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Abstract: MicroRNAs (miRNAs) are a class of small, endogenous, noncoding RNAs. Recent research
has proven that miRNAs play an essential role in the occurrence and development of ischemic
stroke. Our previous studies confirmed that 20(R)-ginsenosideRg3 [20(R)-Rg3] exerts beneficial
effects on cerebral ischemia–reperfusion injury (CIRI), but its molecular mechanism has not been
elucidated. In this study, we used high-throughput sequencing to investigate the differentially
expressed miRNA and mRNA expression profiles of 20(R)-Rg3 preconditioning to ameliorate CIRI
injury in rats and to reveal its potential neuroprotective molecular mechanism. The results show
that 20(R)-Rg3 alleviated neurobehavioral dysfunction in MCAO/R-treated rats. Among these
mRNAs, 953 mRNAs were significantly upregulated and 2602 mRNAs were downregulated in
the model group versus the sham group, whereas 437 mRNAs were significantly upregulated and
35 mRNAs were downregulated in the 20(R)-Rg3 group in contrast with those in the model group.
Meanwhile, the expression profile of the miRNAs showed that a total of 283 differentially expressed
miRNAs were identified, of which 142 miRNAs were significantly upregulated and 141 miRNAs
were downregulated in the model group compared with the sham group, whereas 34 miRNAs were
differentially expressed in the 20(R)-Rg3 treatment group compared with the model group, with
28 miRNAs being significantly upregulated and six miRNAs being significantly downregulated.
Furthermore, 415 (391 upregulated and 24 downregulated) differentially expressed mRNAs and
22 (17 upregulated and 5 downregulated) differentially expressed miRNAs were identified to be
related to 20(R)-Rg3′s neuroprotective effect on stroke recovery. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) results showed that 20(R)-Rg3 could modulate multiple signaling pathways
related to these differential miRNAs, such as the cGMP-PKG, cAMP and MAPK signaling pathways.
This study provides new insights into the protective mechanism of 20(R)-Rg3 against CIRI, and the
mechanism may be partly associated with the regulation of brain miRNA expression and its target
signaling pathways.

Keywords: cerebral ischemia–reperfusion injury; 20(R)-ginsenoside Rg3; microRNAs; transcriptomics

1. Introduction

Ischemic stroke is an acute cerebrovascular disease that has become seriously harmful to
human health due to its high mortality, disability and recurrence rates [1]. Cerebral ischemia–
reperfusion injury (CIRI) is a pathological process of progressive aggravation of an ischemic
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injury that often occurs after the restoration of blood perfusion to a long time of ischemic
brain tissue [2]. At present, the main drug for the clinical treatment of ischemic stroke is a
recombinant human tissue plasminogen activator (rt-PA). However, its use has a strict time
window limitation (within 4.5 h of reperfusion) [3], and excessive rt-PA can increase the
risk of cerebral hemorrhage and edema [4]. Natural products, including plant extracts and
their bioactive metabolites, have played an important role in the prevention and treatment of
nervous system diseases [5]. Thus, it is especially urgent to discover new effective candidates
with precise curative effects and few adverse reactions from natural products to treat CIRI.

Ginsenosides are the active ingredients of Panax notoginseng, which has a long ap-
plication history in East Asian nations such as China, Korea and Japan. It has various
pharmacological effects, such as antiaging, anti-inflammatory and antitumor effects [6–8].
20(R)-ginsenoside Rg3 [20(R)-Rg3] is a monomeric compound of ginsenosides that is ex-
tracted and isolated from the traditional Chinese medicine Panax notoginseng (Figure 1).
Liu et al. [9] found that 20(R)-Rg3 can significantly improve oxidative stress of the SK-N-SH
neuroblastoma cells induced by H2O2. Our previous studies have confirmed that treatment
with 20(R)-Rg3 can improve neurological function, reduce the cerebral infarction volume
and inhibit the apoptosis of neural cells in a middle cerebral artery occlusion and reperfu-
sion (MCAO/R) rat model and oxygen-glucose deprivation/reperfusion (OGD/R) model
using SH-SY5Y cells [10,11]. Although the neuroprotective effect of 20(R)-Rg3 on CIRI has
been confirmed, the effect of subsequent 20(R)-Rg3 therapy on dysregulated microRNAs
(miRNAs) has not yet been fully elaborated.

MiRNAs are short non-coding RNAs with a length of 21–23 base pairs (bp) that work
as regulators of the expression of mRNA [12,13]. Studies have shown that a variety of
miRNAs participate in the regulation of CIRI by affecting multiple signaling pathways, such
as neuronal apoptosis, the inflammatory response and oxidative stress [14,15]. It has been
reported that miRNA-589 can be downregulated after CIRI and that the overexpression of
miRNA-589 reduces the inflammatory response by negatively regulating tumor necrosis
factor receptor-associated factor 6 (TRAF6) [16]. In addition, there are also studies that
indicate that the inhibitory effect of 20(R)-Rg3 on angiogenesis is likely related to the
upregulation of miRNA-520h expression [17]. However, there has been no report on the
mechanism of 20(R)-Rg3 treatment in attenuating CIRI in rats via integrative miRNA–
mRNA regulatory network analysis.

Transcriptomics is an emerging discipline focused on the regulation at the genomic
and/or transcriptomic levels containing cells or tissues from animal to human and reveals
the mechanism of gene expression regulation by studying the changes in the expression of
all RNA, including miRNA [18]. In this study, we applied a high-throughput sequencing
approach to study the expression profiles of differential miRNAs and mRNAs in nine rat
brain tissues from sham, MCAO/R- and 20(R)-Rg3-treated rats, and we also predicted the
miRNA target genes and combined them with bioinformatics technology to analyze the
biological function of target genes and possible signaling pathways. In this study, miRNAs
were determined as the cutoff point to explore the protective effect of 20(R)-Rg3 in an
MCAO/R model, and these novel findings may provide a theoretical and experimental
basis for revealing the potential molecular mechanism of 20(R)-Rg3 against CIRI.
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Figure 1. Chemical structure of 20(R)-ginsenoside Rg3. R: -glc(21)glc (glc: b-D-glucopyranosyl); 
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normal saline. TRIzol reagent was obtained from Ambion (Austin, TX, USA). An All-in-
one™ miRNA QRT-PCR Detection Kit (QP015) was bought from iGene Biotechnology 
Co., Ltd. (Guangzhou, China). The primers were synthesized by Wuhan Qingke Biotech-
nology Co., Ltd. (Wuhan, China). The other reagents and chemicals were of analytical 
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MCAO/R model, we selected rats with a body weight of 280–320 g [20]. Male grade SPF 
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27 rats were randomly divided into three groups as follows (n = 9): the sham group, 
MCAO/R group and 20(R)-Rg3 group. 
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to administer 20 mg/kg of 20(R)-Rg3 in this study [10]. In order to better assess the pre-
ventive and therapeutic effects of 20(R)-Rg3 and explore its potential molecular mecha-
nism, 20(R)-Rg3 was administered three times by intraperitoneal (i.p.) injection, and the 
dosing regimen was as follows: the first dose of 20(R)-Rg3 was given 12 h before surgery, 
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administered 12 h after reperfusion to these rats. 
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2. Materials and Methods
2.1. Drugs and Reagents

20(R)-Rg3 (purity > 99%) was generously supplied by Professor Cheng Zou (Kunming
Medical University, Kunming, China). 20(R)-Rg3 was dissolved in dimethyl sulfoxide
(DMSO), mixed with 10% Tween 80 for solubilization and diluted to 20 mg/mL with
normal saline. TRIzol reagent was obtained from Ambion (Austin, TX, USA). An All-in-
one™ miRNA QRT-PCR Detection Kit (QP015) was bought from iGene Biotechnology Co.,
Ltd. (Guangzhou, China). The primers were synthesized by Wuhan Qingke Biotechnology
Co., Ltd. (Wuhan, China). The other reagents and chemicals were of analytical grade.

