from sponta-
neously hypertensive stroke-prone rats using 2D gel electrophore-
sis [11]. It was found that thiostatin, a marker of the inflammatory
response, could be detected in the serum at least 4 weeks before
the occurrence of a stroke. Wen et al. used a proteomics method
to study the rat cerebral cortex in the subacute to long-term phases
of cerebral ischemia-reperfusion injury [12]. They found that with
the elongation of reperfusion time to the long-term phase, a ten-
dency of recovery was detected in the cytoskeleton, while inflam-
mation pathways that were different than those in the subacute
phase were activated [12]. In addition to the study of animal mod-
els, many clinical proteomic analyses have been carried out. A pro-
teomic substrate profiling study indicated that there was an
alteration in matrix metalloproteinase protein (MMP) profiles in
stroke patients who received rtPA treatment when compared to
the profiles the control group [13]. More recently, proteomic anal-
ysis showed that inflammatory proteins and a marker
(thrombospondin-1) for barrier dysfunction were increased when
cerebral endothelial cells responded to oxidative stress in vitro in
humans. This result was confirmed with plasma from stroke
patients [14]. Similar results were also reported for the experimen-
tal ischemic response in both mouse and rat brain endothelial cells
[15,16].

Although an increasing number of both clinical and preclinical
studies support that the inflammatory immune response is impor-
tant after stroke, no proteomics study has systemically revealed
the mechanism of inflammation and the immune response after
stroke.

Here, we established an MCAO mouse model and performed
proteome profiling on cerebral cortex samples at 0 h, 6 h, 12 h
and 24 h after operation. Several samples were obtained at 0 h,
and 6 samples were obtained at 6 h, 12 h, and 24 h. As a result, a
landscape of proteome profiling with 23 samples was obtained.
The different time points were compared with 0 h and revealed
that 41 genes were significantly different. Gene enrichment analy-
sis of the 41 genes highlighted the importance of the immune
response with an emphasis on the following: inflammatory
response, cytokine-cytokine receptor interaction, and innate
immune response. Furthermore, through various bioinformatics
methods, including Short Time-series Expression Miner (STEM)
analysis, weighted gene co-expression network analysis (WGCNA)
and gene set enrichment analysis (GSEA), co-expressing gene net-
works were established. Genes related to immunity were generally
upregulated, while genes related to neurodevelopment were sig-
nificantly downregulated throughout stroke progression. In addi-
tion, we compared our data with multiple GEO datasets with or
without time series, in which similar pathways were identified.
Three proteins, C3, Apoa4 and S100a9, were highlighted as markers
or drug targets for stroke; they were significantly upregulated in
the MCAO model proteomic data and GEO database.

Materials and methods

Animals

Eight- to ten-week-old male C57BL/6 mice were purchased
from Charles River Laboratories (Beijing, China) and used for con-
struction of a middle carotid artery occlusion model. All animal
experiments were approved by the Ethics Committee of Hebei
General Hospital (approval no. 201921). Animals were grouped
and housed at a controlled temperature (20 ± 2 �C) with a 12 h
light–dark cycle, and they had free access to food and water.

Transient middle cerebral artery occlusion

A MCAO mouse model was constructed in our study, as
described in a previous study [17]. Transient focal cerebral ische-
mia was induced by right middle cerebral artery occlusion (MCAO).
Mice were anesthetized with 10% hydral (350 mg/kg). Body tem-
perature was monitored and maintained at 36.5–37.5 . Briefly,
after making an incision in the midline skin, the right common car-
otid artery, external carotid artery (ECA), and internal carotid
artery (ICA) were exposed. Then, a 6–0 nylon monofilament with
a rounded tip was inserted into the right ICA through the broken
end of the ECA to block the origin of the MCA. Cerebral ischemia
through the intraluminal suture was maintained for 60 min, and
it was followed by removal of the monofilament and reperfusion.
At 6, 12, 24 h hours after MCAO, neurological deficit scores were
assessed, and then the brains were obtained by decapitation.

Analysis of neurological deficit

All behavioral tests in mice were conducted in a quiet, dimly lit
room by an experimenter who was blinded with respect to the
experimental groups; analysis was performed at 6, 12, and 24 h
after MCAO. Neurologic deficits were scored as follows: 0, no def-
icits; 1, difficulty in fully extending the contralateral forelimb; 2,
unable to extend the contralateral forelimb; 3, mild circling to
the contralateral side; 4, severe circling; and 5, falling to the con-
tralateral side. A higher neurological deficit score indicated a more
severe impairment of motor motion injury.
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Determination of infarct volume

At 0, 6, 12, and 24 h after MCAO, mice were anesthetized with
chloral hydrate. Brains were dissected and cut into 4 coronal slices;
the slices were incubated in 2% 2, 3,5-triphenyltetrazolium chlo-
ride (TTC) for 15 min at 37.0 �C, which was followed by
immersion-fixation in 4% paraformaldehyde.

