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Abstract: Circular RNAs (circRNAs), formed from pre-messenger RNAs by back-splicing, are a novel class of evo-
lutionarily-conserved endogenous non-coding RNAs. While circRNAs are involved in various diseases, the role of
circRNAs in intracerebral hemorrhage (ICH) remains unknown. In the present study, we performed high-throughput
sequencing to profile the expression of circRNAs in the rat brain at 24 and 48 hours after ICH onset, and utilized
bioinformatics methods to make predictions about the function of dysregulated circRNAs. Compared with the sham
group, 346 and 389 circRNAs changed significantly (|log2 (fold change)| > 1 and P < 0.05) at 24 and 48 hours
after ICH, respectively. Bioinformatics analyses indicated that parent genes of dysregulated circRNAs were involved
in biological processes, cellular component, and molecular function following ICH, and that they were enriched in
the dopaminergic synapses, glutamatergic synapses, endocytosis, regulation of actin cytoskeleton, the mitogen-
activated protein kinase signaling pathway, and the retrograde endocannabinoid signaling pathway. Enrichment
analyses of target mRNAs showed that these mRNAs were enriched in synaptic plasticity, ion channel activity, and
pathways including the phospholipase D signaling and the cGMP-PKG signaling. Our study indicates that the expres-
sion profile of circRNAs changes significantly after ICH in rat brains, and suggests that circRNAs may be crucial for
the pathophysiological process following ICH.
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Introduction genesis of brain injury following ICH to find new

treatment methods.
Stroke is one of the leading diseases with the

highest mortality and disability rate in the
world, especially in low- and middle-income
countries. While ischemic stroke is the most

Over the past few years, non-coding RNAs
(ncRNAs), such as long non-coding RNAs (Inc-
RNAs) and microRNAs (miRNAs), are involved

common type of stroke, hemorrhagic stroke
accounts for more deaths and disability-adjust-
ed life-years lost [1-3]. Although research on
mechanisms of brain injury after intracerebral
hemorrhage (ICH) has progressed significantly,
there is a lack of therapies that can effectively
reduce the mortality and disability of ICH. The
effectiveness of therapies such as acute pha-
se decompression, hemostasis, minimally in-
vasive surgery, anti-inflammatory therapy, and
neuroprotection remains to be assessed [4, 5].
Therefore, it is important to explore the patho-

in various diseases and have attracted signifi-
cant attention. Accumulating evidence indi-
cates that mammalian brain expresses a wide
variety of ncRNAs [6-15]. Circular RNAs (cir-
cRNAs), formed from pre-messenger RNAs by
back-splicing, are a novel class of ncRNAs [16].
Despite the fact that circRNAs can regulate the
transcription processes of parent genes and
act as “miRNA sponges” [17], their functions
need to be further explored. Altered circRNAs
expression is associated with the pathophysio-
logical processes of cancer, cardiac hypertro-
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phy, atherosclerosis and central nervous sys-
tem (CNS) diseases [18-23]. Mehta et al. [24]
found significant changes in the expression of
circRNAs in the ischemic penumbral cortex in
mice with transient middle cerebral artery oc-
clusion, indicating their possible implication in
post-stroke pathophysiology. CircRNAs in the
rat hippocampus were significantly altered af-
ter brain trauma, suggesting that changes in
circRNAs are related to not only brain injury but
also post-traumatic neural regeneration [25]. In
this study, we utilized high-throughput sequenc-
ing to explore the circRNAs expression profile in
the rat brain after ICH and bioinformatics meth-
ods to predict the potential function of those
dysregulated circRNAs. The present findings
would broaden our understanding of changes
in genomic regulation following ICH and provi-
de novel targets for the treatment of secon-
dary brain injury after ICH.

Materials and methods
Ethics statement and animal preparation

All experiments received the approval of the
Animal Care and Experiment Committee of
Jinan University, Guangzhou, China, and were
performed according to national and interna-
tional guidelines. Male Sprague-Dawley rats
(250-310 g) were housed for at least 7 days
before the operation in the laboratory with well-
controlled temperature (24-26°C) and humidity
(50% relative) and a 12-hour light/dark cycle,
and were free to food and water.