2.2. Animals and Grouping

In order to reduce animal mortality and ensure the stability and reliability of the
MCAO/R model, we selected rats with a body weight of 280–320 g [20]. Male grade SPF
Sprague–Dawley rats were purchased from the Laboratory Animal Center of Kunming
Medical University (license number: SCXK (Yunnan) k2015-0002, Yunnan, China). Rats
were housed in a controlled environment maintained at 21–23 ◦C and 55% humidity. All
experimental protocols were approved by the Animal Care and Welfare Committee of
Kunming Medical University (Yunnan, China) and were performed in strict accordance
with the relevant Guidelines of the China Council on Animal Care and Use. In this study,
27 rats were randomly divided into three groups as follows (n = 9): the sham group,
MCAO/R group and 20(R)-Rg3 group.

Based on our previous study and the results of the preliminary experiment, we chose to
administer 20 mg/kg of 20(R)-Rg3 in this study [10]. In order to better assess the preventive
and therapeutic effects of 20(R)-Rg3 and explore its potential molecular mechanism, 20(R)-
Rg3 was administered three times by intraperitoneal (i.p.) injection, and the dosing regimen
was as follows: the first dose of 20(R)-Rg3 was given 12 h before surgery, followed the onset
of reperfusion by the second dose, and the third dose was immediately administered 12 h
after reperfusion to these rats.

2.3. MCAO/R Model

The MCAO/R rat model was replicated by referring to the method reported by
Bo He et al. [10]. Briefly, the rats were anesthetized using 2% isoflurane and fixed on the
surgical table, and the cervical hair was shaved with an electric razor. Then, a small incision
of approximately 3.0 cm was made along the medioventral line. The right common carotid
artery (CCA), internal carotid artery (ICA) and external carotid artery (ECA) were bluntly
exposed, and the distal portion of the ECA was ligated. A 0.24-mm nylon thread was
inserted into the middle cerebral artery at a depth of approximately 20 mm. The incision
was sutured, and the nylon suture was fixed firmly. The temperature of the rats was
maintained at 36.5 ± 0.5 ◦C with a heating lamp. After 2 h of ischemia, the nylon thread
was gently pulled out to allow reperfusion.

2.4. Neural Behavioral Test

At 24 h of reperfusion, the neurobehavioral score was assessed according to Longa’s
test [21]. Briefly, the scoring criteria were as follows: 0, no observable deficit; 1, partial
neurologic impairment (endoduction of the contralateral forelimb and not wholly stretched);
2, circling spontaneously to the contralateral side; 3, inability to contralaterally side and 4,
without spontaneous walking and some consciousness lost.

2.5. Open-Field Experiment

The open-field arena (100 cm × 100 cm × 40 cm) was placed in a dimly lit (40 lux)
room to reduce external interference. After the neural behavioral test, the rats were put into
the open-field arena and allowed to adapt to the environment for 5 min, and the movement
track, movement distance and average movement rate within 15 min were video recorded
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and measured. To avoid animal odor interference, the chamber was swabbed with 10%
alcohol cotton after testing each animal.

2.6. Hematoxylin–Eosin (HE) Staining

HE staining was performed to assay the pathological changes in the ischemic penum-
bra. After the neural behavioral test and open-field experiment, the rats were euthanized.
The rats were perfused with 0.9% normal saline and 4% paraformaldehyde through the
heart, and the brain tissue was embedded in paraffin and sliced into 4-µm-thick sections
for HE staining.

2.7. Sequencing Sample Preparation

Due to the limitations of the research funds and to ensure statistical significance with
the lowest number of animals, we randomly selected three rats in each group for the
sequencing experiment. The cerebral cortex was collected from three rats in each group,
and a 2 mm × 2 mm × 2 mm section from the ipsilateral ischemic penumbra was isolated,
placed into TRIzol reagent and stored in the refrigerator at −80 ◦C for sequencing.

2.8. miRNA Microarray Analysis

The total RNA of each sample was isolated with TRIzol reagent (Ambion, Austin, TX,
USA). A NanoPhotometer spectrophotometer (IMPLEN, Westlake Village, CA, USA) was
used to check the purity of the RNA. The Qubit B RNA Assay Kit on a Qubit 2.0 fluorometer
(Life Technologies, New York, NY, USA) was used to test the concentration of RNA. In
addition, in order to evaluate RNA integrity, we used the RNA Nano 6000 Assay Kit in the
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). After passing the
total RNA detection of the samples, the RNA libraries were prepared with a small RNA
Sample Prep Kit (Illumina, San Diego, CA, USA).

2.9. RT-PCR

We randomly selected 6 differentially expressed miRNAs and 6 differentially expressed
mRNAs for RT-PCR verification, and the primer sequences are shown in Table S1. The
All-In-One™ miRNA QRT-PCR Detection Kit was used to detect the miRNA levels in
the samples. RT-PCR was performed using a real-time PCR system (ABI7500; Applied
Biosystems, Carlsbad, CA, USA). The expression levels of the miRNA were normalized to
U6, and the relative quantities of the mRNA levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which were calculated by the 2−∆∆Ct method [22].

2.10. Prediction of miRNA-Targeted Genes and Construction of the miRNA–mRNA Network

To predict the candidate target genes of miRNAs, we chose the TargetScan (http:
//www.targetscan.org/, Cambridge, MA, USA. Accessed on 27 July 2021) and miRanda
(http://www.miranda.org/, Philmont, NM, USA. Accessed on 27 July 2021) databases.
The screening criteria were applied: correlation > 0.99 and p < 0.05. We selected those genes
that overlapped in both databases for the further functional analysis. Then, the functional
annotation of these genes of the differentially expressed miRNAs was performed with
DAVID v6.7. The miRNA–mRNA interaction network was constructed by using Cytoscape
software (v 3.5.2, Bethesda, MD, USA).

2.11. GO Analysis and KEGG Pathway Analysis

To further explore the functional roles of the differentially expressed protein-coding
genes, we performed Gene Ontology (GO) [23] category and Kyoto Encyclopedia of Genes
and Genomes (KEGG) [24] pathway analyses. The top twenty most significantly enriched
GO terms and KEGG pathways are presented.

http://www.targetscan.org/
http://www.targetscan.org/
http://www.miranda.org/
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2.12. Statistical Analysis

SPSS 18.0 software (IBM Corp., Chicago, IL, USA) was used for the analyses. All results
were expressed as the mean ± standard deviation. The two groups were compared using a
two-tailed Student’s t-test. Differential miRNAs were analyzed using the DEGseq (2010)
R package. The p-value was corrected using the q-value according to the method adopted
by Story [25]. A p-value less than 0.05 was considered statistically significantly different.