Sample preparation

Twenty-three MCAO mice were randomly divided into four
groups (5, 6, 6, and 6/group), and the ischemic cerebral cortex
was removed at 6 h, 12 h or 24 h after operation, and cerebral cor-
tex of 0 h was the control. The samples were ground in liquid nitro-
gen, and then lysis buffer (1% SDS, 7 M urea, 1x Protease Inhibitor
Cocktail (Roche Ltd. Basel, Switzerland)) was added to the samples,
which was followed by vortexing and crushing three times for
400 s. The samples were then lysed on ice for 30 min and cen-
trifuged at 12000 rpm for 20 min at 4 . The supernatant was col-
lected and transferred to a new Eppendorf tube. The protein
concentration of the supernatant was determined using the bicin-
choninic acid (BCA) protein assay, and 20 lg of protein per condi-
tion was used for SDS-PAGE.

Protein digestion

One hundred micrograms of protein per condition was trans-
ferred into a tube, and the final volume was adjusted to 100 lL
with 8 M urea. Then, 2 lL of 0.5 M TCEP was added, and the sample
was incubated at 37 for 1 h. Next, 4 lL of 1 M iodoacetamide was
added to the sample, and it was incubated for 40 min in the dark at
room temperature. Next, five volumes of prechilled (�20 ) acetone
were added to precipitate the proteins overnight at �20 . The pre-
cipitates were washed twice with 1 mL of prechilled 90% acetone
aqueous solution and then were redissolved in 100 lL of
100 mM TEAB. Sequence grade modified trypsin (Promega, Madi-
son, WI) was added at a ratio of 1:50 (enzyme: protein, weight:
weight) to digest the proteins at 37 overnight. The peptide mix-
ture was desalted with a C18 ZipTip, quantified by a PierceTM Quan-
titative Colorimetric Peptide Assay (#23275) and then lyophilized
with a SpeedVac.

Data-dependent acquisition (DDA) mass spectrometry

The peptide mixture was redissolved in buffer A (buffer A:
20 mM ammonium formate in water, pH 10.0, adjusted with
ammonium hydroxide) and then fractionated by an Ultimate
3000 system (Thermo Fisher Scientific, MA, USA) connected to a
reversed-phase column (XBridge C18 column, 4.6 mm � 250 mm,
5 lm, Waters Corporation, MA, USA). High pH separation was per-
formed using a linear gradient, ranging from 5% B to 45% B, over
40 min (B: 20 mM ammonium formate in 80% ACN, pH 10.0,
adjusted with ammonium hydroxide). The column was re-
equilibrated at the initial condition for 15 min. The column flow
rate was maintained at 1 mL/min, and the column temperature
was maintained at 30 . Ten fractions were collected, and each frac-
tion was dried in a vacuum concentrator. The fractions were redis-
solved in solvent A (A: 0.1% formic acid in water) and were
analyzed by on-line nanospray LC-MS/MS on an Orbitrap Fusion
Lumos Tribrid (Thermo Fisher Scientific, MA, USA) coupled to a
Waters nano ACQUITY UPLC system (Waters, MA, USA). A 2 lL pep-
tide sample was loaded onto an analytical column (Acclaim Pep-
Map C18, 75 lm � 25 cm) and separated over 120 min with a
gradient ranging from 3% to 30% B (B: 0.1% formic acid in ACN).
The electrospray voltage of 2.1 kV versus the inlet of the mass
spectrometer was used. The mass spectrometer was run in a
data-dependent acquisition mode, and it automatically switched
between MS and MS/MS mode. The parameters used were as fol-
lows: (1) MS: scan range (m/z) = 350–1550; resolution = 60,000;
AGC target = 4e5; maximum injection time = 50 ms; dynamic
exclusion = 30 s; (2) HCD-MS/MS: resolution = 15,000; AGC tar-
get = 5e4; maximum injection time = 35 ms; collision energy = 30.
Raw DDA data were processed and analyzed by
Spectronaut X (Biognosys AG, Switzerland) with default settings
to generate an initial target list. Spectronaut was used to search
the UniProt-Proteome Mus musculus 201,711 database, assuming
trypsin as the digestion enzyme. Carbamidomethyl (C) was speci-
fied as the fixed modification. Oxidation (M) was specified as the
variable modifications. A Q value (FDR) cutoff on the precursor
and protein level was applied at 1%.

Quantification of proteins using DIA mass spectrometry

The mass spectrometer was run with a data-independent acqui-
sition mode and automatically switched between MS and MS/MS
mode. The parameters used were as follows: (1) MS: scan range
(m/z) = 350–1500; resolution = 60,000; AGC target = 4e5; maxi-
mum injection time = 50 ms; (2) HCD-MS/MS: resolution = 30,00
0; AGC target = 1e6; collision energy = 32; stepped CE = 5%; (3)
DIA was performed with variable isolation window, each window
overlapped by 1 m/z, and the window number was 45; total cycle
time was 3.98 s. Raw DIA data were processed and analyzed by
Spectronaut X (Biognosys AG, Switzerland) using the default set-
tings. The retention time prediction type was set to dynamic iRT.
Data extraction was determined by Spectronaut X based on exten-
sive mass calibration. Spectronaut Pulsar X was used to dynami-
cally identify the ideal extraction window depending on iRT
calibration and gradient stability. A Q value (FDR) cutoff on the
precursor and protein level was applied at 1%. Decoy generation
was set to mutate, which applied a random number of AA position
swamps (min = 2, max = length/2). All selected fragment ions pass-
ing the filters were used for quantification. MS2 interference
removed all interfering fragment ions except for the 3 with the
least interference. The average top 3 filtered peptides that passed
the 1% Q value cutoff were used to calculate major group
quantities.