Animal groups and ICH model

Animals were randomly divided into sham and
ICH groups. The operation was performed with
a stereotaxic apparatus and ICH was induc-
ed using Type VIl collagenase in adult male
Sprague-Dawley rats. Under anesthesia with
sodium pentobarbital (50 mg/kg, intraperito-
neally), 2.0 pL of 0.9% sterile saline containing
0.4 U Type VIl collagenase was steadily infused
into the right caudate putamen (1.0 mm ante-
rior, 3.1 mm lateral, and 6.0 mm ventral to the
bregma) at an even speed for 2 minutes using a
26-gauge needle. After infusion, the needle
was kept static for 10 minutes in the site be-
fore being slowly removed. Sham-operated rats
underwent a similar surgical procedure without
the addition of Type VIl collagenase to the 0.9%
sterile saline. During the operation, rectal tem-
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perature was maintained at 37.0 + 0.5°C.
Rats showing symptoms of neurological defi-
cits were included in this study.

RNA extraction and quality control

Animals were euthanized 24 and 48 hours af-
ter the induction of ICH. The brain tissue ipsilat-
eral to the hematoma was rapidly dissected
and stored in liquid nitrogen. Total RNA was
extracted from brain samples using TRIzol re-
agent (Invitrogen, Carlsbad, CA). The purity and
concentration of total RNA were measured
using NanoDrop ND-1000 (NanoDrop, Wilm-
ington, DE). RNA integrity was evaluated by
Agilent 2200 TapeStation (Agilent Technologi-
es, USA).

High-throughput sequencing and analysis of
circRNAs

Briefly, circRNAs were enriched by the removal
of ribosomal RNA (rRNA) and linear RNAs us-
ing rRNA Removal kit and RNase R (Epicentre,
USA). Then, enriched circRNAs were transcrib-
ed into fluorescent complementary deoxyribo-
nucleic acid (cDNA) and purified. After PCR
amplification, small RNA single-end sequenc-
ing was conducted on lllumina HiSeq 3000
(llumina, San Diego, CA). Raw reads were pro-
cessed with Trimmomatic tools (V0.36), reads
quality was inspected using the FastQC soft-
ware, and statistical result were then output.
CIRI2 (Beijing Institutes of Life Science, Beijing,
China) and CIRCexplorer2 (Shanghai Institutes
for Biological Sciences, Shanghai, China) were
used to detect circRNAs. Identified circRNAs
were from the overlapped results of both meth-
ods. |log2 (fold change)| > 1 and P-value (P <
0.05) were used as criteria for identifying the
statistical significance of differentially expre-
ssed circRNAs between ICH groups and sham.

Gene ontology (GO) and kyoto encyclopedia of
genes and genomes (KEGG) pathway analyses

GO (http://www.geneontology.org/) and KEGG
pathway analyses (http://www.genome.jp/) we-
re performed to investigate potential roles of
parent genes of the differentially expressed cir-
cRNAs (P < 0.05). |Fold change| > 1 and P <
0.05 were computed between the sham group
and each ICH time point (24 and 48 hours after
ICH onset) by cross-comparison analysis. GO
and KEGG analyses were conducted for target

Am J Transl Res 2020;12(8):4160-4174



Intracerebral hemorrhage alters circular RNA expression profiles

Table 1. The 10 differentially upregulated and downregulated circRNAs at 24 hours and 48 hours in
ICH rats compared with the sham group

llog2 (Fold P-Value Regu- Chromoso- Gensym-

CricRNA ID change) | ; type
lation me bol
24 h 48 h 24 h 48 h

rno_circ:chr12:37603986-37605288  11.9045 10.6433 0.010323969 0.017333116 Up chr12 exonic Sbnol
rno_circ:chr20:50725400-50771244  11.4364 14.3141 0.014442869 0.005031039 Up chr20 exonic Hacel
rno_circ:chr2:22264781-22267377 2.55942 257513 0.009064435 0.007492125 Up chr2 exonic Serinc5
rno_circ:chr12:31504843-31537157  2.99192 3.15639 0.030914823 0.033726052 Up chr12 splicing:exonic ~ Rimbp2
rno_circ:chr13:35769419-35784163  3.39318 3.20916 0.013152745 0.023978029 Up chri3 exonic Ptpn4
rno_circ:chr1:281093685-281095506 3.08086 2.43936 0.034259741 0.006119182 Down chrl exonic Rab11fip2
rno_circ:chr18:17224244-17264715  2.17911 3.15088 0.000080400 0.000000031 Down chri8 exonic Fhod3
rno_circ:chr2:212471565-212487554 3.05132 3.28599 0.018498214 0.016463408 Down chr2 exonic Vav3
rno_circ:chr4:152138047-152214576 2.94274 4.29274  0.047673343 0.005153764 Down chr4 splicing:exonic Ercl
rno_circ:chr11:84575501-84577375  7.88282 4.81551 0.003129564 0.010837388 Down chril exonic Yeats2