3. Results
3.1. 20(R)-Rg3 Can Improve Neurobehavioral Dysfunction in MCAO/R-Treated Rats

The open-field test and Longa neurological score were employed to observe the
neurobehavioral changes, and the results are shown in Figure 2. Compared with the
sham group, the total distance, the average speed of movement and the neurological score
were significantly decreased in the model group, while these changes were significantly
increased in comparison to the 20(R)-Rg3 group (p < 0.05 and p < 0.01, Figure 2A–D). The
HE staining results showed that, compared with neurocytes in the sham group, neurocytes
in the model group displayed a sparse and disordered arrangement with a blurred structure.
Neurocytes treated with 20(R)-Rg3 showed a relatively intact structure with an orderly
arrangement (Figure 2E). These results suggest that 20(R)-Rg3 can significantly improve
MCAO/R-induced brain injury and neurobehavioral dysfunction in rats.

3.2. Overview of mRNA and miRNA Sequencing

Through mRNA sequencing, we obtained a total of 859,304,654 raw reads (241,687,218
for the sham group, 316,916,154 for the model group and 300,701,282 for the 20(R)-Rg3
group). By comparing the uniquely mapped reads, a total of 669,582,916 data points to be
analyzed were found (213,951,465 for the sham group, 232,780,986 for the model group and
222,850,465 for the 20(R)-Rg3 group). The mapping rates of the sham group were 77.97%,
79.74% and 79.40%; those of the model group were 74.72%, 73.69% and 71.98% and those of
20(R)-Rg3 were 88.17%, 88.72% and 88.68%, respectively.

For miRNA sequencing, we generated 132,130,113 raw reads (32,216,409 for the sham
group, 51,127,624 for the model group and 48,786,080 for the 20(R)-Rg3 group). After
discarding the reads with low quality (the base number of SQ < = 20 accounts for more
than 30% of the whole read), a total of 130,475,920 data to be analyzed were retained
(31,725,247 for the sham operation group, 50,453,567 for the model group and 48,297,106
for the 20(R)-Rg3 group). The mapping rates of the sham group were 77.97%, 79.74% and
79.40%; those of the model group were 70.22%, 82.09% and 77.37% and those of 20(R)-Rg3
were 70.93%, 65.17% and 72.80%, respectively.

We screened miRNAs from the data to be analyzed of each sample and matched them
with the reference sequence. A total of 685 known mature miRNAs were detected, and 111
novel mature miRNAs and 111 miRNA precursors were revealed.

3.3. Cluster Analysis of Differentially Expressed mRNAs and miRNAs

We performed an integrated analysis of the mRNA and miRNA expression profiles,
and the results were visualized by hierarchical clustering heatmaps (Figure 3A), volcano
plots and Venn diagrams. We set a log2-fold change ≥ 1 and false discovery rate < 0.05
as the thresholds to reduce the false-positive rate. Compared with the sham group, a
total of 3555 mRNAs were differentially expressed in the model group, including 953
upregulated mRNAs and 2602 downregulated mRNAs (Figure 3B). Compared with the
model group, 472 mRNAs were differentially expressed in the 20(R)-Rg3 group. Among
them, 437 mRNAs were upregulated, and 35 mRNAs were downregulated (Figure 3C). The
mRNA sequencing results are shown in Table S2. To further analyze the expression profiles
of differential mRNAs, we selected the intersection of 953 upregulated mRNAs in the model
group and 35 downregulated mRNAs in the 20(R)-Rg3 group to obtain 24 differentially
expressed mRNAs (Figure 3D); 2602 downregulated mRNAs in the model group and
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437 upregulated mRNAs in the 20(R)-Rg3 group were used to collect 391 differentially
expressed mRNAs (Figure 3E).
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Figure 2. Assessment of neurobehavior following 20(R)-Rg3 treatment in rats with MCAO/R injury.
The open-field test and neurobehavioral scoring were performed in rats that underwent cerebral
ischemia-reperfusion injury (2 h/24 h). (A) Track plot of the rats during the open-field test. (B) The
average speed of movement traveled as measured with the open-field test. (C) The total distance
traveled in the open-field test. (D) Statistical analysis of the Longa’s test scores. (E) Representative
images of brain tissue in rats by HE staining (scale bar = 100 µm). Data are represented as the
mean ± SD, * p < 0.05, n = 9 per group.



Molecules 2022, 27, 1573 7 of 14
Molecules 2022, 27, 1573 8 of 16 
 

 

 
Figure 3. Screening for differential mRNA expression. (A) Hierarchical clustering heatmap of the 
differential mRNA expression. Blue represents downregulated mRNA, red represents upregulated 
mRNA and the darker the color, the more significant the mRNA difference. (B,C) Volcano plots of 
the differential mRNA expression. (D,E) Venn diagrams of the differential mRNA expression. 

3.4. Validation of the Sequencing Data by Quantitative RT-PCR Analysis 
We randomly selected and confirmed the expression of six mRNAs and six miRNAs 

with significant expression differences by qRT-PCR to confirm the accuracy of the se-
quencing results. The results showed that, compared with the sham group, the expression 
trends of mRNA and miRNA in the model group were consistent with the sequencing 
results (Figure 5). Meanwhile, compared with the model group, the expressions of the 
above mRNAs and miRNAs in the 20(R)-Rg3 group showed a similar trend to the se-
quencing results. Thus, the results of the qRT-PCR were in good agreement with the RNA 
sequencing data. 

Figure 3. Screening for differential mRNA expression. (A) Hierarchical clustering heatmap of the
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The differential expression miRNAs were visualized by hierarchical clustering heatmaps
(Figure 4A). Compared with the sham group, there were 283 miRNA changes in the model
group, including 142 upregulated miRNAs and 141 downregulated miRNAs (Figure 4B).
It was found that there were 34 differentially expressed miRNAs in the 20(R)-Rg3 group
compared to the model group: six miRNAs were downregulated, and 28 miRNAs were
upregulated (Figure 4C). The miRNA sequencing results are shown in Table S3. We also
created a Venn diagram to show the intersection among the three groups for the expression
profiles of differential miRNAs. A Venn diagram showed that there were five intersection
miRNAs from 142 upregulated miRNAs in the model group and six downregulated miRNAs
in the 20(R)-Rg3 group (Figure 4D) and 17 intersection miRNAs from 141 downregulated
miRNAs in the model group and 28 upregulated miRNAs in the 20(R)-Rg3 group (Figure 4E).
It is suggested that 20(R)-Rg3 treatment could reverse, to a large extent, these transcriptomic
alterations induced by MCAO/R.
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3.4. Validation of the Sequencing Data by Quantitative RT-PCR Analysis

We randomly selected and confirmed the expression of six mRNAs and six miRNAs
with significant expression differences by qRT-PCR to confirm the accuracy of the sequenc-
ing results. The results showed that, compared with the sham group, the expression trends
of mRNA and miRNA in the model group were consistent with the sequencing results
(Figure 5). Meanwhile, compared with the model group, the expressions of the above mR-
NAs and miRNAs in the 20(R)-Rg3 group showed a similar trend to the sequencing results.
Thus, the results of the qRT-PCR were in good agreement with the RNA sequencing data.
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Figure 5. Validation of the transcript expression of the mRNAs and miRNAs by real-time quantitative
polymerase chain reaction. (A) Differentially expressed mRNAs and miRNAs in the sham group
and model group were randomly selected. (B) Differentially expressed mRNAs and miRNAs in the
model group and 20®-Rg3 group were randomly selected.