RNA extraction and qRT-PCR

Total RNA was extracted from cerebral cortex by using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA,
USA). RNA was converted into cDNA using the Reverse Transcrip-
tion Kit (Takara, Dalian, China), after which cRNA was synthesized
from total RNA using SYBR Premix Dimmer Eraser kit (Takara)
according to the manufacturer’s instructions. Primer sequences
are summarized in Table 1. The relative mRNA levels of C3, Apoa4
and S100a9 were calculated by the 2-DDCt method and normalized
to the internal control GAPDH.

Weighted gene coexpression network analysis

WGCNA uses the topological overlapping measurement to iden-
tify corresponding expression modules. These expression modules
were analyzed based on their eigengene correlation with each dif-
fusion parameter. WGCNA is a robust tool for integrative network
analysis, and it has been used in several recent studies [18–20]. In
addition, a permutation-based preranked GSEA was applied to
each expression module to verify its pathways [21]. The predefined
gene sets from the Molecular Signature Database v5.1 were used.
Networks were exported to Cytoscape 2.0 for further visualization.
The WGCNA integrated function (exportNetworkToCytoscape) was
used to calculate a weighted network.



Table 1
Primers used for quantitative RT-qPCR analysis.

Gene name Sequence

GAPDH F: GGAGCGAGATCCCTCCAAAAT
R: GGCTGTTGTCATACTTCTCATGG

C3 F: TCCAACAAGAACACCCTCA
R: GGCTGGATAAGTCCCACA

APOA4 F: CACCTGAAGCCCTATGCC
R: CTCCTTGATCGTGGTCTGC

S100A9 F: ATGGTGGAAGCACAGTTG
R: TGGTTTGTGTCCAGGTCC
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Gene set enrichment analysis

Permutation-based gene set enrichment analysis was per-
formed for each expression module to find specifically enriched
biological functions and related pathways [21]. Preranked GSEA
was performed with 1000 permutations. P-values were calculated
by the familywise error rate (FWER), which is a robust method for
testing multiple samples [22]. The Molecular Signatures Database
version 5.0 was used, and it included pathway gene sets (C2)
(http://www.broadinstitute.org/gsea) as input databases for analy-
sis. GSEA plots were visualized using the limma R-package (bar-
codeplot function).

Temporal gene expression profiles

We used the Short Time-series Expression Miner program [23]
to analyze differentially expressed genes and identify temporal
expression profiles. Genes whose expression levels met the 1.5-
fold change criterion at any time point were used, and STEM pro-
files were clustered with all parameters set to the default value.
Temporal expression profiles that showed statistically significant
variation from the time series were corrected using a false discov-
ery rate (FDR) calculation that was performed on 1000 randomly
selected permutations.

Bioinformatic analysis

To identify differentially expressed proteins between different
MCAO stages, differential expression analyses were performed
using cuffdiff. P-values < 0.05 and FC > 1.5 were selected as the cri-
teria for identifying significantly differentially expressed proteins.
To obtain an overview of the characteristics of DEPs, the R package
was used to generate a Venn diagram and heatmaps, and hierarchi-
cal clustering analysis was performed based on the normalized val-
ues of all proteins. Gene enrichment analysis was performed based
on KEGG and Gene ontology, and a p value of < 0.05 was set as the
cutoff for significantly enriched functional GO term or KEGG path-
ways. Protein-protein interaction was assessed by String database
and visualized by Cytoscape.

GEO dataset download and raw data preprocessing

The raw data of mRNA expression dataset GSE61616,
GSE78731, GSE23160, GSE58294 and GSE119121 (Table 2) were
screened from the National Center of Biotechnology Information
Table 2
GEO datasets used in this study.

