
CircR-ZC3HC1 mediates MiR-384-5p/SIRT1 axis to promote
neuronal autophagy and relieves ischemic stroke
MIN SHEN1,2; XIAOMAN XU1,2; GUANGLING SUN1; LIANGZHU WANG1; TAO YING1; HANG SU1; WEI WANG1; QINGHUA CAO1,*;
ZHEZHE SUN1,*

1
Department of Neurology, The First Affiliated Hospital of Ningbo University, Ningbo, 315010, China

2
School of Medicine, Ningbo University, Ningbo, 315211, China

Key words: Ischemic stroke, circR-ZC3HC1, miR-384-5p, SIRT1, Autophagy

Abstract: Objective: Circular RNAs (circRNAs) have been shown to involve in pathological processes of ischemic stroke

(IS), including autophagy. This study was designed to explore the effect of circR-ZC3HC1 on neuronal autophagy in IS

and the related mechanisms.Methods: Expression of circR-ZC3HC1 in blood samples of IS patients and healthy controls

was detected. Hippocampal neurons were treated with oxygen and glucose deprivation (OGD) to establish IS in vitro

model. The expression of LC3 and p62 and the number of autophagosomes were examined to evaluate the autophagy

level of OGD induced neurons using western blotting and transmission electron microscope. Cell apoptosis rate and

the expression of cleaved caspase-3, Bax, and Bcl-2 were assessed by flow cytometry and western blotting. The

binding relationships among circR-ZC3HC1, miR-384-5p, and SIRT1 were predicted and verified. Results: Low

expression of circR-ZC3HC1 was found in blood samples of IS patients and OGD-treated neurons. Overexpressed

circR-ZC3HC1 or inhibited miR-384-5p expression promoted autophagy and inhibited apoptosis of OGD-treated

neurons, which could be reversed by further 3-MA treatment. Mechanistically, circR-ZC3HC1 targeted miR-384-5p to

mediate SIRT1 expression. miR-384-5p overexpression or SIRT1 knockdown in the presence of circR-ZC3HC1

overexpression in OGD-treated neurons lead to reduced autophagy and enhanced apoptosis. Conclusion: Collectively,

circR-ZC3HC1 promoted neuronal autophagy to attenuate IS via miR-384-5p/SIRT1 axis.

Introduction

Ischemic stroke (IS), caused by blockages in a blood vessel that
reduces blood supply to the brain, is a leading reason for death
and disability in humans [1]. At present, the acute treatments
for IS including intravenous thrombolysis and mechanical
thrombolysis can only satisfy a limited number of patients,
so it is urgent to develop new neuroprotective methods [2].
Autophagy participates in IS pathogenesis as a double-edged
sword [3]. Appropriate autophagy can have a protective
effect on ischemic nerve tissue by removing damaged
organelles and excess cell components, while excessive
autophagy may lead to cell death [4]. Besides, there are many
pathological changes involved in the ischemic process alone
or together to trigger neuronal death, including apoptosis,

ferroptosis, necroptosis, pyroptosis, and phagoptosis [5].
However, the molecular mechanisms underlying neuronal
autophagy and apoptosis after IS are far from clear.

Circular RNAs (circRNAs) are a newly discovered class
of endogenous non-coding RNAs characterized by
backsplicing caused by covalently closed continuous rings
[6]. In mammals, circRNAs are expressed at high levels in
the brain and have emerged as pivotal regulators in
numerous nervous system diseases, including IS [7,8]. For
instance, circTLK1 exacerbated neuronal injury and
neurological deficits after IS via miR-335-3p/TIPARP [9].
Overexpression of circUCK2 improved cell survival rate and
ameliorated IS-induced neuronal injury via miR-125b-5p/
GDF11 signaling [10]. So far, there are no relevant studies
on circR-ZC3HC1 in IS. In this paper, we discovered that
the expression of circR-ZC3HC1 in the blood of patients
with IS was significantly reduced through the analysis of
GSE133768 dataset. Hence, we speculated that circR-
ZC3HC1 expression might link to the development of IS.