3.5. GO Analysis and KEGG Pathway Enrichment Analysis

To understand the function of differentially expressed miRNAs, we assessed the pre-
dicted molecular function and pathway by using RNAhybrid and miRanda software. GO
function enrichment items included three aspects: biological process (BP), cellular compo-
nent (CC) and molecular function (MF). The GO items of the target genes in the sham group
and the model group are shown in Figure 6A; in the BP, the response to external stimulus
(GO: 0009605), informational response (GO: 0006954) and defense response (GO: 0006952)
were the top three GO terms; in the CC, the extracellular region (GO: 0005576), extracellular
space (GO: 0005615) and extracellular region part (GO: 0044421) were the top three GO
terms and in the MF, protein binding (GO: 0005515), protein-containing complex binding
(GO: 0044877) and binding (GO: 0005488) were the top three GO terms. The GO items of the
target genes in the model group and the 20(R)-Rg3 group are shown in Figure 6B; in the BP,
positive regulation of the biological process (GO:0048518) and regulation of the response to
stimulus (GO:0048583) and response of stress (GO:0006950) were the top three GO terms;
in the CC, the extracellular region (GO:0005576), extracellular space (GO:0005615) and
plasma membrane part (GO:0044459) were the top three GO terms and in the MF, binding
(GO:0005488), signaling receptor binding (GO:0005102) and protein binding (GO:0005515)
were the top three GO terms. The top 20 differentially enriched pathways identified
by KEGG pathway analysis are shown in Figure 6C and were mainly enriched in the
ECM–receptor interaction and cGMP-PKG, cAMP and MAPK signaling pathways.

3.6. Construction of the miRNA-Target Regulation Network

We analyzed the predicted and validated differentially expressed miRNAs and target
genes, counted the miRNAs and mRNAs with a degree of more than 20 and constructed
the miRNA–target gene regulation network by using Cytoscape software. As shown in
Figure 7, 10 out of the predicted miRNAs were chosen after taking the intersection of the
predicted genes. Then, it was observed that 10 differentially expressed miRNAs could
target 85 differentially expressed target genes from three different databases. These results
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indicated that 20(R)-Rg3 may exert neuroprotective effects against CIRI by modulating the
expression of multiple differentially expressed miRNAs and their target genes.
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4. Discussion

Cerebral ischemia–reperfusion injury is caused by the restoration of blood supply
after cerebral tissue ischemia for a certain period of time. A series of pathophysiological
changes occur following cerebral ischemia–reperfusion, including disturbance of the ion
balance and energy metabolism, inflammation, excitatory amino acid toxicity, oxidative
stress and apoptosis [26]. The method of MCAO/R is a classical model of CIRI that
can simulate human stroke with good stability and high repeatability [27]. Previous
studies have reported that the monomer compound 20(R)-Rg3 has anti-inflammatory and
antioxidant effects. Li et al. [28] found that 20(R)-Rg3 significantly inhibited the oxidative
stress induced by d-galactose in the liver and kidneys, increased the levels of catalase
(CAT) and superoxide dismutase (SOD) and reduced the contents of malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE). Its mechanism may be related to the activation
of the PI3K/Akt signaling pathway. Ahn et al. [29] found that 20(R)-Rg3 can reduce
the expression of tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and inducible
nitric oxide synthase (iNOS) in Aβ-induced microglia and play a neuroprotective role by
inhibiting the inflammatory response. Yoon et al. [30] demonstrated that 20(R)-Rg3 could
suppress both lethal endotoxic shock and S-nitrosylation of the NLRP3 inflammasome
by inhibiting nitric oxide (NO) production through the regulation of iNOS expression.
These studies suggest that 20(R)-Rg3 may serve as a candidate therapeutic agent for
both inflammatory and oxidative stress-related diseases. Many studies on the potential
mechanism of action of 20(R)-Rg3 are limited to a single target and/or pathway, which
fails to reflect the “multiple target and multiple pathway” neuroprotective effect. In this
study, we performed high-throughput sequencing to explore the differentially expressed
genes and miRNAs of 20(R)-Rg3 and offers a molecular basis to further understand the
protective mechanism of 20(R)-Rg3 in the treatment of CIRI.

First, the treatment of 20(R)-Rg3 significantly ameliorated neurobehavioral impairment
in MCAO/R-induced rats, measured by using neurobehavioral scores and the open-field
test. Then, in this study, we found that neurocytes in the model group appeared in a sparse
and disordered arrangement with a blurred structure. By contrast, in the 20(R)-Rg3 group,
the neurocytes displayed a relatively intact structure with an orderly arrangement. It has
been reported that MCAO/R induced ischemic neuron injury and microglial activation [31].
The activation of microglia is a key factor in neuron loss, and attention to the microglia
can provide an opportunity to intervene with drugs or genetic markers for post-stroke
treatment [32,33]. Previous studies have confirmed that 20(R)-Rg3 can inhibit microglial
responses and play a neuroprotective role at the cellular level [29,34]. In this study, we
confirmed the protective effect of 20(R)-Rg3 on neurons in the MCAO/R model, but the
effect of 20(R)-Rg3 on the microglia will be further explored in our future work.

In addition, we used the Illumina HiSeq TM2500 platform to sequence the brain tissue
from the cerebral infarct area in the sham, MCAO/R and 20(R)-Rg3 groups, and a total of
669,582,916 mRNAs and 130,475,920 miRNAs were obtained. Our results showed that there
were 3555 (953 upregulation and 2602 downregulation) differentially expressed mRNAs be-
tween the sham group and model group and 472 (437 upregulation and 35 downregulation)
differentially expressed genes between the model group and 20(R)-Rg3 group. In all,
283 (142 upregulated and 141 downregulated) differentially expressed miRNAs were
found between the sham group and the model group, and 34 (28 upregulated and six
downregulated) differentially expressed miRNAs were obtained between the model group
and 20(R)-Rg3 group. The Venn diagrams showed that 20(R)-Rg3 treatment regulates
415 (391 up- and 24 downregulated) differentially expressed mRNAs and 22 (17 up- and
five downregulated) differentially expressed miRNAs in MCAO/R-treated rats. Further-
more, the GO functional analysis and KEGG enrichment analysis were performed to explore
the target genes of differentially expressed mRNAs and miRNAs. The miRNA–mRNA net-
work diagram was constructed to explore the effect and underlying molecular mechanism
of the protective role of 20(R)-Rg3 against CIRI.
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It has been reported that the expression of multiple genes/pathways is regulated after
CIRI. Jeyaseelan et al. [35] performed a miRNA sequencing analysis to identify differen-
tially expressed genes between normal and MCAO rats and found that the expression of
these genes, such as transgelin (TAGLN), vimentin (VIM) and prostaglandin E synthase
(PTGES), was significantly altered. The results obtained by Meng et al. [36] showed that
817 differentially expressed mRNAs were related to the neuroprotective effect of Panax
notoginseng on stroke recovery by sequencing. Liu et al. [37] investigated the protective
effect of β-cyanide on CIRI in rats by using mRNA sequencing and found 411 differentially
expressed mRNAs—among which, the Pax1, Cxcl3 and Ccl20 genes were significantly al-
tered. In our study, 415 mRNAs were found to be associated with the effect of 20(R)-Rg3 on
stroke recovery, while the expression of these genes, such as Tagln, Vim, Ptges, Pax1, Cxcl3
and Ccl20, was also significantly altered in our sequencing results. In the present study,
we found that 20(R)-Rg3 may play a protective role against CIRI through the targeting of
multiple mRNAs.

