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Abstract

BACKGROUND

Exosomal miRNAs play crucial roles in many central nervous system diseases.
Cerebral small vessel disease (CVSD) is a small vessel disease that is affected by
various factors. This study aimed to investigate the role of exosomal miR-320e in
the Wnt/p-catenin pathway stimulated by oxidative stress and assess its clinical
correlation with psychiatric symptoms in patients with CVSD.

AIM
To explore whether exosomal miR-320e could suppress the Wnt/B-catenin
pathway and play a protective role in CVSD progression, as well as examine its

potential correlation with cognitive impairment and depression in patients with
CVSD.

METHODS

Differentially expressed exosomal miRNAs were filtered by sequencing plasma
exosomes from patients with CVSD and healthy controls. Bioinformatics and dual
luciferase analyses were used to confirm the binding of miR-320e to Wnt2, and the
mRNA and protein levels of downstream components in the Wnt/f-catenin
pathway were evaluated when overexpressed or with knockdown of miR-320e
under H,0,-induced oxidative stress. In addition, Wnt2-targeting siRNA was used
to confirm the role of miR-320e in the Wnt2-mediated inhibition of the Wnt/ -
catenin pathway. A retrospective analysis was conducted among patients with
CVSD to confirm the correlation between miR-320e expression and the severity of
cognitive impairment and depression, which were quantified using the Montreal
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Cognitive Assessment (MoCA)/Executive Function Assessment (EFA), and the Hamilton Depression Scale
(HAMD)/Beck Depression Inventory (BDI), respectively.

RESULTS

High-throughput sequencing revealed that exosomal miR-320e was downregulated in patients with CVSD.
Bioinformatics analysis and dual-luciferase reporter gene experiments showed that exosomal miR-320e inhibited
the Wnt/B-catenin pathway in response to oxidative stress by targeting the 3' noncoding region of Wnt2. Uptake of
exosomes carrying miR-320e into endothelial cells could also target Wnt2 and inhibit the Wnt2/B-catenin pathway.
Elevated miR-320e expression may protect patients with CVSD from relatively severe cognitive impairment and
depression, as it was found to have a positive correlation with the MoCA /EFA and HAMD/BDI scores.

CONCLUSION
Our results suggest that exosomal miR-320e suppresses the Wnt/-catenin pathway and may play a protective role
in CVSD progression.

Key Words: Exosome; Cerebral small vessel disease; miRNA-320e; Wnt2; Wnt/B-catenin pathway; Depressed

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Exosomal miR-320e is downregulated in patients with cerebral small vessel disease (CVSD), and it inhibits the
Wnt/B-catenin pathway by targeting Wnt2 in response to oxidative stress. Uptake of exosomes carrying miR-320e can also
target Wnt2 and inhibit the Wnt2/B-catenin pathway. Elevated miR-320e expression may protect patients with CVSD from
severe cognitive impairment and depression, as it correlates positively with Montreal Cognitive Assessment/Executive
Function Assessment and Hamilton Depression Scale/Beck Depression Inventory scores. Therefore, exosomal miR-320e
may play a protective role in CVSD progression by suppressing the Wnt/p-catenin pathway, indicating its potential as a
therapeutic target for CVSD.

Citation: Wang Z, Li XN, Yang SN, Wang Y, Gao KJ, Han B, Ma AJ. Exosomal miR-320e through wnt2targeted inhibition of the
Wnt/B-catenin pathway allevisate cerebral small vessel disease and cognitive impairment. World J Psychiatry 2023; 13(9): 630-644
URL: https://www.wjgnet.com/2220-3206/full/v13/i19/630.htm

DOI: https://dx.doi.org/10.5498/wjp.v13.i19.630

INTRODUCTION

Stroke is the deadliest disease in China and the second most disabling disease worldwide, and its socioeconomic burden
has increased dramatically in the last three decades[1]. Cerebral small vessel disease (CVSD) accounts for 20%-30% of
ischemic stroke cases. CVSD is a series of clinical, imaging, and pathological syndromes caused by various etiologies that
affect the small arteries, microarteries, capillaries, microvenules, and small veins in the brain[2]. White matter and deep
gray matter damage caused by CVSD is also considered a major cause of cognitive impairment due to damaged crosstalk
between the arteries, capillaries, and small veins[3]. Currently, conventional anti-hypertensive, lipid regulatory, and
antiplatelet aggregation treatments are not effective in improving cognitive and motor function impairments in patients
[4,5]. Thus, new therapeutic targets or mechanisms for CVSD are warranted.