In addition to circRNAs, microRNAs (miRNAs) are
widely implicated in IS, serving as possible targets for
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potential neuroprotective treatments [11]. Recently, Zhu et al.
pointed out that isoflurane post-conditioning alleviated
ischemic neuronal injury may associate with miR-384-5p/
ATG5-mediated autophagy [12]. A prior study illustrated
that miR-384 was upregulated in chronic cerebral ischemia-
induced HT22 cells and hippocampal tissues, and
knockdown of miR-384 inhibited chronic IS-induced
neuron apoptosis [13]. In our study, it was predicted that
circR-ZC3HC1 could target miR-384-5p. Therefore, we
hypothesized that circR-ZC3HC1 may play a role by
regulating miR-384-5p in IS. The silent information
regulator sirtuin 1 (SIRT1), belonging to the sirtuin family,
is closely associated with IS process [14]. A prior paper has
exhibited that upregulating SIRT1 inhibited nerve cell
apoptosis and improved nerve cell damage, playing a
protective role in IS [15]. Moreover, miR-384-5p repressed
SIRT1 expression through specific binding [16]. Through
bioinformatics analysis, we noted that SIRT1 may be a
target of miR-384-5p. Based on the above discoveries, we
hypothesized that circR-ZC3HC1 might upregulate the
expression of SIRT1 by regulating miR-384-5p, thereby
promoting autophagy and inhibiting IS. If this scientific
hypothesis is confirmed, circR-ZC3HC1 may become an
important target for the treatment of IS, providing an
important solid theoretical foundation for the cure of IS in
the future.

Materials and Methods

Clinical sample collection
On the basis of standard procedure, blood samples were
collected from 16 patients with IS (IS group) and 10 healthy
subjects (control group) from the First Affiliated Hospital of
Ningbo University (from May 2019 to March 2021).
Notably, fresh peripheral blood was collected within 24 h
after IS. IS patients were diagnosed with IS by computed
tomography and/or magnetic resonance imaging (ICD-9-
CM codes 433, 434, and 436). All included IS patients had
complete clinical data and were free from malignancy. IS
patients with transient ischemic attack or hemorrhagic
stroke caused by tumor, blood disease, traumatic brain
injury, or cerebrovascular malformation were excluded. In
the control group, the participants were free from IS,
obvious ischemic changes, stroke symptoms, malignant
tumors, severe hepatic and renal insufficiency, or immune
diseases. The protocol of our study was permitted by the
Ethics Committee of the First Affiliated Hospital of Ningbo
University (No. 2022KYYS119), and informed consent
forms were signed by all participants. Clinical trials followed
the Declaration of Helsinki.

Cell culture and transfection
Mouse hippocampal neuron HT22 cells were purchased from
MINGZHOUBIO (Ningbo, China) and cultivated in
Dulbecco’s modified Eagle medium (DMEM; Item No.
12491015, Thermo Fisher, Waltham, MA, USA) added with
10% fetal bovine serum (FBS) and 10% penicillin-
streptomycin at 37°C with 5% CO2. shRNAs targeting SIRT1
(sh-SIRT1#1-3), circR-ZC3HC1 overexpression plasmid

(p-ZC3HC1, pcDNA3.1 vector), miR-384-5p inhibitor,
miR-384-5p mimic, and their controls were all derived from
Vector Builder (Guangzhou, China). The transient
transfection method was used for overexpression and
knockdown, and the transfection dose was 2 μg. Follow-up
experiments were performed after 48-h transfection.

To inhibit autophagy in mouse neurons, HT22 cells
were treated with autophagy inhibitor 3-methyladenine
(3-MA, 3 mM, HY-19312, Medchemexpress) for 72 h [17].
Afterward, the autophagy level of neurons was then detected
and subsequent experiments were performed.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)
From blood samples or cells, the RNA samples were extracted
and then diluted to a suitable concentration, followed by RT.
Afterward, cDNA was synthesized from miRNA or mRNA
utilizing Tthe TaqManTM MicroRNA RT kit (4366597,) or
RevertAid RT kit (K1691) (all from Thermo Fisher). The
gene expression was examined using TB Green� Premix Ex
TaqTM II (RR820Q, Takara, Tokyo, Japan) on LightCycler
480 (Roche, Indianapolis, IN, USA) fluorescence
quantitative PCR, including pre-denaturation at 95°C for 5
min, denaturation at 95°C for 10 s, annealing at 60°C for
10 s, and extension at 72°C for 20 s, with a total of 40
cycles. The relative expression of target genes was measured
by means of 2−ΔΔCt method [18], with β-actin or U6 as the
internal reference. The primer sequences are exhibited in
Table 1.