Studies have confirmed that changes in the miRNA expression profile can be used as
potential diagnostic and therapeutic biomarkers of nervous system-related diseases [38].
Duan et al. [39] used the high-throughput sequencing method to detect the changes in
differentially expressed miRNAs between normal and MCAO/R rats and found that,
compared with the normal group, 37 differentially expressed miRNAs in the MCAO/R
group were increased, such as miR-155-5p, miR-223-3p and miR-183-5p. Zou et al. [40]
constructed a miRNA–mRNA expression network through sequencing to explore the
neuroprotective effect of biliverdin on CIRI in rats and identified 81 miRNAs related to the
protective effect of biliverdin against CIRI. In this study, we found that 283 (142 up- and
141 downregulated) miRNAs were associated with CIRI in the MCAO/R group compared
with the sham group, and 34 (28 up- and six downregulated) miRNAs were related to the
neuroprotective effect of 20(R)-Rg3 for the treatment of CIRI. In this study, we showed that
20(R)-Rg3 may play a protective role against CIRI by regulating multiple miRNAs, and the
underlying mechanism remains to be further explored.

GO analysis can gain an understanding of the biological properties of target genes and
clarify the changes in gene functions through sample differences in the experiment [41,42],
which can more accurately calculate the probability of GO items enriched for different
genes [43]. Duan et al. [44] conducted a GO enrichment analysis on the differentially
expressed genes in normal and MCAO/R rats, suggesting that the significantly highly
enriched CC items in the model group included the cell surface, vesicles and cytoplasmic
cells, and the most enriched MF item was protein binding. In the present study, we found
that the enriched GO terms in the miRNA target genes were protein binding, cell surface,
vesicles and cytoplasmic cells.

KEGG analysis is a primary public database of signaling pathways that can be used to
find key genes related to diseases [45]. The pathological process of CIRI is complex, and
it has been confirmed that a variety of miRNAs are involved in the regulation of signal
pathway transduction in the occurrence and development of CIRI [46–48]. Yuen et al. [49]
showed that erythropoietin and cyclosporine treatment can mitigate ischemic brain damage
by inhibiting inflammation after acute ischemic stroke in rats, and its molecular mechanism
was principally associated with the MAPK signaling pathway. Gao et al. [50] found that
ginsenoside Rb1 can promote neurotransmitter release and improve functional recovery
after stroke via the cAMP pathway. Meng et al. [36] revealed that Panax notoginseng has a
protective effect on cerebral ischemia and that its possible molecular mechanisms involve
the Rap1, cAMP, and cGMP-PKG signaling pathways. Our results showed that these
pathways were potentially related to the neuroprotective effect of 20(R)-Rg3, including the
cGMP-PKG, cAMP and MAPK signaling pathways, and the specific mechanisms of action
and regulation of these signaling pathways warrant further investigation.

It has been reported that the inhibition of miR-19a-3p can alleviate CIRI by improving
inflammation and apoptosis in vivo and in vitro [51]. Wang et al. [52] found that ginseno-
side Rb1 can increase the expression of miR-130b-5p in the spinal cord tissues of rats after
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spinal cord injury and decrease the expression of inflammatory factors. Mota et al. [53]
found that resveratrol treatment can reduce the expression of Tgfb1 and inflammatory
factors in MCAO/R mice. Zhang et al. [54] found that treatment with RT-PA and 2-(2-
Benzofu-Ranyl)-2-imidazoline could alleviate brain injury induced by delayed thrombolysis
and reduce the expression of intercellular adhesion molecule 1 (ICAM1). In the present
study, we constructed a miRNA–mRNA interaction network diagram and revealed that
multiple differentially expressed miRNAs (miR-204-3p, miR-449a-5p and miR-21-3p) could
regulate the expression of target genes such as Tgfb1, ICAM1 and GFAP. Nevertheless,
the interaction mechanisms of miRNA–mRNA that underlie 20(R)-Rg3 neuroprotection
deserve further study.

5. Conclusions

In summary, our results suggest that 20(R)-Rg3 can improve neurobehavioral dysfunc-
tion in rats following MCAO/R. The molecular mechanism may be related to changes in
the cGMP-PKG, cAMP and MAPK signaling pathways. These differentially expressed miR-
NAs, genes and pathways could serve as potential targets of therapy for further research
on the neuroprotective effect of 20(R)-Rg3 in ischemic stroke.
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expressed miRNAs associated with the effect of 20(R)-ginsenoside Rg3 on stroke recovery.

Author Contributions: Writing—original draft preparation, R.Z. and D.-Y.C.; data curation, X.-C.Z.
and Y.Y.; methodology, R.-H.Y.; validation, X.-W.L.; supervision, P.C.; project administration, Z.-Q.S.;
writing—review and editing, B.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of China
(nos. 81860665 and 81660613) and a joint key project of Kunming Medical University and Yunnan
Provincial Department of Science and Technology (2019FE001-191 and 202001AY070001-157).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Welfare Committee of Kunming Medical University (approval code: KMMU20200039,
approval date: 30 March 2020) and was performed in strict accordance with the relevant Guidelines
of the China Council on Animal Care and Use.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Cheng Zou and Xiao-feng Zeng for their grateful
help in the process of this experience.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Navis, A.; Garcia-Santibanez, R.; Skliut, M. Epidemiology and Outcomes of Ischemic Stroke and Transient Ischemic Attack in the

Adult and Geriatric Population. J. Stroke Cerebrovasc. Dis. 2019, 28, 84–89. [CrossRef]
2. He, R.; Jiang, Y.; Shi, Y.; Liang, J.; Zhao, L. Curcumin-laden exosomes target ischemic brain tissue and alleviate cerebral ischemia-

reperfusion injury by inhibiting ROS-mediated mitochondrial apoptosis. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 117, 111314.
[CrossRef] [PubMed]

3. Marshall, R.S. Image-Guided Intravenous Alteplase for Stroke-Shattering a Time Window. N. Engl. J. Med. 2019, 380, 1865–1866.
[CrossRef] [PubMed]

4. Loscalzo, J. New Therapeutic Agents in Thrombosis and Thrombolysis, Revised and Expanded, 2nd ed.; CRC Press: Boca Raton, FL,
USA, 2002.