Exosomes, presenting as 30-150 nm extracellular vesicles in diameter, carry rich contents to exert their bioinformatics
function near or distantly[6-8] and have been demonstrated to play important roles in vascular diseases, such as athero-
sclerosis, diabetic vasculopathy, and stroke[9-11]. Moreover, miRNAs (a class of 17-24 nt small, noncoding RNAs) have
been identified in exosomes and are involved in the biogenesis, release, and uptake of relevant proteins by mediating
post-transcriptional gene silencing by binding to target mRNAs[12]. Exosomal miRNAs participate in numerous
biological processes during nerve injuries. Exosomal miR-451a plays a protective role against cerebral ischemia/
reperfusion injury[13]. Exosomal miR-124a can be transported to glioblastomas to play a tumor-suppressive role[14].
Therefore, in this study we performed high-throughput sequencing analysis of plasma exosomal miRNAs between
patients with CVSD and healthy controls and found that exosomal miR-320e, with the most significant difference, was
speculated to be a highly promising target relevant to CVSD pathogenesis.

With aging and the presence of other risk factors, the integrity of the vasculature is gradually lost. This affects various
cellular pathways, including the Wnt/B-catenin pathway, which is known to regulate vascular neogenesis, vascular
remodeling, and blood-brain barrier maturation in response to harmful stimuli[15,16]. The Wnt family of proteins has
been reported to play essential roles in the development of the nervous system[17]. miRNAs have been found to regulate
vascular function by targeting the Wnt pathway, as evidenced by the involvement of miR-29b in vascular smooth muscle
calcification[18] and the regulation of miR-330 in the process of unstable atherosclerotic plaque formation and vascular
endothelial cell proliferation[19]. These studies indicate that the inhibition of the Wnt/p-catenin pathway may delay the
progression of some diseases, such as cancer[20], axonal degeneration[21], and chronic kidney disease[22]. However, the
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mechanism by which exosomal miR-320e regulates the Wnt/B-catenin pathway in cerebrovascular disease has not yet
been explored.

Among the secretory glycoproteins belonging to the Wnt family, Wnt2 shows potent antidepressant effects and can
inhibit the development of depressive disorders, suggesting the direct binding of miR320e to Wnt2[23]. In this study, we
assessed the regulatory effects of miRNA-320e on the Wnt/p-catenin pathway by targeting Wnt2 in endothelial cells
under oxidative stress. Furthermore, the predictive value of decreased exosomal-derived miR-320e for the clinical deteri-
oration of depression and impaired cognition in CVSD was analyzed in a retrospective study.

MATERIALS AND METHODS

Sequencing of exosomal microRNAs from patients with CVSD

In total, 120 blood samples were collected from patients with CVSD and healthy subjects at the Qingdao University
Affiliated Hospital between January 2017 and January 2019 (80 patients with CVSD and 40 controls). Baseline information
of the patients with CVSD and controls was shown in the Supplementary Material. The inclusion criteria were based on
the STRIVE diagnostic criteria, with the following: (1) Magnetic resonance imaging (MRI) manifestations, including
lacunar infarctions, white matter lesions, cerebral microbleeds, and perivascular space enlargement > 2 mm and brain
atrophy; (2) Clinical symptoms such as dizziness, fatigue, and cognitive changes; and (3) Age > 18 years. Patients with a
definite diagnosis of cardiovascular or cerebrovascular diseases, severe head and neck artery stenosis, arteriosclerosis,
incomplete brain MRI, blood system diseases or tumors, or severe liver and kidney insufficiencies were excluded. This
study was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. All specimens were
collected after obtaining authorization from the patients and their families and signing a consent form.