Oxygen and glucose deprivation (OGD)
HT22 cells were inoculated into glucose-free DMEM and then
maintained in anoxic environment containing 94% N2, 1% O2,
and 5% CO2 for 2 h at 37°C. Next, the medium was changed to
a normal DMEM, and the cells were cultured under normal
conditions (at 37°C with 5% CO2) to simulate reperfusion
for 24 h. Under the standard conditions of 90% humidity,
5% CO2, and 37°C, the cells cultured with DMEM with
10% FBS were used for control group [19].

TABLE 1

Primer sequences used in reverse transcription-quantitative
polymerase chain reaction analysis

Name of primer Sequences(5′-3′)

circR-ZC3HC1-F CTCTTGGCGCACAAACAGTC

circR-ZC3HC1-R TCCCAAATCGGTCTGGGGAT

miR-384-5p-F GTAAACAATTCCTAGGCAATG

miR-384-5p-R GAACATGTCTGCGTATCTC

SIRT1-F GGAGCAGATTAGTAAGCGGCTTG

SIRT1-R GTTACTGCCACAGGAACTAGAGG

U6-F AGGACGACAGTGCAAAGCATGG

U6-R CAGCAATGCGTCAAGCAGATCC

β-actin-F CATTGCTGACAGGATGCAGAAGG

β-actin-R TGCTGGAAGGTGGACAGTGAGG

Note: F, forward; R, reverse.
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Flow cytometry for cell apoptosis
Cell apoptosis was assessed using the Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) apoptosis kit
(C1062S, Beyotime, Shanghai, China). The cells were rinsed
in precooled PBS and then resuspended in 100 μL of
binding buffer. Afterward, the cells were mixed with 5 μL of
Annexin V-FITC and PI at ambient temperature for 15 min.
At last, FITC and PI fluorescence were detected by a flow
cytometer, followed by analysis of cell apoptotic rate.

Western blotting
The total proteins were extracted using RIPA lysis buffer
(89901, Thermo Fisher), after which the obtained proteins
were separated by 12% SDS-PAGE and transferred to PVDF
membranes (IPVH00010, Merck, Darmstadt, Germany).
Next, the membranes were blocked with 5% bovine serum
albumin at ambient temperature for 2 h, followed by
overnight incubation (4°C) with primary antibodies
including anti-LC3A/B (1:1000, ab62721, Abcam,
Cambridge, UK), anti-p62 (1:10000, ab109012, Abcam),
anti-cleaved caspase-3 (1:500, GTX86952, Genetex, Irvine,
CA, USA), anti-Bax (1:1000, ab32503, Abcam), anti-Bcl-2
(1:2000, ab182858, Abcam), anti-SIRT1 (1:1000, ab233398,
Abcam), and anti-β-actin (1:1000, ab5694, Abcam).
Afterward, the membranes were incubated with the
secondary antibody at ambient temperature for 2 h. The
expression level of proteins was examined through
development after Tris-buffered saline-tween buffer washing.

Transmission electron microscopy (TEM)
The cells to be tested were seeded onto 6-well plates at a
density of 1 × 105 cells/well overnight. After the medium

was discarded, the cells were washed with PBS thrice.
Following fixation in 2.5% glutaraldehyde, the cells were
treated with 1% osmium tetroxide, followed by dehydration,
embedding, sectioning, and TEM staining. Finally, TEM
images were captured with an HT7700 transmission
electron microscope to observe and record the number of
autophagosomes.