Dataset Platform Species Samples

GSE61616 GPL1355 Rat 5 MCAO + 5 Sham
GSE78731 GPL15084 Rat 5 MCAO + 5 saline
GSE23160 GPL6885 Mouse (8)*(0 h, 2 h, 8 h, 24 h
GSE119121 GPL6247 Rat (8)*(0 h, 1 h, 2 h, 3 h,
GSE58294 GPL570 Human (23)*(0 h, 3 h ,5h, 24
(NCBI) Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.-
gov/gds/). The GSE61616 and GSE78731 datasets are each com-
posed of 10 samples, including 5 MCAO and 5 control rat brains.
For dataset GSE23160, there are 32 mRNA expression data from
mouse brain samples. For dataset GSE119121, there are 47 mRNA
expression data from rat blood samples at 6 different time point.
For dataset GSE58294, there are 92 mRNA expression data from
human blood samples at 4 different time point. The R software
package was used to process the downloaded files and to convert
and reject the unqualified data. The data were calibrated, standard-
ized, and log2 transformed. The differently expressed mRNA were
screened using Limma package, with the criterion of |log 2(fold
change [FC]| > 2 and P-value < 0.05.
Results

The neurological deficit and brain infarct volume in middle cerebral
artery occlusion

To examine the neurological deficit effect of cerebral ischemia,
neurologic deficits were examined and scored at 0, 6, 12, and 24 h
after MCAO. Compared with mice in the 0 h group, 6–24 h mice
showed significant neurological deficits after MCAO (Fig. 1A,
*p < 0.05), suggesting nerve injury in acute stroke. The cerebral
infarction was detected by triphenyltetrazolium chloride (TTC)
staining and is displayed in Fig. 1B. No infarction was observed
in the 0 h group animals, while extensive lesions developed in
the animals in the 6–24 h groups (Fig. 1B, * p < 0.05).

Proteome analysis of 4 time points following MCAO

To describe the development features of stroke, we established
a mouse MCAO model according to a previous protocol [17]. The
cerebral cortexes at 0 h, 6 h, 12 h and 24 h after operation were
obtained and subjected to LC-MS/MS analysis through a Data-
Independent Acquisition (DIA) strategy to obtain their proteome
profiles. As a result, 4995 proteins were successfully identified.

Then, we analyzed the proteome features at 4 time points fol-
lowing stroke development in the MCAO model. In total, 109 pro-
teins, 87 proteins and 92 proteins were identified as differentially
expressed proteins (DEPs, p < 0.05, FC > 1.5) at 6 h, 12 h and 24 h
compared with 0 h. In addition, 41 proteins were consistently
highly expressed during stroke development in the MCAO model
(Fig. 2A). The unsupervised hierarchical clustering of the 41 DEPs
among 23 experiments at 4 time points identified the features that
were most different from those of the 0 h group (Fig. 2B). To
describe the overall expression trend of 41 DEPs during stoke
development, we mapped the protein expression intensity to the
4 time points (Fig. 2B), and the result suggested that the expression
of most genes was upregulated after MCAO stimulation (Fig. 2B).

To identify the biological function and network of the 41 DEPs,
we performed enrichment analysis with ClueGo plug-in of Cytos-
cape software. As a result, 4 terms were discovered: acute inflam-
matory response, complement and coagulation cascades, cellular
oxidant detoxification and protein activation cascade (Fig. 2C). Fur-
thermore, we conducted enrichment analysis of the DEPs at 6 h,
Tissue type Targets Time series

Brain RNA No
Brain RNA No

) Brain RNA Yes
24 h)+(7)*(6 h) Blood RNA Yes
h) Blood RNA Yes

http://www.broadinstitute.org/gsea
http://www.ncbi.nlm.nih.gov/gds/
http://www.ncbi.nlm.nih.gov/gds/


Fig. 1. The neurologic deficit scores and TTC staining. (A) The neurologic deficit scores were performed 0, 6, 12, and 24 h after MCAO; (B) Brain slices stained with TTC 24 h
after MCAO. The white section of the slices represents the ischemic area. The red section of the slices represents normal tissue.

Fig. 2. Proteomics investigation of gene expression at 0 h, 6 h, 12 h and 24 h following the introduction of a middle cerebral artery occlusion. (A) A total of 109, 87 and
92 proteins were identified as differentially expressed genes (DEGs) at 6 h, 12 h and 24 h, respectively, and 41 proteins were identified in all three DEG groups; (B)
Unsupervised hierarchical clustering of the 41 DEPs among 23 experiments at 4 time points, 0 h group was used as a control; (C) The biological function of 41 DEGs was
annotated, and a gene-biological process network was constructed. (D) A total of 41 genes were subjected to enrichment analysis through GO-BP and KEGG databases, and the
significance of genes at 6 h, 12 h, and 24 h are shown.
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12 h and 24 h compared with those at 0 h using the GO-BP and
KEGG databases and showed significantly enriched terms at the 3
time points (Fig. 2D). Interestingly, immunity-related functions,
including innate immune response, response to cytokines, acute
phase response and complement and coagulation cascades, were
significantly enriched, suggesting a fundamental role for the
immune response in stroke development after MCAO stimulation.