Isolation and extraction of exosomes

Thermo Fisher Scientific's Total Exosome Precipitation Reagent (from plasma) kit (REF4484451; Waltham, Massachusetts,
United States Thermo Fisher Scientific) was used to extract the exosomes. Although ultracentrifugation was often noted
for the ability to produce highly purified exosome, filtration could more conveniently generate a higher yield. However,
both filtration and ultracentrifugation methods had their unique advantages and were well accepted in the area of
exosome extraction.

The frozen plasma was thawed at room temperature, and 200 pL was placed in an EP tube and centrifuged at 2000 x g
for 20 min at room temperature. The supernatant was collected in a new EP tube at room temperature and centrifuged
again at 10000 x g for 20 min. Then, 100 pL of Phosphate-buffered saline (PBS) was added to the resulting supernatant
and vortexed. Then, 10 microliters of proteinase K (Thermo Fisher Scientific 4485229) was added, shaken well and
incubated at 37 °C for 10 min. Then, 60 microliters of extraction reagent was added to the incubated liquid, fully vortexed
until turbid, and incubated at 4 °C for 30 min. Next, the sample was removed from the 4 °C environment and centrifuged
it at 10000 x g for 5 min at room temperature. A pale yellow or colorless precipitate was observed, and the supernatant
was discarded. Finally, we resuspended the sample in 100 pL of PBS to obtain an exosome solution and proceeded to the
next step immediately or stored it at -80 °C.

Identification of exosomes

The morphology of the exosomes was observed by transmission electron microscopy, and the quality of the isolated
exosomes was determined by nanoparticle tracking analysis. Exosome surface proteins were examined using western
blotting.

Extraction of exosomal RNA

Total RNA was extracted using the miRNeasy Serum/Plasma Kit (50) (Cat. No. 217184). Immediately or after thawing the
cryopreserved exosome solution, we took 100 microliters for lysis with 500 microliters of TRIzol and incubated at room
temperature for 5 min. After addition of 100 pL of chloroform, the sample was vortexed and incubated at room
temperature for 3 min. The samples were centrifuged at 12000 x g for 15 min at 4 °C. We transferred the upper part of the
aqueous phase after centrifugation into a new EP tube, added absolute ethanol, mixed well, transferred to a spin column,
centrifuged at 8000 x g for 15 s, and discarded the filtrate. Then, we added 700 microliters of RWT to the spin column at
room temperature, centrifuged at 8000 x g for 15 s, and discarded the filtrate; added 500 microliters of RPE to the spin
column at room temperature, centrifuged at 8000xg for 15 s, and discarded the filtrate; added 500 microliters of 80%
ethanol, centrifuged the spin column at room temperature at 8000 x g for 2 min, changed the spin column into a new EP
tube, and centrifuged at 12000 x g for 5 min for drying. Finally, 14 puL of enzyme-free water was added, and approx-
imately 14 pL of total RNA was obtained by centrifugation at 12000 x g for 1 min after 1 min.

Cell culture

Human umbilical vein endothelial cells (HUVECsS), cell models with stem cell potential commonly used for vascular
endothelial cell experiments, were cultured in 90% dulbecco's modified eagle medium (DMEM) containing 10% FBS and
1.5% penicillin-streptomycin. All cells were cultured in 5% CO, at 37 °C in a humidified atmosphere. DMEM, FBS, and
penicillin-streptomycin were purchased from BI (BI, United States), and trypsin was purchased from Thermo Scientific.
Oxidative stress stimulation was induced using a 1 mmol/L solution of DEME prepared with hydrogen peroxide for 30
min. R-Spondin-1 (the Wnt pathway agonist) and WIF1 (the Wnt pathway inhibitor) were procured from MCE (MCE,
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United States) using complete medium diluted to 60 and 20 ng/mL, respectively, for 24 h of cell culture before
subsequent treatment as needed. The plasmids of wild-type and mutated Wnt2 3’-UTR and Wnt2-targeting siRNA, as
well as the miR-320e mimic and inhibitor required for the transfection of HUVECs, were constructed by Gikai Gene
(Shanghai Genechem Co, Ltd.).