Table 2. The sequences of primers used for qRT-PCR verification of circRNAs

circRNA ID

gene symbol

Primer sequences (5-3")

rno_circ:chr9:31604268-31660864

rno_circ:chrl8:17224244-17264715

rno_circ:chr13:35769419-35784163

rno_circ:chr1:281093685-281095506

GAPDH

Rab11fip2

F: CACTTGGCGAATGGCACTTT

R: GCATCTTCCCATTTCTCCTTGTT

F: GACTCACAAGAGGCTCTCACGG

R: GGACGATGCGGAAGATGGA

F: CGGATGAATACTTTTCTGTGGTATC
R: CAAGGACAGGATAATCTTCCAGTAA
F: ACTATAATGCCATCTTCAAGGTGGT
R: CATGCTTGCTGTCATGTTGTTC

F: GAACGGGAAGCTCACTGG

R: GCCTGCTTCACCACCTTCT

MRNAs to further understand the function of
significantly altered circRNAs.

Quantitative RT-PCR verification

Four significantly dysregulated circRNAs were
randomly selected for gRT-PCR to validate the
high-throughput sequencing data. In brief, total
RNA was extracted from the brain samples of
the two groups (48 h ICH group and sham, n =
6 each) using TRIzol reagent (Invitrogen), RNA
was reverse transcribed into cDNA, and then
gPCR was conducted using Bulge-LoopTM mi-
RNA gRT-PCR Starter Kit on a C1000 Touch
PCR system (Bio-Rad, Hercules, CA). Three in-
dependent experiments were performed, and
GAPDH was used as the internal control. The
2-88CT method was used for comparative quan-
titation. The primers of four circRNAs and GA-
PDH are presented in Table 2.

Analysis of circRNA regulatory network

CircRNA regulatory networks were constructed
to show the interactions among dysregulated
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circRNAs and their targets. Among the 86 dif-
ferentially expressed circRNAs that were alter-
ed at both time points, 40 circRNAs (30 upre-
gulated and 10 downregulated; ranked by |log2
(fold change)|) and their top five target miRNAs
were selected to construct the circRNA-miRNA
network. According to gRT-PCR results, the
two confirmed circRNAs (rno_circ:.chr18:1722-
4244-17264715 and rno_circ:chr1:2810936-
85-281095506) were selected for the annota-
tion and function prediction. CircRNA-miRNA
interactions and mRNAs targeted by the cir-
cRNA-miRNA network were predicted using
proprietary software based on TargetScan and
miRanda, and RNA regulatory networks were
constructed utilizing Cytoscape software (San
Diego, CA, USA). Target miRNAs intersected by
miRanda and TargetScan prediction results we-
re ranked by miRanda to identify the top five
miRNAs for establishing the RNA interaction
networks. Based on the intersection results
of target mRNAs predicted by both software,
1962 mRNAs were selected for KEGG analysis
according to “total score > 500” in miRanda,
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and 72 mRNAs that were enriched in the top
10 KEGG pathways were selected for constru-
cting the circRNA-miRNA-mRNA network.

Statistical analysis

Student’s t-test was utilized to compare the
statistical significance of data between two
groups, data were presented as mean + SD
and analyzed by Statistical Program for Social
Sciences (SPSS) 20.0 software (SPSS, Chicago,
IL). A P value < 0.05 was considered statisti-
cally significant.

Results

CircRNA expression profiles in the perihemato-
mal brain tissue after ICH

High-throughput sequencing was conducted to
identify the circRNA expression profile in the
brain tissue surrounding the hematoma of ICH
rats. All samples showed similar distributions
of circRNA expression patterns. A total of 311-
32 circRNAs were detected in all the ipsilateral
brain samples (sham, 24 and 48 hours after
ICH; n = 3 per group). Compared with the sham
group, 346 circRNAs were differentially expre-
ssed (|log2 (fold change)| > 1 and P-value <
0.05) at 24 hours after ICH, of which 198 were
upregulated and 148 were downregulated; and
389 circRNAs were differentially expressed at
48 hours after ICH, including 248 upregulated
and 141 downregulated. Altered circRNAs data
was delineated using hierarchical clustering
analyses (Figure 1A, 1C) and volcano plots
(Figure 1B, 1D). Eighty-six circRNAs showed
persistent changes at 24 and 48 hours after
ICH compared with the sham group. The 10 sig-
nificantly upregulated and downregulated cir-
cRNAs among them are shown in Table 1. Of
the differentially expressed circRNAs, most ori-
ginated from exons (Figure 2B). The distribu-
tion of dysregulated circRNAs indicated that
they were transcribed from all chromosomes
(Figure 2A).