The expression patterns of 41 DEPs in the MCAOmodel were consistent
with the data from GEO datasets

To verify the expression level of the 41 DEPs identified above, 2
GEO datasets, GSE78731 and GSE61616, were used. The datasets
were all collected on samples of MCAO rat models, and 5 MCAO
sampleswere compared to 5 shamsamples (Table 2). Then,we com-
pared the expression of 41 DEGs in the MCAO and sham samples in
the 2 datasets. The expression trends ofmost genes in the 2 datasets
were consistent with our proteome profiling (Fig. 3A, B). For exam-
ple, expression of Atp1a4was significantly downregulated inMCAO
samples in both GEO datasets. In addition, expression of Apoa4, Fga,
Hpx, Plg, Pzp, Serpina3 and serpinc1 in GSE78731 and the expres-
Fig. 3. Validation of the expression of 41 DEGs. GSE78731 (A) and GSE61616 (B) were
results(C). *, p < 0.05, ** p < 0.01, and *** p < 0.001.
sion of Ahsg, Alb, Apoa1, Gc and Orm1 in GSE61616 were upregu-
lated in MCAO samples, and our proteome profiling showed the
same results (Fig. 2D). Furthermore, C3 and S100a9, which were
related to immune response and complement and coagulation cas-
cades, were upregulated inMCAO samples in both datasets and pro-
teomes. QRT-PCRwas used to validate the expression in the cerebral
cortex of 4 Sham, 4 MCAO samples, and the results were consistent
with our proteomics and GEO dataset results (Fig. 3C).

The results verified and strengthened the credibility of the 41
DEPs identified in normal and stroke samples (Fig. 2B, C). Further-
more, the integrated analysis also highlighted the function of the
immune response during stroke progression.

STEM analysis of proteome profiling

To explore the gene regulation network during stroke develop-
ment, we next conducted STEM analysis for proteome profiling of
the 4 time points of the MCAOmodel. As a result, two clusters were
identified significantly, including cluster 13 with 99 proteins (with
p value = 2e-3) and cluster 0 with 42 proteins (with p value = 7e-11)
(Fig. 4A). We portrayed their expression trends for the 2 clusters
applied to verify the expression of 41 DEGs. Then we used qRT-PCR to validate our



Fig. 4. Short Time-series Expression Miner (STEM) analysis identified two expression modules. Short Time-series Expression Miner analysis was employed to explore
gene regulation networks during stroke progression. Two significant clusters were identified, namely, cluster 13 and cluster 0 (A-B). (C) Gene expression in cluster 13 and
cluster 0 at 4 time points following MCAO. (D) GO-BP and KEGG pathway enrichment of genes in cluster 13. (E) The biological function of genes in cluster 13 was determined,
and a gene-biological process network was constructed. (F) Gene expression patterns of cluster 13 in 23 experiments are shown.
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during stoke development in theMCAOmodel among the 23 exper-
iments (Fig. 4B and C). To research the main biological function of
genes in the 2 clusters, we performed enrichment analysis using
GO or KEGG databases. As expected, immune-related functions,
such as complement and coagulation cascades, negative regulation
of peptidase activity and innate immune response, were signifi-
cantly enriched for genes in cluster 13, which were upregulated
during stroke development. In addition, mainly related functions
of the brain, such as neuron projection and central nervous system
neuron development, were significantly enriched for genes in clus-
ter 0, which were downregulated during stroke development. The
results suggested that many genes participating in immune regula-
tion were activated, while the genes related to brain development
were downregulated during stroke progression.

To verify this conclusion, the genes in cluster 13 were subjected
to Cluego analysis, and 5 critical biological processes were signifi-
cantly identified: negative regulation of hydrolase activity, nega-
tive regulation of lipase activity, acute inflammatory response,
complement activation and neuron projection regeneration
(Fig. 4D). The gene expression patterns of genes in Cluster 13 for
the 23 experiments are shown in Fig. 4F.

The STEM protein profiling signature was confirmed by GEO datasets

To test the reliability of the results in STEM analysis, 3 GEO
datasets that used different time series and species to study stroke
development after MCAO stimulation (GSE23160, GSE58294 and
GSE119121) were applied and subjected to STEM analysis.
GSE23160 covered 32 experiments, including 8 experiments of
each 0 h, 2 h, 8 h and 24 h of MCAOmodels of mice. The STEM anal-
ysis of GSE23160 identified 2 significant clusters: cluster 12 (p
value = 4e-75) with 131 proteins and cluster 13 (p value = 1e-4)
with 16 proteins. The expression of genes in the two clusters was
upregulated during stroke development (Fig. 5A, B). To test the
main function of genes in two clusters, we performed enrichment
analysis on the two clusters. As a result, critical terms related to
immunity, such as inflammatory response, cytokine-cytokine
receptor interaction, innate immune response and neutrophil
chemotaxis, were significantly enriched for genes in cluster 12.
Similarly, immunity-related functions, such as response to stress
and negative regulation of the inflammatory response, were
enriched for genes in cluster 13. The results support the important
role of the immune response in the stroke process. In addition, neg-
ative regulation of protein kinase activity and regulation of tran-
scription from the RNA polymerase II promoter were enriched for
genes in cluster 13, indicating possible roles for kinases and tran-
scription regulation during stroke development (Fig. 5C).