Dual luciferase reporter gene assay
Dual-Luciferase� Reporter Assay System (E1910, Promega,
Madison, WI, USA) was employed for the dual luciferase
reporter gene assay. In short, HEK293T cells were co-
transfected with miR-384-5p mimic and the 3′-UTR
luciferase reporter vector, containing wild-type (WT circR-
ZC3HC1 or WT SIRT1) or mutant-type (MUT circR-
ZC3HC1 or MUT SIRT1) of circR-ZC3HC1 or SIRT1.
Forty-eight h after transfection, the cells were lysed with
20 μL lysis buffer and luciferase activity was assessed.

Statistical analysis
All statistical analyses were conducted using GraphPad prism
8.02 software. Data from at least three independent
experiments were depicted in the form of mean ± standard
deviation. Differences between two groups were comprised
using the paired t-test or unpaired t-test, and differences
among multiple groups using the one-way analysis of
variance test, with Tukey’s multiple comparisons test used
for post hoc multiple comparisons. Pearson correlation
analysis is utilized to detect the correlation between two
variables. Shapiro-Wilk test or Kolmogorov-Smirnov test
was employed for the normality test. For samples that did
not conform to normal distribution, Mann-Whitney U test

FIGURE 1. circR-ZC3HC1 was decreased in IS. Notes: (A and B) the expression of circR-ZC3HC1 in GSE133768 dataset was analyzed by GEO
database (ASCRP3011550 [circRNA ID: hsa_circ_0082319; Gene symbol: circR-ZC3HC1]). (C) The expression of circR-ZC3HC1 in blood
samples of 16 patients with IS and 10 healthy participants was detected by RT-qPCR. After hippocampal neuron HT22 cells underwent
OGD treatment, (D) cell apoptosis was examined by flow cytometry. (E) circR-ZC3HC1 expression in HT22 cells was determined via RT-
qPCR. Each cell experiment was repeated thrice independently), *p < 0.05.
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was used for two independent samples, and Kruskal-Wallis
was used for statistical analysis for multiple independent
samples. Statistical significance was declared when p < 0.05.

Results

Low expression of circR-ZC3HC1 in IS
Reportedly, circRNAs are enriched in brain tissue and play
important roles in the regulation of neuronal function
[20,21]. First, we downloaded the GSE133768 dataset from
the GEO database, and subsequently used the Limma
program package in R language to perform differential
expression analysis on the chip data. The screening

condition for differential circRNAs was |log2 (Fold Change)|
> 1, and the corrected p < 0.05. The results showed that
circR-ZC3HC1 was lowly expressed in IS patients (Figs. 1A
and 1B). In addition, common variant in ZC3HC1 gene
contributed to an increase risk for IS [22]. However, the role
of circR-ZC3HC1 in IS remains unclear. Thus, it is
reasonable to speculate the possible relation between circR-
ZC3HC1 expression and IS.

Next, we designed RT-qPCR to assess the expression of
circR-ZC3HC1 in clinical blood samples, which manifested
that the IS patients had lower expression of circR-ZC3HC1
than the healthy subjects (Fig. 1C). Thereby, hippocampal
neuron HT22 cells underwent OGD treatment, followed by

FIGURE 2. Overexpressed circR-ZC3HC1 inhibited apoptosis of OGD-treated neurons by promoting autophagy. Notes: After hippocampal
neuron HT22 cells treated with OGD were transfected with p-ZC3HC1, (A) circR-ZC3HC1 expression was measured using RT-qPCR. Then,
the HT22 cells were treated with 3-MA, (B) the expression of autophagy marker LC3 and autophagy flux marker p62 was assessed by western
blotting. (C) The number of autophagosomes was observed through TEM. (D) Cell apoptosis was tested by flow cytometry. (E) The expression
of pro-apoptotic factors (cleaved caspase-3 and Bax) and anti-apoptotic factor (Bcl-2) was examined by western blotting. Each assay was
repeated three times, *p < 0.05.
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flow cytometry for cell apoptosis and RT-qPCR for circR-
ZC3HC1 expression. Compared with the control group,
enhanced cell apoptosis (Fig. 1D) and decreased expression
of circR-ZC3HC1 (Fig. 1E) were noted in the OGD group.