Plasma membrane staining
We used a Dil (Dil perchlorate, C59H97CIN204) cell membrane orange-red fluorescent probe to stain the cell and
exosome membranes (Yeasen; 40726ES10, China), and absorbance was detected at 550/567 nm.

Western-Blot analysis for protein expression detection

Cell lysis buffer (Elabscience Biotechnology Co., Ltd., China) for western blotting was used for total protein extraction.
Following centrifugation at 4 °C (12000 x g, 15 min), a BCA kit (Elabscience, China) was used to quantify the protein
concentrations. Protein samples were separated using polyacrylamide gel electrophoresis and transferred onto
membranes (ACE Biotechnology, China). Freshly prepared Tris-buffered saline (TBS) containing 5% nonfat milk was
used to block the membranes for 2 h at room temperature. The blots were probed with primary antibodies at 4 °C
overnight at a dilution ratio of 1:1000. The primary antibodies used for the detection of Wnt/p-catenin pathway by
western blotting were as follows: Wnt2, FZD2, Axin2, GSK3, and B-catenin (Proteintech Group, Inc, United States).
Membranes coated with primary antibodies were washed three times with TBS-0.05% Tween 20, followed by incubation
at room temperature with the corresponding secondary antibodies for 1 h. The blots were then incubated in the dark with
ECL and visualized by exposure to enhanced chemiluminescence reagents (GE Healthcare, United States). Image]
software 1.4.3.67 (National Institutes of Health, United States) was used to analyze the grey scale values of the blots.

Detection of gene expression with real-time PCR

Total RNA was isolated from the cells using TRIzol Reagent (Invitrogen, United States). Goldenstar RT6 cDNA Synthesis
Kit Ver. 2 (TSINGKE, China) was used to synthesize cDNA from the RNA. Wnt2, FZD2, Axin2, GSK3p, and B-catenin
were detected by a 2xT5 Fast real-time polymerase chain reaction (PCR) Mix (SYBR Green I) kit (TSINGKE, China).
Primer design and synthesis were performed by the Sangon Corporation (Shanghai, China), and the primer sequences
were listed in the Supplementary Material. The results of RT-PCR analysis were calculated by the — AACt method.

Retrospective clinical study in patients with CVSD

Patients and Ethics: Using a retrospective analysis, relevant information on patients with CVSD who met the inclusion
criteria was collected between January 2022 and December 2022 at the Department of Neurology of Qingdao University
Affiliated Hospital. The inclusion criteria were as follows: (1) Aged-50-80 years; (2) Meeting the diagnostic criteria for
CVSD according to the Expert Consensus on Diagnosis and Treatment of CVSD in China (2021); and (3) Agreement to
participate in this study and signed an informed consent form. The exclusion criteria were as follows: (1) Other
neurological or psychiatric diseases affecting cognitive function; (2) Other systemic diseases or medication history
affecting vascular function; and (3) Other factors affecting exosome isolation or detection. Healthy volunteers who
underwent physical examinations at the health examination center during the same period were enrolled as controls after
obtaining informed consent and met the following conditions: (1) No clinical symptoms or signs; (2) No abnormal
laboratory or imaging examinations; and (3) No history of chronic diseases or medication use. This study was approved
by the ethics committee of our hospital. This study was conducted in accordance with the principles of the Declaration of
Helsinki.

Treatments: Standard therapies were provided to patients with CVSD after a comprehensive assessment of their
condition. Doctors developed a personalized treatment plan targeting the risk factors for CSVD in each patient, including
anti-hypertensive drugs (such as angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, calcium
channel blockers, diuretics, or B-receptor blockers), antiplatelet drugs (such as aspirin, clopidogrel, or ticagrelor), antico-
agulation drugs (such as warfarin, dabigatran etexilate, or rivaroxaban), lipid-lowering therapy (such as simvastatin and
atorvastatin), and diabetes controlling drugs (such as insulin and metformin). In addition, lifestyle improvements, such as
quitting smoking, limiting alcohol intake, maintaining a healthy diet, and engaging in appropriate exercise, were
recommended. For cognitive dysfunction related to CVSD, cholinesterase inhibitors and memantine were chosen to
improve depression, anxiety, apathy, and psychiatric symptoms.