Similarly, we performed STEM analysis on the GSE58294 and
GSE119121 datasets. GSE58294 contained 23 S patient samples
collected at 0 h, 3 h, 5 h and 24 h, which formed a large dataset that
possessed 96 blood samples in total (Table 2). STEM analysis for
GSE58294 identified 8 significant clusters: cluster 48 (p
value = 3e-247) with 495 proteins, cluster 12 (p value = 4e-148)
with 485 proteins, cluster 49 (p value = 1e-130) with 366 proteins,
cluster 0 (p value = 2e-89) with 161 proteins, cluster 42 (p
value = 6e-40) with 55 proteins, cluster 1 (p value = 1e-6) with
43 proteins, cluster 2 (p value = 1e-6) with ** proteins and cluster
23 (p value = 6e-4) with ** proteins (Fig. 6A). The expression pat-
terns of genes in the first 6 clusters at different time points of
stroke development are illustrated in Fig. 6B. In summary, genes
were upregulated in cluster 48, cluster 49 and cluster 42, while
they were downregulated in cluster 12, cluster 0 and cluster 1 dur-
ing stroke progression. Enrichment analysis for the genes in the
first 4 clusters indicated the same results as what was found in
previous analysis, in which immune-related functions were signif-
icantly enriched for upregulated clusters. For example, genes in
cluster 48 were significantly enriched in the innate immune
response and in the interferon-gamma-mediated signaling path-
way, genes in cluster 49 were significantly enriched in T cell prolif-
eration and the inflammatory response, and genes in cluster 42
were significantly enriched in positive regulation of T cell prolifer-
ation. Genes in cluster 12, which were downregulated during
stroke development, were mostly enriched in transcription regula-
tion (Fig. 6C).

For dataset GSE119121, which contained 8 samples collected at
0 h, 1 h, 2 h, 3 h, and 24 h and 7 samples collected at 6 h from rat
MCAOmodels, STEM analysis identified 4 significant clusters: clus-
ter 24 (p value = 2e-209), cluster 4 (p value = 8e-118), cluster 8 (p
value = 2e-34) and cluster 3 (p value = 5e-10) (Fig. 7A). A total of
342 and 119 genes in clusters 24 and 8, respectively, were upreg-
ulated during stroke development, while 485 and 95 genes in clus-
ters 4 and 3 were downregulated during stoke development
(Fig. 7B). The genes in cluster 24 and cluster 8 were significantly
enriched in the innate immune response, the apoptotic process
and cytokine-cytokine receptor interaction (Fig. 7C), indicating a
similar result from STEM analysis of proteome data that was found
in the other two GEO datasets.

A gene co-expression network generated from proteome profiling of
stroke progression

To further identify the co-expression patterns of genes during
stroke development, we performed weighted gene co-repression
analysis (WGCNA) on our proteome profiles through the R package
WGCNA algorithm. First, we performed sample clustering analysis
to detect variations of 23 samples and outliers. As a result, no out-
lier was identified, and all of the samples were used in next step
analysis (Fig. 8A). Next, we set the power as 7 and the threshold
as 9, which made the network similar to a scale free network
(Fig. 8B). Then, Person correlation coefficients were calculated for
pairwise genes to yield a similarity matrix, which was transformed
into an adjacency matrix using the threshold and power values
listed above. Average linkage hierarchical clustering was then per-
formed to identify modules with densely interconnected genes,
and genes that were not assigned to specific modules were colored
gray. As a result, we found one module with significantly co-
expressed genes (turquoise, p value = 0.008) (Fig. 8C) that were
tightly related to stroke development (Fig. 8D), indicating an
important gene set for further study of stroke.

We next established the PPI network for the 68 genes in the tur-
quoise module, which identified 458 PPIs (Fig. 8E). Then, we
matched the nodes in the network with genes in cluster 13 in
the STEM analysis of proteome profiling. As shown in Fig. 4E, the
genes, such as Apla1, Kng1, Pzp, Plg and Olf4613, which were
included both in cluster 13 and the turquoise module, possessed
a tight connection with other genes and acted as the central hub
in the network. To detect the fundamental function of the gene
in the turquoise module, we performed enrichment analysis using
GO and KEGG datasets. As expected, immune-related functions,
such as complement and coagulation cascades, acute phase
response, and hemostasis, were significantly enriched, further indi-
cating the importance of the immune response during stroke
development (Table 3).

GSEA of hallmark genes in the proteome profiling

To search for the basic function of the overall genes in our pro-
teome profiling, gene set enrichment analysis was performed, and
the results are summarized in Fig. 9A. The genes in the first five
terms with high enrichment scores (ES), including coagulation,
complement, oxygen species pathway, interferon gamma response
and apoptosis, were upregulated during the stroke process



Fig. 5. GSE23160 datasets were used to validate the STEM analysis results. (A) Two significant clusters, cluster 12 with 131 proteins and cluster 13 with 16 proteins, were
identified. (B) Gene expression patterns of cluster 12 and cluster 13 from the 32 samples are illustrated. (C) Functional enrichment results of genes in cluster 12 and cluster 13
are shown.
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(Fig. 9B), indicating a fundamental function of the immune
response during stroke development. Finally, we used the GO term
(Fig. 9C), miRNA (Fig. 9D) and transcription factors (Fig. 9E) of
GSEA to compare 6 h vs 0 h, 12 h vs 6 h and 24 h vs 12 h, and
the enrichment scores are shown by a heatmap. Furthermore,
detailed information of GO terms, miRNAs and transcription fac-
tors for the 3 comparisons are shown in a Venn diagram
(Figs. S1, S2, S3).
Discussion