GO and KEGG analyses for parent genes of
significantly altered circRNAs

CircRNAs can regulate the expression of parent
genes and affect the transcription of related
mRNAs, thus have regulatory functions in the
pathophysiological processes of various dis-
eases [17, 26, 27]. To speculate about the
pathophysiological significance of circRNAs dy-
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sregulated following ICH, we performed GO and
KEGG analyses for parent genes of dysregulat-
ed circRNAs. GO analysis revealed that the
major enriched GO terms for biological pro-
cesses were “cellular process”, “transport”,
and “establishment of localization” at 24 hours
after ICH and “cellular process”, “cellular meta-
bolic process”, and “metabolic process” at 48
hours after ICH. The majority of the enriched
cellular component terms were “cytoplasm”,
“intracellular part”, and “intracellular” at both
time points after ICH. As for molecular func-
tion, the major GO terms were “binding”, “cata-
lytic activity”, and “nucleotide binding” at 24
hours after ICH, and “binding”, “catalytic activi-
ty”, and “protein binding” at 48 hours after ICH
(Figure 3A, 3B). Correspondingly, KEGG path-
way analysis indicated that parent genes of the
dysregulated circRNAs at 24 hours after ICH
were significantly involved in the dopaminergic
synapses, glutamatergic synapses, MAPK sig-
naling pathway, and the retrograde endocan-
nabinoid signaling pathway (Figure 4A, 4B), but
those at 48 hours after ICH were significantly
involved in regulation of actin cytoskeleton, en-
docytosis, and the retrograde endocannabi-
noid signaling pathway (Figure 4C, 4D).

Verification of circRNA expression

To verify the high-throughput sequencing data,
four differentially expressed circRNAs (rno_
circ:chr9:31604268-31660864, rno_circ:chr-
18:17224244-17264715, rno_circ:chrl3:357-
69419-35784163, and rno_circ:chr1:2810-
93685-281095506) were selected for qRT-
PCR. The validated results of rno_circ:chr9:
31604268-31660864 and rno_circ:chr13:35-
769419-35784163 showed no statistical dif-
ferences between ICH and the sham group (P >
0.05). The expression levels of rno_circ:chrl8:
17224244-17264715 (P < 0.05) and rno_circ:
chr1:281093685-281095506 (P < 0.01) were
similar to the sequencing data (Figure 5).

CircRNA-miRNA and circRNA-miRNA-mRNA
network and enrichment analyses of target
mMRNAs

Currently, it is widely believed that miRNAs le-
ad to the cleavage and translational repression
of messenger RNA (mRNA) [28], and that circ-
RNAs act as sponges for specific miRNAs to
regulate miRNA-associated functions and to
affect the activity of multiple genes [29]. The
interaction between circRNAs and ICH-related

Am J Transl Res 2020;12(8):4160-4174
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Figure 1. The expression profile of circRNAs in the perihematomal brain tissue after ICH. The hierarchical clustering
analyses of circRNAs differentially expressed at 24 hours (A) and 48 hours (C) after ICH compared with the sham
group, “Blue” represents low intensity, and “Red” represents strong intensity. Volcano plots show all the detected
circRNAs (sham vs. 24 hours (B) and sham vs. 48 hours after ICH (D)), the red points represent the differential-
ly upregulated circRNAs, while the green points represent the differentially downregulated circRNAs (|log2 (fold

change)| > 1, P-value < 0.05 (-log10 scaled)).

miRNAs would indicate that circRNAs play a
role in the pathophysiological processes after
ICH. The circRNA-miRNA network for 40 differ-
entially expressed circRNAs at both time points
after ICH is shown in Figure 6, and the circRNA-
miRNA-mRNA network for the two validated cir-
cRNAs is shown in Figure 7. GO and KEGG anal-
yses were performed for target mRNAs to
understand their potential functions after ICH