Psychiatric Assessments: The following assessment scores of patients were collected: (1) Cognitive function assessment,
including the Montreal Cognitive Assessment (MoCA) and the Executive Function Assessment (EFA); and (2) Depression
symptom assessment, including the Hamilton Depression Scale (HAMD) and the Beck Depression Inventory (BDI).
Utilizing the average scores that patients received as the cutoff point, the CVSD population in this study was divided into
two groups: Relatively more severe and relatively better disease.

Statistical analysis

Statistical analysis was performed using SPSS 26.0. Quantitative data were presented as the mean + SD and were
compared using the Wilcoxon test between the two groups, while categorical data were expressed as frequencies
(percentages). For western blotting, the mean normalized gray level in the control group was defined as a relative FC of 1.
For qRT-PCR, all data were normalized to the FC of the control group. Correlation analysis was performed using the
Spearman’s rank correlation coefficient. Statistical significance was set at P < 0.05. The statistical method of this study was
reviewed by Ai-Jun Ma from Qingdao University Affiliated Hospital.
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RESULTS

Identification of the miRNA expression profiles in CVSD patients

The results of the identification of the extracted exosomes were shown in Supplementary Material. In total, 120 blood
samples were collected from 80 patients with CVSD and 40 healthy controls. The expression of miRNAs in plasma
exosomes from patients with CVSD and healthy controls was detected by high-throughput detection. As shown in
Figure 1A, the results showed that the expression of 38 miRNAs was significantly different in the plasma exosomes of
patients with CVSD compared with the controls. Among these differentially expressed miRNAs, 18 miRNAs were
significantly upregulated and 20 miRNAs were downregulated. A heatmap of the miRNAs with significant differential
expression was shown in Figure 1B. Next, miR320e, miR-498, miR-6776, and miR-455 were verified using real-time PCR.
This trend in the real-time PCR results was consistent with that of the miRNA sequencing results. Previous studies have
shown that miR-320 regulates the biological behavior of ischemic neurons and changes the state of tissue inflammation
and oxidative stress through drug regulation[24,25]. miR-320e was significantly downregulated compared with that in
the healthy control group (16.8478, 95%CI = 7.4456-26.2501), and the difference was statistically significant (P < 0.001)
(Supplementary Material), indicating that this molecule might play an important role in the pathophysiological process of
CVSD.

MiR-320e targets the Wnt2 gene and exerts post-transcriptional regulation

According to the RNACentral and TargetScan human databases, Wnt2 was one of the target mRNAs of miR-320e. In
addition, functional enrichment analysis showed that miR-320e was involved in the regulation of cellular responses to
stress, mRNA metabolic processes, cell division, and apoptosis (Figure 1C), which was associated with vascular
endothelial structural integrity. In contrast to other differentially expressed miRNAs, miR-320e and its target gene Wnt2
were associated with both leukocyte transendothelial function and vascular structural integrity, leading us to speculate
that miR-320e may play an important role in the progression of CVSD development.

To verify the binding relationship between miR-320e and Wnt2, we performed a dual-luciferase reporter assay. The
plasmids of wild-type and mutated Wnt2 3’-UTR were constructed and cotransfected with overexpressed miR-320e and
control mimics. The results showed that the fluorescence intensity in the WT-Wnt2/miR320e-overexpressed group was
significantly reduced (Figure 2A and B), indicating that miR320e specifically bound to Wnt2. A two-factor recovery
experiment was conducted to prevent off-target effects. The results showed that the protein expression of Wnt2, Axin2, -
catenin, FZD2, and GSK3p was downregulated in the group that was transfected with the miR-320e mimic. In contrast,
the endothelial cells transfected with the inhibitors targeting miR-320e showed higher expression of Wnt2, Axin2, B-
catenin, FZD and GSK3p than those in the control group (Figure 2C and D). The fluorescence photos observed after
transfection of miR-320e mimic and inhibitor were shown in Figure 2E. These results indicated that miR-320e inhibited
the expression of Wnt2 at the post-transcriptional level as well as the activation of downstream B-catenin pathways.