5. Rehman, M.U.; Wali, A.F.; Ahmad, A.; Shakeel, S.; Rasool, S.; Ali, R.; Rashid, S.M.; Madkhali, H.; Ganaie, M.A.; Khan, R.
Neuroprotective Strategies for Neurological Disorders by Natural Products: An update. Curr. Neuropharmacol. 2019, 17, 247–267.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jstrokecerebrovasdis.2018.09.013
http://doi.org/10.1016/j.msec.2020.111314
http://www.ncbi.nlm.nih.gov/pubmed/32919674
http://doi.org/10.1056/NEJMe1904791
http://www.ncbi.nlm.nih.gov/pubmed/31067378
http://doi.org/10.2174/1570159X16666180911124605
http://www.ncbi.nlm.nih.gov/pubmed/30207234


Molecules 2022, 27, 1573 13 of 14

6. Yan, S.; Li, Z.; Li, H.; Arancio, O.; Zhang, W. Notoginsenoside R1 increases neuronal excitability and ameliorates synaptic and
memory dysfunction following amyloid elevation. Sci. Rep. 2014, 4, 6352. [CrossRef] [PubMed]

7. Yue, P.Y.; Wong, D.Y.; Wu, P.K.; Leung, P.Y.; Mak, N.K.; Yeung, H.W.; Liu, L.; Cai, Z.; Jiang, Z.H.; Fan, T.P.; et al. The
angiosuppressive effects of 20(R)-ginsenoside Rg3. Biochem. Pharmacol. 2006, 72, 437–445. [CrossRef] [PubMed]

8. Liu, L.; Anderson, G.A.; Fernandez, T.G.; Dore, S. Efficacy and Mechanism of Panax Ginseng in Experimental Stroke. Front.
Neurosci. 2019, 13, 294. [CrossRef]

9. Li, G.; Zhang, X.X.; Lin, L.; Liu, X.N.; Ma, C.J.; Li, J.; Wang, C.B. Preparation of Ginsenoside Rg3 and Protection against
H2O2-Induced Oxidative Stress in Human Neuroblastoma SK-N-SH Cells. J. Chem. 2014, 2014, 1–6. [CrossRef]

10. He, B.; Chen, P.; Yang, J.; Yun, Y.; Zhang, X.; Yang, R.; Shen, Z. Neuroprotective effect of 20(R)-ginsenoside Rg(3) against transient
focal cerebral ischemia in rats. Neurosci. Lett. 2012, 526, 106–111. [CrossRef]

11. He, B.; Chen, P.; Xie, Y.; Li, S.; Zhang, X.; Yang, R.; Wang, G.; Shen, Z.; Wang, H. 20(R)-Ginsenoside Rg3 protects SH-SY5Y cells
against apoptosis induced by oxygen and glucose deprivation/reperfusion. Bioorganic Med. Chem. Lett. 2017, 27, 3867–3871.
[CrossRef]

12. Li, L.; Dong, L.; Zhao, J.; He, W.; Chu, B.; Zhang, J.; Wu, Z.; Zhao, C.; Cheng, J.; Yao, W.; et al. Circulating miRNA-3552 as a
Potential Biomarker for Ischemic Stroke in Rats. BioMed Res. Int. 2020, 2020, 1–12. [CrossRef]

13. Tian, R.; Wu, B.; Fu, C.; Guo, K. miR-137 prevents inflammatory response, oxidative stress, neuronal injury and cognitive
impairment via blockade of Src-mediated MAPK signaling pathway in ischemic stroke. Aging 2020, 12, 10873–10895. [CrossRef]

14. Vinciguerra, A.; Formisano, L.; Cerullo, P.; Guida, N.; Cuomo, O.; Esposito, A.; Di Renzo, G.; Annunziato, L.; Pignataro, G.
MicroRNA-103-1 selectively downregulates brain NCX1 and its inhibition by anti-miRNA ameliorates stroke damage and
neurological deficits. Mol. Ther. 2014, 22, 1829–1838. [CrossRef]

15. Rink, C.; Khanna, S. MicroRNA in ischemic stroke etiology and pathology. Physiol. Genom. 2011, 43, 521–528. [CrossRef]
16. Ma, G.P.; Yang, B.Z.; Zhang, Y.S.; Wang, B.; Wei, X.H.; Zhang, R.F.; Jia, K.H.; Gao, J.P. Protective effects of miRNA-589 on cerebral

ischemia-reperfusion injury. J. Biol. Regul. Homeost. Agents 2020, 34, 1269–1275.
17. Keung, M.H.; Chan, L.S.; Kwok, H.H.; Wong, R.N.; Yue, P.Y. Role of microRNA-520h in 20(R)-ginsenoside-Rg3-mediated

angiosuppression. J. Ginseng Res. 2016, 40, 151–159. [CrossRef]
18. He, S.; Li, A.; Zhang, W.; Zhang, L.; Liu, Y.; Li, K.; Qin, X. An integrated transcriptomics and network pharmacology approach to

exploring the mechanism of adriamycin-induced kidney injury. Chem. Biol. Interact. 2020, 325, 109096. [CrossRef]
19. Liu, L.; Zhu, X.M.; Wang, Q.J.; Zhang, D.L.; Fang, Z.M.; Wang, C.Y.; Wang, Z.; Sun, B.S.; Wu, H.; Sung, C.K. Enzymatic preparation

of 20(S, R)-protopanaxadiol by transformation of 20(S, R)-Rg3 from black ginseng. Phytochemistry 2010, 71, 1514–1520. [CrossRef]
20. Tang, Q.; Han, R.; Xiao, H.; Shi, L.; Shen, J.; Lun, Q.; Li, J. Role of suture diameter and vessel insertion position in the establishment

of the middle cerebral artery occlusion rat model. Exp. Ther. Med. 2013, 5, 1603–1608. [CrossRef]
21. Wang, J.F.; Mei, Z.G.; Fu, Y.; Yang, S.B.; Zhang, S.Z.; Huang, W.F.; Xiong, L.; Zhou, H.J.; Tao, W.; Feng, Z.T. Puerarin protects rat

brain against ischemia/reperfusion injury by suppressing autophagy via the AMPK-mTOR-ULK1 signaling pathway. Neural
Regen. Res. 2018, 13, 989–998.

22. Zhang, L.; Dong, R.; Wei, S.; Zhou, H.C.; Zhang, M.X.; Alagarsamy, K. A novel data processing method CyC* for quantitative real
time polymerase chain reaction minimizes cumulative error. PLoS ONE 2019, 14, e0218159. [CrossRef]

23. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.;
et al. Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25–29. [CrossRef]
[PubMed]

24. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef] [PubMed]
25. Storey, J.D.; Tibshirani, R. Statistical significance for genomewide studies. Proc. Natl. Acad. Sci. USA 2003, 100, 9440–9445.