4164

and results are shown in Figure 8. As shown in
Figure 7, rno_circ:chrl8:17224244-17264715
has a binding site for miR-105, and rno_
circ:chr1:281093685-281095506 can bind to
miR-298-5p. MiR-105 and miR-298-5p are pre-
dicted to have binding sites for many mRNAs
such as Wnt9a, Fzd7, Akt, Mapk1, and Trpm4.
The enrichment analyses suggested that the
target mRNAs might be associated with the

Am J Transl Res 2020;12(8):4160-4174
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Figure 2. Features of differentially expressed circRNAs. Distribution of dysregulated circRNAs in rat chromosomes
(A). Most circRNAs after ICH are from the exonic region, and few are from the splicing region (B).

regulation of synaptic plasticity and activity, ion
channel activity and trans-synaptic signaling,
the cGMP-PKG signaling pathway, the phos-
pholipase D signaling pathway, and the retro-
grade endocannabinoid signaling.

Discussion

This study indicates that the expression profile
of circRNAs in the rat brain changes significant-
ly at 24 h and 48 h after ICH, and significantly
dysregulated circRNAs may be involved in the
pathophysiologic processes of secondary brain
damage and the control of neurological dys-
function. The findings suggest that differential-
ly expressed circRNAs might be novel molecu-
lar targets for protecting neuronal function and
promoting neurological recovery after ICH.

ICH results in entry of glutamate from blood-
stream into the extracellular space, and pro-
duction of thrombin leads to phosphorylation
of N-methyl-D-aspartate (NMDA) receptor and
greater calcium influx into neurons. A large
amount of intracellular calcium leads to mito-
chondrial dysfunction and the release of reac-
tive oxygen species, resulting in apoptosis. In
addition, brain injury activates glial cells in the
CNS and results in infiltration of peripheral
inflammatory cells that secrete inflammatory
mediators, cytokines and chemokines, there-
by exacerbating destruction of the blood-brain
barrier and causing secondary brain injury [5].
Secondary brain injury after ICH involves vari-
ous pathophysiological mechanisms, such as
inflammation, oxidative stress, apoptosis, and
autophagy. Accumulating evidence indicates
that various classes of ncRNAs play important
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roles in brain injury and may have neuropro-
tective effects by modulating apoptosis, auto-
phagy, neurogenesis, and angiogenesis after
acute CNS injury [30, 31]. The expression pro-
file of circRNAs has been demonstrated to
change significantly in the penumbral cortex
after ischemic stroke and in the hippocampus
after traumatic brain injury, suggesting that cir-
cRNAs might be involved in the regulation of
secondary brain injury [24, 25]. Cui et al. [32]
found that INcRNA and mRNA were differential-
ly expressed in the rat brain at 21 days follow-
ing ICH, suggesting that IncRNA- and mRNA-
related changes might regulate neuronal dys-
function. Dou et al. [33] explored the potential
role of circRNAs at 6, 12 and 24 hours after
ICH and predicted that the significantly altered
circRNAs were associated with synaptic regu-
lation, phosphorylation, and inflammation. Con-
sidering the drivers of acute and subacute neu-
rological deterioration after ICH and the dura-
tion of cerebral edema [34], early intervention
may promote neurological recovery and impro-
ve prognosis. In this study, we detected the dif-
ferential expression of circRNAs at both 24 h
and 48 h time points after ICH and used bioin-
formatics methods to explore their potential
functions.

Based on the regulatory function of circRNAs
on parent genes [17], we speculated on the
possible role of ICH-related circRNAs by under-
standing the potential function of their parent
genes. GO analysis for parent genes of dysregu-
lated circRNAs showed the main enrichment
of biological regulation, protein and nucleotide
binding, localization, and metabolism process
at both time points. Our findings suggest that

Am J Transl Res 2020;12(8):4160-4174
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Figure 6. The circRNA-miRNA network. The network consists of 40 differentially expressed circRNAs and their top
five miRNAs. Red squares, green squares, and orange spheres indicate downregulated circRNAs, upregulated cir-
cRNAs, and miRNAs, respectively.

these parent genes might be involved in the neurons and play roles in the regulation of brain
biological functions essential for the survival of injury following ICH. KEGG analysis suggested
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Figure 7. The circRNA-miRNA-mRNA interaction network. The network includes two validated circRNAs, 10 miRNAs,
and 72 mRNAs. Green arrows, red rhombuses, and blue spheres indicate circRNAs, miRNAs, and mRNAs, respec-

tively.