The Wnt/B-catenin pathway was involved in the H,0,-induced oxidative stress response

HUVECs were treated by adding H,O, to the medium to create oxidative stress in the cell culture environment. The
expression levels of Wnt2, FZD2, Axin2, GSK3p and total f-catenin in the Wnt/B-catenin pathway were all increased
(Figure 3A-C). Oxidized HUVECs were further stimulated with the Wnt pathway inhibitor WIF1 or the agonist R-
spondin in parallel with the mock control. We found that the protein expression of Wnt2, FZD2, Axin2, GSK3p and total
-catenin in the WIF1 + H,0O,-treated group was similar to that in the WIF1-treated group without oxidative stress,
meaning the Wnt2 inhibitor effectively alleviated the H,0,-induced Wnt/-catenin pathway (Figure 3D-G). Meanwhile,
R-spondin activated the Wnt2-mediated p-catenin pathway, and the expression of downstream components in the R-
spondin + H,O, group was enhanced compared to that in the group treated with R-spondin alone (Figure 3D and F-H).
The above data indicate that the Wnt/pcatenin pathway and its relevant components were upregulated under H,O,-
induced oxidative stress.

miR-320e inhibited the H,0,-induced Wnt/B-catenin pathway through targeting Wnt2

To demonstrate the effects of transfection, we used plasmids or siRNAs with green fluorescent labels and puromycin
resistance. The fluorescence images observed after transfection of miR-320e mimics, mimic control, Wnt2-targeting
siRNA, and siRNA control were shown in Figure 4A and B. Utilizing H,O,-treated HUVECs, when signaling in the Wnt/
B-catenin pathway including Wnt2 was obviously inhibited by miR-320e mimics compared with control mimics, Wnt2-
targeting silencing but not the siRNA control reversed the inhibition of the Wnt/-catenin pathway (Figure 4C). Protein
and mRNA expression detected by western blotting and real-time PCR showed similar results under H,0,-induced
oxidative stress (Figure 4D-G). These data show that miR-320e inhibited the H,O,-induced Wnt/B-catenin pathway by
targeting Wnt2.

Exosomes could be taken up by endothelial cells and release their loaded miR-320e into the endothelium to bind to
Whnt2 for inhibitory effects

HUVECs were cultured using miR-320e mimics (Figure 5A), and the lipid membranes in the system were stained with
Dil, a lipophilic stain with red fluorescence. We collected fresh culture medium and extracted the exosomes secreted by
HUVEC:s to treat another group of HUVECs, and then tested the expression of Wnt2 and B-catenin in the exosome-treated
and control groups. The results showed that HUVECs could be stained with Dil (Figure 5B), and we detected the
collected exosome suspension in a microplate reader. We observed an increase in the absorbance at 550 and 567 nm
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Figure 1 Construction and bioinformatics analysis of differentially expressed miRNA libraries. A: Volcano diagram showing that miRNA-320e was significantly downregulated; B: High-throughput sequencing of plasma exosomes
showed that the expression of miR-320e was significantly downregulated; C: Bioinformatics suggested the biological processes involved in differentially expressed miRNAs. Further information was shown in the Supplementary Material.
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Figure 2 miR-320e could bind to Wnt2 to inhibit the Wnt/B-catenin pathway. A: The results of the dual-luciferase reporter gene experiment; B: Binding
sequence between Wnt2 mRNA and miR-320e; C and D: Protein blots were listed in the column. After cotransfection of the miR-320e mimic, western blotting showed
that Wnt2, FZD2, Axin2, GSK3p, and f3-catenin expression increased compared with that of the control group. After cotransfection of the miR-320e inhibitor, western
blotting showed that Wnt2, FZD2, Axin2, GSK3p, and B-catenin expression decreased compared with that of the control group; E: Cell image after cotransfection of
cells. The image above showed transfection with miR-320e mimic and the one below showed transfection with miR-320e inhibitor. 2P < 0.05, °P < 0.01, °P < 0.001.