Overexpression of circR-ZC3HC1 promoted autophagy and
inhibited apoptosis of OGD-treated neurons
It was reported that autophagy could inhibit neuronal cell
apoptosis caused by traumatic brain injury [23]. To verify
the effect of circR-ZC3HC1 on neurons, hippocampal
neuron HT22 cells treated with OGD were transfected with
p-ZC3HC1. Results of RT-qPCR revealed an increase of
ZC3HC1 expression in the p-ZC3HC1 group as compared
to the p-NC group (Fig. 2A). Subsequently, the HT22 cells
were treated with 3-MA, after which the expression of
autophagy marker LC3 and autophagy flux marker p62 and

the number of autophagosomes were monitored using
western blotting and TEM, respectively. In contrast to the p-
NC group, the p-ZC3HC1 group had elevated LC3II
expression and autophagosome number and reduced p62
expression, while 3-MA treatment reversed these trends
(Figs. 2B and 2C). Flow cytometry results elicited that the
apoptotic rate of OGD-treated HT22 cells was repressed in
the p-ZC3HC1 group (vs. the p-NC group), which could be
reversed by 3-MA treatment (Fig. 2D). Additionally, western
blotting for detections of the expression of pro-apoptotic
factors (cleaved caspase-3 and Bax) and anti-apoptotic
factor (Bcl-2) displayed that p-ZC3HC1 transfection
reduced the expression of cleaved caspase-3 and Bax, but
elevated Bcl-2 expression, while further 3-MA treatment
reversed these trends (Fig. 2E). Taken together,
overexpression of circR-ZC3HC1 accelerated autophagy and

FIGURE 3. circR-ZC3HC1 upregulated SIRT1 expression by targeting miR-384-5p. Notes: (A) the binding relationship between circR-
ZC3HC1 and miR-384-5p was predicted through bioinformatics analysis. (B) The binding relationship between miR-384-5p and SIRT1
was predicted through bioinformatics analysis. (C and D) Dual luciferase reporter gene assay was used to verify the binding relationship
between circR-ZC3HC1 and miR-384-5p or between miR-384-5p and SIRT1. (E and F) The expression of miR-384-5p and SIRT1 was
examined by RT-qPCR and western blotting. (G) The transfection efficiency of miR-384-5p mimic was assessed by RT-qPCR. (H and I)
The expression of SIRT1 was detected by RT-qPCR and western blotting. Each cell experiment was repeated thrice independently, *p < 0.05.
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restrained apoptosis of OGD-treated neurons, which were
reversed by 3-MA treatment. From the above results, it was
concluded that circR-ZC3HC1 inhibited OGD-treated
neuron apoptosis by promoting autophagy.

circR-ZC3HC1 targeted miR-384-5p to upregulate SIRT1
expression
Through bioinformatics analysis, we found that circR-
ZC3HC1 could target miR-384-5p (Fig. 3A) and also
noticed the binding sites of miR-384-5p and SIRT1
(Fig. 3B). Therefore, we conjectured that circR-ZC3HC1
might assume a role in regulating autophagy of neurons by
targeting miR-384-5p to mediate SIRT1 expression.

The data of dual luciferase reporter gene assay unveiled
that miR-384-5p mimic significantly reduced the luciferase
activities of WT circR-ZC3HC1 and WT SIRT1 (Figs. 3C
and 3D), which suggested that circR-ZC3HC1 could
specifically bind to miR-384-5p, and miR-384-5p could bind
to SIRT1. RT-qPCR and western blotting results showed
that upregulated miR-384-5p and downregulated SIRT1
were discovered in the OGD group compared with the

control group (Figs. 3E and 3F). Thereby, we transfected
miR-384-5p mimic into cells overexpressed with circR-
ZC3HC1, and then measured the transfection efficiency by
RT-qPCR (Fig. 3G). Western blotting and RT-qPCR results
exhibited that SIRT1 was significantly increased after circR-
ZC3HC1 overexpression, but decreased after further
overexpression of miR-384-5p (Figs. 3H and 3I). These
findings demonstrated that circR-ZC3HC1 elevated SIRT1
expression by targeting miR-384-5p.