[CrossRef] [PubMed]
26. Cheng, Z.; Zhang, M.; Ling, C.; Zhu, Y.; Ren, H.; Hong, C.; Qin, J.; Liu, T.; Wang, J. Neuroprotective Effects of Ginsenosides

against Cerebral Ischemia. Molecules 2019, 24, 1102. [CrossRef] [PubMed]
27. Fluri, F.; Schuhmann, M.K.; Kleinschnitz, C. Animal models of ischemic stroke and their application in clinical research. Drug Des.

Dev. Ther. 2015, 9, 3445–3454.
28. Li, W.; Wang, J.Q.; Zhou, Y.D.; Hou, J.G.; Liu, Y.; Wang, Y.P.; Gong, X.J.; Lin, X.H.; Jiang, S.; Wang, Z. Rare Ginsenoside 20(R)-Rg3

Inhibits D-Galactose-Induced Liver and Kidney Injury by Regulating Oxidative Stress-Induced Apoptosis. Am. J. Chin. Med.
2020, 48, 1141–1157. [CrossRef]

29. Ahn, J.W.; Jang, S.K.; Jo, B.R.; Kim, H.S.; Park, J.Y.; Park, H.Y.; Yoo, Y.M.; Joo, S.S. A therapeutic intervention for Alzheimer’s
disease using ginsenoside Rg3: Its role in M2 microglial activation and non-amyloidogenesis. J. Physiol. Pharmacol. 2021,
72, 185–193.

30. Yoon, S.J.; Park, J.Y.; Choi, S.; Lee, J.B.; Jung, H.; Kim, T.D.; Yoon, S.R.; Choi, I.; Shim, S.; Park, Y.J. Ginsenoside Rg3 regulates
S-nitrosylation of the NLRP3 inflammasome via suppression of iNOS. Biochem. Biophys. Res. Commun. 2015, 463, 1184–1189.
[CrossRef]

31. Morioka, T.; Kalehua, A.N.; Streit, W.J. Characterization of microglial reaction after middle cerebral artery occlusion in rat brain. J.
Comp. Neurol. 1993, 327, 123–132. [CrossRef]

http://doi.org/10.1038/srep06352
http://www.ncbi.nlm.nih.gov/pubmed/25213453
http://doi.org/10.1016/j.bcp.2006.04.034
http://www.ncbi.nlm.nih.gov/pubmed/16793023
http://doi.org/10.3389/fnins.2019.00294
http://doi.org/10.1155/2014/848571
http://doi.org/10.1016/j.neulet.2012.08.022
http://doi.org/10.1016/j.bmcl.2017.06.045
http://doi.org/10.1155/2020/4501393
http://doi.org/10.18632/aging.103301
http://doi.org/10.1038/mt.2014.113
http://doi.org/10.1152/physiolgenomics.00158.2010
http://doi.org/10.1016/j.jgr.2015.07.002
http://doi.org/10.1016/j.cbi.2020.109096
http://doi.org/10.1016/j.phytochem.2010.05.007
http://doi.org/10.3892/etm.2013.1046
http://doi.org/10.1371/journal.pone.0218159
http://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://doi.org/10.1073/pnas.1530509100
http://www.ncbi.nlm.nih.gov/pubmed/12883005
http://doi.org/10.3390/molecules24061102
http://www.ncbi.nlm.nih.gov/pubmed/30897756
http://doi.org/10.1142/S0192415X20500561
http://doi.org/10.1016/j.bbrc.2015.06.080
http://doi.org/10.1002/cne.903270110


Molecules 2022, 27, 1573 14 of 14

32. Miyajima, N.; Ito, M.; Rokugawa, T.; Iimori, H.; Momosaki, S.; Omachi, S.; Shimosegawa, E.; Hatazawa, J.; Abe, K. Detection of
neuroinflammation before selective neuronal loss appearance after mild focal ischemia using [18F] DPA-714 imaging. EJNMMI
Res. 2018, 8, 43. [CrossRef]

33. Vicidomini, C.; Panico, M.; Greco, A.; Gargiulo, S.; Coda, A.R.; Zannetti, A.; Gramanzini, M.; Roviello, G.N.; Quarantelli, M.;
Alfano, B.; et al. In vivo imaging and characterization of [18F] DPA-714, a potential new TSPO ligand, in mouse brain and
peripheral tissues using small-animal PET. Nucl. Med. Biol. 2015, 42, 309–316. [CrossRef]

34. Joo, S.S.; Yoo, Y.M.; Ahn, B.W.; Nam, S.Y.; Kim, Y.B.; Hwang, K.W.; Lee, D.I. Prevention of inflammation-mediated neurotoxicity
by Rg3 and its role in microglial activation. Biol. Pharm. Bull. 2008, 31, 1392–1396. [CrossRef]

35. Jeyaseelan, K.; Lim, K.Y.; Armugam, A. MicroRNA expression in the blood and brain of rats subjected to transient focal ischemia
by middle cerebral artery occlusion. Stroke 2008, 39, 959–966. [CrossRef]

36. Meng, L.; Huang, Q.; Li, X.; Liang, P.; Li, Y.; Huang, X.; Zhao, J.; Chen, Q.; Qiu, R.; Li, L.; et al. Genes Induced by Panax
Notoginseng in a Rodent Model of Ischemia-Reperfusion Injury. J. Immunol. Res. 2020, 2020, 1–13. [CrossRef]

37. Liu, S.; Liu, J.; Wang, Y.; Deng, L.; Chen, S.; Wang, X.; Zuo, T.; Hu, Q.; Rao, J.; Wang, Q.; et al. Differentially expressed genes
induced by beta-caryophyllene in a rat model of cerebral ischemia-reperfusion injury. Life Sci. 2021, 273, 119293. [CrossRef]

38. Sakaue, S.; Hirata, J.; Maeda, Y.; Kawakami, E.; Nii, T.; Kishikawa, T.; Ishigaki, K.; Terao, C.; Suzuki, K.; Akiyama, M.; et al.
Integration of genetics and miRNA-target gene network identified disease biology implicated in tissue specificity. Nucleic Acids
Res. 2018, 46, 11898–11909. [CrossRef]

39. Duan, X.; Gan, J.; Peng, D.Y.; Bao, Q.; Xiao, L.; Wei, L.; Wu, J. Identification and functional analysis of microRNAs in rats following
focal cerebral ischemia injury. Mol. Med. Rep. 2019, 19, 4175–4184. [CrossRef]

40. Zou, Z.Y.; Liu, J.; Chang, C.; Li, J.J.; Luo, J.; Jin, Y.; Ma, Z.; Wang, T.H.; Shao, J.L. Biliverdin administration regulates the
microRNA-mRNA expressional network associated with neuroprotection in cerebral ischemia reperfusion injury in rats. Int. J.
Mol. Med. 2019, 43, 1356–1372. [CrossRef]

41. Gene Ontology Consortium. Gene Ontology Consortium: Going forward. Nucleic Acids Res. 2015, 43, D1049–D1056. [CrossRef]
42. Peng, J.; Lu, G.; Xue, H.; Wang, T.; Shang, X. TS-GOEA: A web tool for tissue-specific gene set enrichment analysis based on gene

ontology. BMC Bioinform. 2019, 20, 572. [CrossRef] [PubMed]
43. Denny, P.; Feuermann, M.; Hill, D.P.; Lovering, R.C.; Plun-Favreau, H.; Roncaglia, P. Exploring autophagy with Gene Ontology.