Strokes occur worldwide, and they usually result in long-term
disability and death. Brain inflammation contributes to secondary
injuries following ischemia and stroke [18–20], involving several
factors triggering the inflammatory response process. In the case
of the ischemic brain, chemokines were upregulated to stimulate
inflammatory cell entry into the brain, especially around the
penumbra, or the infarct’s border. Adhesion molecules on activated
endothelia in turn lead to the adhesion of circulating leukocytes,
causing microvascular occlusions and an infiltration of immune
cells into the brain parenchyma [21,22]. Then, numerous
inflammation-associated substances are secreted from activated
immune cells, including ROS, NO, cytokines, chemokines, prosta-
glandins, leukotrienes, and platelet-activating factor (PAF) [23–
26]. They directly or indirectly participate in the inflammatory
response, resulting in worse outcomes.

When the brain suffers acute insults, including stroke, cytokine
production increases in the brain. Although it is clear that some of
the cytokines are produced by microglia and infiltrating leuko-



Fig. 6. The GSE58294 dataset was used to validate the STEM analysis results. (A) Eight significant clusters were identified. (B) Gene expression patterns for 495, 485, 366,
161, 55, and 43 proteins were identified for the first 6 clusters, and the expression patterns at different steps are illustrated. (C) Functional enrichment results for genes in
clusters 48, 49, 42 and 12 are shown.
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Fig. 7. GSE119121 dataset was used to validate the STEM analysis results. (A) Four significant clusters, namely, cluster 24, cluster 4, cluster 8 and cluster 3, were identified.
(B-C) Gene expression patterns and functional enrichment results of genes in 4 clusters are shown.
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cytes, some studies report that cytokines can also be produced by
resident brain cells when ischemia occurs [27–29]. As the promi-
nent factors, IL-1, TNF-a, IL-6, IL-10 and TGF-b have been the most
studied in brain ischemia [30]. Among these star factors, IL-1 is a
key mediator in ischemic, excitotoxic and traumatic brain injury;
TNF-a might have dual roles in both neuronal injury and protec-



Fig. 8. Weighted Gene Coexpression analysis (WGCNA) identified a MCAO progression-related module. (A) Outlier detection was performed for the 23 samples; (B) A soft
threshold was calculated, and an optimal threshold was identified; (C) gene expression modules were constructed; (D) relationships between the gene expression modules
and the MCAO time series were determined; (E) A protein–protein interaction network was constructed for the turquoise module (*p < 0.05).

Table 3
Functional enrichment of pathways and biological processes.

Term Count Gene ratio Enrichment score

Complement and coagulation cascades 14 0.194932 0.710117
Acute-phase response 10 0.139237 0.856245
Negative regulation of peptidase activity 13 0.181008 0.742302
Hemostasis 7 0.097466 1.011147
Response to cytokine 8 0.11139 0.953155
Blood coagulation 8 0.11139 0.953155
Fibrinolysis 5 0.069618 1.157275
Response to peptide hormone 7 0.097466 1.011147
Erythrocyte development 5 0.069618 1.157275
Phospholipid efflux 4 0.055695 1.254185
Complement activation, classical pathway 5 0.069618 1.157275
Innate immune response 9 0.125313 0.902003
Regulation of intestinal cholesterol absorption 3 0.041771 1.379124
Blood coagulation, fibrin clot formation 3 0.041771 1.379124
Cholesterol efflux 4 0.055695 1.254185
Lipoprotein metabolic process 4 0.055695 1.254185
Positive regulation of peptide hormone secretion 3 0.041771 1.379124
High-density lipoprotein particle assembly 3 0.041771 1.379124
Immune system process 8 0.11139 0.953155
Positive regulation of cholesterol esterification 3 0.041771 1.379124
Positive regulation of ERK1 and ERK2 cascade 6 0.083542 1.078094
Positive regulation of vasoconstriction 4 0.055695 1.254185
Plasminogen activation 3 0.041771 1.379124
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tion; IL-10 and TGF-b may play a role in neuroprotection [31].
However, the role of IL-6 in stroke [32–35] is conflicting. In our
study, after constructing the MCAO mouse model of ischemic
stroke, a whole proteome wide profiling of the ischemic cerebral
cortex area at 0, 6, 12 and 24 h was conducted. After analyzing
the DEPs in 4 groups, a total of 41 genes were identified, implicat-