Knockdown of miR-384-5p facilitated autophagy and repressed
apoptosis of OGD-treated neurons
To explore the effect of miR-384-5p on neurons, OGD-treated
neuron HT22 cells were transfected with miR-384-5p
inhibitor. RT-qPCR revealed that miR-384-5p knockdown
reduced the expression of miR-384-5p but enhanced the
expression of SIRT1 (Fig. 4A). As reflected in western
blotting results, miR-384-5p knockdown increased the
expression of SIRT1 and LC3II but declined the expression
of p62 (Fig. 4B). Through TEM, increased autophagosomes
were observed following miR-384-5p knockdown (Fig. 4C).

FIGURE 4. Loss of miR-384-5p promoted autophagy and suppressed apoptosis of OGD-treated neurons. Notes: After OGD-treated neuron
HT22 cells were transfected with miR-384-5p inhibitor, (A) RT-qPCR was employed for the assessment of the expression of miR-384-5p and
SIRT1. (B) The protein expression of SIRT1, LC3, and p62 was evaluated using western blotting. (C) The number of autophagosomes was
observed through TEM. (D) Cell apoptosis was tested by flow cytometry. (E) The expression of pro-apoptotic factors (cleaved caspase-3
and Bax) and anti-apoptotic factor (Bcl-2) was examined by western blotting. Each cell experiment was duplicated thrice, *p < 0.05.
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As expected, the apoptosis level of OGD-treated HT22 cells
was inhibited after miR-384-5p knockdown (Fig. 4D),
accompanied by decreased cleaved caspase-3 and Bax
expression, and increased Bcl-2 expression (Fig. 4E). In
short, deficiency of miR-384-5p could promote autophagy
and suppress apoptosis of OGD-treated neurons.

circR-ZC3HC1 promoted autophagy and suppressed apoptosis
of OGD-treated neurons by upregulating SIRT1
To verify that circR-ZC3HC1 mediated autophagy and
apoptosis of neurons through up-regulation of SIRT1, we
combined SIRT1 inhibition in OGD-treated neuron HT22
cells overexpressing circR-ZC3HC1. The transfection
efficiency of SIRT1 was detected by RT-qPCR and western
blotting, and sh-SIRT1#3, which had the best knockdown
efficiency, was selected for subsequent experiments (Figs. 5A
and 5B). Discoveries from western blotting, TEM, and TEM
showed that, after further SIRT1 inhibition, the autophagy
level was weakened, shown by decreased LC3II and
increased p62 (Fig. 5C) and reduced autophagosomes
(Fig. 5D); the apoptosis level was enhanced (Fig. 5E),
accompanied by elevated cleaved caspase-3 and Bax, and
reduced Bcl-2 (Fig. 5F). Overall, circR-ZC3HC1 promoted
autophagy and restrained apoptosis of OGD-treated neurons
by upregulating SIRT1.

Discussion

IS is a fatal disease with high disability and mortality rates,
resulting in a heavy burden on society and family [24].
During IS, autophagy is activated in various cell types of the
brain, including microvascular cells, neurons, and glial cells
[25]. Nowadays, the modulation of autophagy may be a
promising target in the treatment of IS [26]. Previously,
researchers have shown that as a new type of non-coding
RNA, circRNAs are involved in IS-induced autophagy and
various pathologic processes after IS [27]. In this research,
we discovered downregulated circR-ZC3HC1 in IS patients
via bioinformatics analysis, which was subsequently
confirmed by the functional experiments. Further assays
verified that overexpressed circR-ZC3HC1 promoted
autophagy and inhibited apoptosis of OGD-treated neurons
by targeting miR-384-5p to upregulate SIRT1 expression.