Autophagy 2018, 14, 419–436. [CrossRef] [PubMed]
44. Duan, X.; Gan, J.; Xu, F.; Li, L.; Han, L.; Peng, C.; Bao, Q.; Xiao, L.; Peng, D. RNA Sequencing for Gene Expression Profiles in a Rat

Model of Middle Cerebral Artery Occlusion. BioMed Res. Int. 2018, 2018, 1–14. [CrossRef] [PubMed]
45. Kanehisa, M.; Sato, Y.; Kawashima, M.; Furumichi, M.; Tanabe, M. KEGG as a reference resource for gene and protein annotation.

Nucleic Acids Res. 2016, 44, D457–D462. [CrossRef]
46. Tang, T.; Gao, D.; Yang, X.; Hua, X.; Li, S.; Sun, H. Exogenous Netrin-1 Inhibits Autophagy of Ischemic Brain Tissues and Hypoxic

Neurons via PI3K/mTOR Pathway in Ischemic Stroke. J. Stroke Cerebrovasc. Dis. 2019, 28, 1338–1345. [CrossRef]
47. Wang, J.; Wan, D.; Wan, G.; Wang, J.; Zhang, J.; Zhu, H. Catalpol induces cell activity to promote axonal regeneration via the

PI3K/AKT/mTOR pathway in vivo and in vitro stroke model. Ann. Transl. Med. 2019, 7, 756. [CrossRef] [PubMed]
48. Hou, Y.; Wang, K.; Wan, W.; Cheng, Y.; Pu, X.; Ye, X. Resveratrol provides neuroprotection by regulating the JAK2/STAT3/PI3K/AKT/

mTOR pathway after stroke in rats. Genes Dis. 2018, 5, 245–255. [CrossRef]
49. Yuen, C.M.; Yeh, K.H.; Wallace, C.G.; Chen, K.H.; Lin, H.S.; Sung, P.H.; Chai, H.T.; Chen, Y.L.; Sun, C.K.; Chen, C.H.; et al.

EPO-cyclosporine combination therapy reduced brain infarct area in rat after acute ischemic stroke: Role of innate immune-
inflammatory response, micro-RNAs and MAPK family signaling pathway. Am. J. Transl. Res. 2017, 9, 1651–1666.

50. Gao, X.; Zhang, X.; Cui, L.; Chen, R.; Zhang, C.; Xue, J.; Zhang, L.; He, W.; Li, J.; Wei, S.; et al. Ginsenoside Rb1 Promotes Motor
Functional Recovery and Axonal Regeneration in Post-stroke Mice through cAMP/PKA/CREB Signaling Pathway. Brain Res.
Bull. 2020, 154, 51–60. [CrossRef]

51. Chai, Z.; Gong, J.; Zheng, P.; Zheng, J. Inhibition of miR-19a-3p decreases cerebral ischemia/reperfusion injury by targeting
IGFBP3 in vivo and in vitro. Biol. Res. 2020, 53, 17. [CrossRef]

52. Wang, D.; Zhao, S.; Pan, J.; Wang, Z.; Li, Y.; Xu, X.; Yang, J.; Zhang, X.; Wang, Y.; Liu, M. Ginsenoside Rb1 attenuates microglia
activation to improve spinal cord injury via microRNA-130b-5p/TLR4/NF-kappaB axis. J. Cell. Physiol. 2021, 236, 2144–2155.
[CrossRef]

53. Mota, M.; Porrini, V.; Parrella, E.; Benarese, M.; Bellucci, A.; Rhein, S.; Schwaninger, M.; Pizzi, M. Neuroprotective epi-drugs
quench the inflammatory response and microglial/macrophage activation in a mouse model of permanent brain ischemia. J.
Neuroinflamm. 2020, 17, 361. [CrossRef]

54. Zhang, L.; Xu, S.; Wu, X.; Chen, J.; Guo, X.; Cao, Y.; Zhang, Z.; Yan, J.; Cheng, J.; Han, Z. Combined Treatment With 2-(2-Benzofu-
Ranyl)-2-Imidazoline and Recombinant Tissue Plasminogen Activator Protects Blood-Brain Barrier Integrity in a Rat Model of
Embolic Middle Cerebral Artery Occlusion. Front. Pharmacol. 2020, 11, 801. [CrossRef]

http://doi.org/10.1186/s13550-018-0400-x
http://doi.org/10.1016/j.nucmedbio.2014.11.009
http://doi.org/10.1248/bpb.31.1392
http://doi.org/10.1161/STROKEAHA.107.500736
http://doi.org/10.1155/2020/8873261
http://doi.org/10.1016/j.lfs.2021.119293
http://doi.org/10.1093/nar/gky1066
http://doi.org/10.3892/mmr.2019.10073
http://doi.org/10.3892/ijmm.2019.4064
http://doi.org/10.1093/nar/gku1179
http://doi.org/10.1186/s12859-019-3125-6
http://www.ncbi.nlm.nih.gov/pubmed/31760951
http://doi.org/10.1080/15548627.2017.1415189
http://www.ncbi.nlm.nih.gov/pubmed/29455577
http://doi.org/10.1155/2018/2465481
http://www.ncbi.nlm.nih.gov/pubmed/30533429
http://doi.org/10.1093/nar/gkv1070
http://doi.org/10.1016/j.jstrokecerebrovasdis.2019.01.032
http://doi.org/10.21037/atm.2019.11.101
http://www.ncbi.nlm.nih.gov/pubmed/32042772
http://doi.org/10.1016/j.gendis.2018.06.001
http://doi.org/10.1016/j.brainresbull.2019.10.006
http://doi.org/10.1186/s40659-020-00280-9
http://doi.org/10.1002/jcp.30001
http://doi.org/10.1186/s12974-020-02028-4
http://doi.org/10.3389/fphar.2020.00801

	Introduction 
	Materials and Methods 
	Drugs and Reagents 
	Animals and Grouping 
	MCAO/R Model 
	Neural Behavioral Test 
	Open-Field Experiment 
	Hematoxylin–Eosin (HE) Staining 
	Sequencing Sample Preparation 
	miRNA Microarray Analysis 
	RT-PCR 
	Prediction of miRNA-Targeted Genes and Construction of the miRNA–mRNA Network 
	GO Analysis and KEGG Pathway Analysis 
	Statistical Analysis 

	Results 
	20(R)-Rg3 Can Improve Neurobehavioral Dysfunction in MCAO/R-Treated Rats 
	Overview of mRNA and miRNA Sequencing 
	Cluster Analysis of Differentially Expressed mRNAs and miRNAs 
	Validation of the Sequencing Data by Quantitative RT-PCR Analysis 
	GO Analysis and KEGG Pathway Enrichment Analysis 
	Construction of the miRNA-Target Regulation Network 

	Discussion 
	Conclusions 
	References