Fig. 9. Gene set enrichment analysis (GSEA) of hallmark genes in the protein profiling. (A) GSEA was performed to explore the basic function of the overall genes in our
proteomic datasets, and (B) the first five items with higher enrichment scores (ES), coagulation, complement, oxygen species pathway, interferon gamma response and
apoptosis, are illustrated. (C) Go terms, (D) miRNAs and (E) transcription factors of GSEA when comparing 6 h vs 0 h, 12 h vs 6 h and 24 h vs 12 h, and the enrichment scores
are shown by heatmap.
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ing their potential role in stroke pathogenesis. Though proteins
were usually translated by mRNAs, where the significant differen-
tial expression exists in mRNA level was a puzzle. To verify our
finding, two independent gene expression datasets were applied.
As shown in Fig. 3, ATP1A4, C3 and S100A9 also showed significant
differential expression in both datasets, in mRNA level. With differ-
ent analysis method, C3 was also enriched in the hub network of
stroke (Fig. 8). Complement C3 has been reported as stroke
biomarkers in several studies [36–38]. Additionally, C3 was
involved in cerebral ischemia/reperfusion Injury [39], neuroinflam-
mation and brain damage [40,41] and microglia reaction[42] in
stroke. Similarly, studies pointed that S100A9 was involved in
excess inflammation after ischemic stroke [43], and vaccine against
S100A9 inhibits thrombosis without increasing the risk of bleeding
[44], supporting its potential value of stroke target. As a Na/K-
ATPase, ATP1A4 was well-documented in sperm function [45,46],
while there role in stroke was firstly identified in this study, and
its role in stroke will be studied in the future. In sum, we identified
three genes with both differential expression change in mRNA and
protein level, and the first identified ATP1A4 may indicate certain
function or biomarker candidates’ value in stroke.

To identify genes clusters with certain expression pattern in
stoke progression, a Short Time-series Expression Miner (STEM)
was applied to identify genes in different time points of MCAO.
The STEM analysis was conducted first in our dataset, and then
verified in another three GEO datasets. Though the number of
identified clusters was different, the function of cluster showed
certain similarity. In our dataset, cluster 13 was the most signif-
icantly enriched item, with the 5 core function of hydrolase
activity, lipase activity, acute inflammatory response, comple-
ment activation and neuron projection regeneration. The func-
tions can be generally categorized into 3 classes of fibrolysis
(hydrolase activity, lipase activity), inflammation and immune
response, and neurocognition. Fibrolysis has been well known
for its role in stroke progression [47], and tissue plasminogen
activator (tPA) has been applied for stroke treatment [48,49].
With stroke induced cognitive impairment becoming a tricky
clinical problem, more attention are been paid on neurointerven-
tion [50]. Studies pointed that neuroinflammation play a pivotal
role in stroke, and microglia was reported in this process [51,52].
In the validation dataset, inflammation and immune response
was the most observed functional item, while fibrolysis (proteol-
ysis) and neurocognition (axon guidance, neuron recognition)
observed in GSE58294 (Fig. 6) and GSE119121 (Fig. 7). It’s a pity
that we didn’t observe a significant dominating or subordinate
role of these three function items at different time points. The
possible reason, we think, was the complex interaction of genes
and cell types.
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At last, we conducted GSEA analysis to enrich gene sets, instead
of individual genes to look into the functional items and hub reg-
ulators in stroke. In our proteomic study, genes related to ROS,
which were upregulated in the MCAO module, were also identified
in GSEA with high scores. These genes are worthy of further
research. ROS generation is an intrinsic event that occurs during
the onset of the inflammatory cascade via several enzyme systems
[53,54]. Until now, ROS have been identified as an important
underlying factor involved in delayed neuronal death. During
reperfusion, robust oxidants are produced and directly participate
in the damage to cellular macromolecules, such as lipids, proteins,
and nucleic acids, and eventually lead to cell death [55]. In addi-
tion, we identified a set of microRNAs and transcription factors
in different time points. Transcription factors and microRNAs have
been widely reported in stroke, in transcriptional [56,57] and post-
transcriptional level [58,59], respectively. Furthermore, miRNAs
and transcription factor were reported to regulate each other in
ischemic stroke [60]. The expression pattern change indicates that,
with the progression of stroke, targets of microRNAs and transcrip-
tion factors undergo certain regulation to exert their functions. For
example, at 6 h, targets of transcription factors STATs (Signal
Transducers and Activators of Transcription) increased, and at
12 h, decreased dramatically. The role of STATs have been reported
in neuronal injury and protection [61,62], and neuroinflammation
[63,64] in stroke. Interestingly, targets of miR-296 was elevated at
6 h, downregulated at 12 h, and at last, increased at 24 h. MiR-296
has been reported to regulated growth factor receptor overexpres-
sion in angiogenic endothelial cells [65], but its role in stroke
remains obscure.

Taken together, we performed an integrated analysis of the pro-
teome and transcriptome, revealing the landscape during stroke
progression in an MCAO mouse model, suggesting potential genes
and hub regulators during stroke progression.
Conclusions

In conclusion, the results of the present study reveal that the
inflammatory response, cytokine-cytokine receptor interaction,
innate immune response and ROS are very important pathways
that are active following a stroke. C3, Apoa4 and S100a9 may be
biomarkers or drug targets for stroke.
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