With the continuous development of technology,
bioinformatics tools have obvious advantages in predicting
the structure, product, function and evolution of unknown
genes and proteins, which have been adopted by more and
more researchers [28,29]. Through this method, we
predicted that circR-ZC3HC1 was closely associated with IS,
and then discovered low expression of circR-ZC3HC1 in
blood samples of IS patients and OGD-treated hippocampal

FIGURE 5. circR-ZC3HC1 enhanced autophagy and inhibited apoptosis of OGD-treated neurons by increasing SIRT1. Notes: After OGD-
treated neuron HT22 cells overexpressing circR-ZC3HC1 were transfected with sh-SIRT1, (A and B) RT-qPCR and western blotting were
adopted for detection of SIRT1 expression. (C) Western blotting was designed to evaluate the protein expression of LC3 and p62. (D) The
number of autophagosomes was observed through TEM. (E) Cell apoptosis was tested by flow cytometry. (F) The expression of pro-
apoptotic factors (cleaved caspase-3 and Bax) and anti-apoptotic factor (Bcl-2) was evaluated by western blotting. Experimentation was
repeated thrice independently, *p < 0.05.
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neuron HT22 cells. Moreover, overexpression of circR-
ZC3HC1 facilitated autophagy and repressed apoptosis of
OGD-treated neuron HT22 cells, which could be abrogated
by 3-MA treatment. A previous research displayed that
autophagy could restrain neuronal cell apoptosis caused by
spinal cord injury [30]. Here, we concluded that
overexpressed circR-ZC3HC1 inhibited OGD-treated
neuron apoptosis by promoting autophagy. Although there
are no relevant studies on circR-ZC3HC1 in IS, there are
many studies on the effects of other circRNAs on the
development of IS by regulating autophagy and apoptosis.
For example, circ-0025984 protected astrocytes against
ischemia-induced apoptosis and autophagy by modulating
the miR-143-3p/TET1 pathway, and finally repressed IS-
induced cerebral injury [31]. Circ-SHOC2 suppressed
neuronal apoptosis by regulating autophagy and ameliorated
ischemic brain injury via the miR-7670-3p/SIRT1 axis [15].
From the above data, it could be concluded that circRNAs
may regulate IS-induced autophagy and apoptosis by
targeting some miRNAs.

Next, we deeply probed the downstream targets of circR-
ZC3HC1. miR-384-5p was found to be targeted by circR-
ZC3HC1 via bioinformatics analysis. RT-qPCR results
showed high expression of miR-384-5p in OGD-treated
neurons, and further assays unraveled that knockdown of
miR-384-5p could promote autophagy and inhibit apoptosis
of OGD-treated neuron HT22 cells. In hippocampal
neurons, miR-384-5p downregulation exerted
neuroprotection by restraining apoptosis and reactive
oxygen species activity in neurons [32]. Another study
stated that isoflurane post-treatment relieved ischemic
neuronal injury through miR-384-5p-mediated autophagy
[12]. Also, we noticed that miR-384-5p could bind to SIRT1
through bioinformatics method. A lot of studies implied
that SIRT1 has neuroprotective effect on cerebral ischemic
injury and is considered as a valuable candidate gene for IS
[33,34]. A prior research described that the activation of
SIRT1/AMPK pathway attenuated the IS-induced neuronal
damage [35]. Tian et al. proposed that lncRNA Snhg8
relieved microglial inflammation and blood-brain barrier
damage in IS by regulating miR-425-5p mediated SIRT1/
NF-κB signaling [36]. In our work, we verified that circR-
ZC3HC1 acted as a sponge for miR-384-5p and promotes
SIRT1 expression to promote autophagy and repress
apoptosis of OGD-treated neuron HT22 cells, thereby
mitigating IS.

Our results demonstrated for the first time that circR-
ZC3HC1 protects neurons from ischemic-induced
autophagy and apoptosis by targeting miR-384-5p/SIRT1
axis and might inhibit IS process. Of course, this article has
some limitations to consider. Firstly is the small sample size
for clinical experiments due to limitations of time and
region. Second, we only conducted relevant studies at the
cellular level, and validation in the in vivo experiments is
required if more budget is accessible. In the future, future
research needs to address these deficiencies through animal
and clinical trials. In any case, our findings contribute to a
better understanding of the complex mechanism behind
neuronal autophagy and apoptosis in IS and provide a

rapidly expanding field for the development of new effective
therapeutic targets for IS.
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