that these parent genes were greatly enriched
in dopaminergic and glutamatergic synapses,
MAPK signaling pathway, regulation of actin
cytoskeleton, endocytosis, and the retrograde
endocannabinoid signaling pathway at 48
hours following ICH. Actin cytoskeleton is es-
sential for junction function, and endocytosis
is important for junction remodeling. After ICH,
actin cytoskeleton may be a target of treatment
for preventing blood-brain barrier (BBB) disrup-
tion [35], and cerebrovascular integrity plays a
crucial role in disease pathology and neurologic
deficits. MAPK families are strongly activated
by environmental stresses and inflammatory
cytokines and their activations contribute to
inflammation, apoptosis, cytokine production,
and metabolism [36]. Retrograde endocannab-
inoid signaling mediates biological functions
after brain injury. Activation of the endocan-
nabinoid system not only inhibits presynaptic
GABAergic and glutamatergic synaptic trans-
mission but also enhances post-synaptic res-
ponses at excitatory and inhibitory synapses
[37, 38]. Furthermore, inhibition of 2-arachi-
donoy! glycerol metabolism by inactivating mo-
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noacyl glycerol produces profound anti-inflam-
matory and neuroprotective effects [39, 40].
Taken together, our data indicate that gluta-
matergic synapses, MAPK families, and the ret-
rograde endocannabinoid signaling pathway
may play crucial roles in the pathophysiological
processes of secondary brain damage of ICH.

It is known that most circRNAs can act as
“miRNA sponges” and affect the expression of
downstream genes and their biological func-
tions [29, 41, 42]. We used bioinformatics me-
thods to predict miRNA targets and further cir-
cRNA-miRNA targets, constructed the circRNA-
miRNA-mRNA network, and performed enrich-
ment analyses for these target mRNAs. We
found that the differentially expressed circ-
RNAs had binding sites for different miRNAs.
The two validated circRNAs, rno_circ:chrl8:
17224244-17264715 and rno_circ:chrl:2810-
93685-281095506, can bind to miR-105 and
miR-298-5p, respectively. Evidence shows that
miR-105 participates in the regulation of ne-
croptosis/apoptosis in myocardial infarction
rat hearts [43] and miR-298-5p modulates sig-
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naling pathways of apoptosis [44]. Moreover,
GO analysis indicated that target mMRNAs were
enriched in regulation of synaptic plasticity and
activity, ion channel activity, and trans-synaptic
signaling, and KEGG results suggested that the
major enriched pathways were the cGMP-PKG
signaling pathway, phospholipase D signaling
pathway, retrograde endocannabinoid signal-
ing, and glutamatergic and dopaminergic syn-
apse. It is known that cGMP/PKG signaling
pathways are involved in modulation of neuro-
inflammation, oxidative stress, apoptosis, and
synaptic plasticity [45]. Notably, mRNAs shown
in the circRNA-miRNA-mRNA network, such as
those of Wnt, Gsk3b, Akt, Mapkl, and Trpm4,
have many important functions in biological
responses. Accumulating studies suggest that
TRPM4 is related to secondary hemorrhage
after spinal cord injury and contributes to neu-
ronal injury under inflammatory conditions [46,
47]. MAPK1 and MAPK14 and their upstream
signaling pathways are essential for mitophagy
[48]. These results indicate that the altered cir-
cRNAs after ICH possibly regulate functions of
downstream mRNAs through signaling path-
ways mentioned above, especially the cGMP/
PKG signaling pathway.

There are several limitations to this study. First,
the significantly dysregulated circRNAs need to
be verified in human samples, and the predict-
ed target miRNAs and mRNAs require further
identification. Second, we used bioinformatics
methods to predict potential function of the dif-
ferentially expressed circRNAs following ICH,
and the biological function of the significantly
altered circRNAs should be discovered in fur-
ther studies. Third, it is not clear whether the
differentially expressed circRNAs function in a
cell-specific manner.

In conclusion, this study suggests that the
significantly dysregulated circRNAs might be
involved in the regulation of the pathophysio-
logical processes after ICH, including blood-
brain barrier permeability, inflammation, oxida-
tive stress, apoptosis, and autophagy. The find-
ings indicate that rno_circ:chrl8:17224244-
17264715 and rno_circ:chr1:281093685-28-
1095506 might be key biological targets for
the treatment of ICH. Further studies are need-
ed to explore the specific regulatory mecha-
nisms of circRNAs to delineate whether they
can be used as novel biomarkers for treatment
of ICH to promote neurological recovery and

4171

improve cerebral hemorrhage patients’ quality
of life.
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