(Figure 5C). Using the collected exosomes secreted by Dil-stained endothelial cells to treat unstained and treated
endothelial cells, we observed red fluorescence in the unstained cells after exosome treatment. In addition, we used these
exosomes to treat human aortic vascular smooth muscle cells (HASMCs) and observed red fluorescence in these HASMCs
(Figure 5D), indicating that HUVEC-derived exosomes could be secreted into the extracellular environment and taken up
by other cells. In the Exo/miR-320e-mimic group, Wnt2 mRNA and B-catenin protein and mRNA levels were lower than
those in the control group (Figure 5E-G). The above information proves that exosomes can be taken up by other cells, and
miR-320e loaded into exosomes enters the cells and exerts an inhibitory effect on Wnt/p-catenin pathway activation by
targeting Wnt2.

Retrospective analysis in patients with CVYSD

In the same population for exosome extraction, 80 patients with CVSD (42 men and 38 women) with an average age of
66.3 years were included. The average educational level was 9.2 years. Among these patients, 60 patients had
hypertension, 24 patients had diabetes, and 36 patients had hyperlipidemia, while the remaining patients did not have
respective diseases. Additionally, 28 patients had a history of smoking and 16 patients had a history of alcohol
consumption. At the baseline of disease characteristics, 40 patients (50%) had lacunar infarctions, 20 (25%) had cerebral
microbleeds, and 20 (25%) had mixed-type CSVD. The white matter hyperintensity burden of the CVSD patient group at
enrollment was 12.5 £ 4.2 cm?, and the total CSVD burden score was 3.2 + 1.1 points.

The correlation between exosomal miR-320e levels and psychiatric symptoms in patients with CVSD was characterized
by Pearson’s correlation analysis, which suggested that miR-320e was positively correlated with both cognitive impair-
mentrelated MoCA /EFA scores and depression-related HAMD/BDI scores (all P < 0.05), as shown in Table 1. Based on
the scores for cognitive function and depressive symptoms of patients, we found that patients with relatively severe
cognitive impairment and depression had statistically lower expression levels of miR-320e in the extracted exosomes than
patients in relatively good condition (all P-values < 0.05), as shown in Table 2.
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Table 1 Correlation analysis of exosomal miR-320e levels with clinical assessment results in cerebral small vessel disease patients

Variable Spearman correlation coefficient P value
MoCA score 0.328 0.003
EFA score 0.301 0.006
HAMD score -0.296 0.007
BDI score -0.283 0.010

MoCA: Montreal Cognitive Assessment; EFA: Executive Function Assessment; HAMD: Hamilton Depression Scale; BDI: Beck Depression Inventory.

Table 2 miRNA levels by groups of more and less severe symptoms of cognitive impairment or depress in cerebral small vessel

disease patients, n (%)

More severe disease (below the Less severe disease (beyond the

Assessment Scale average score) average score) P value of miRNA-levels
Patients miRNA level Patients miRNA level

MoCA 45 (56.25) 1.18£0.32 35 (43.75) 215+ 045 0.010

EFA 40 (50) 1.25+0.40 40 (50) 2.30 £ 0.50 0.0092

HAMD 50 (62.5) 110+ 0.35 30 (37.5) 2.20+0.55 0.030

BDI 38 (47.5) 1.15+0.38 42 (52.5) 2.25+0.48 0.0012

MoCA: Montreal Cognitive Assessment; EFA: Executive Function Assessment; HAMD: Hamilton Depression Scale; BDI: Beck Depression Inventory.

DISCUSSION

The Wnt/B-catenin pathway is involved in the response to oxidative stress stimuli and leads to white matter lesions and
central nervous system inflammation and injury[26-28]. Inhibition of the abnormal activation of the Wnt/B-catenin
pathway was shown to delay coronary artery disease in the myocardial tissue of rats[29] and the process of renal
ischaemia-reperfusion injury involving oxidative stress in the kidney[30]. Inhibition of the Wnt/p-catenin pathway also
inhibited the progression of neuroblastoma and attenuated axonal degeneration in Parkinson's disease models[20,21,31].

However, studies on the involvement of the Wnt/B-catenin pathway in CVSD are lacking. Based on the widespreadly
applied model of HUVECsS in the study of cerebral vasculature, our study showed that miR-320e inhibited the oxidative
stress-induced Wnt/B-catenin pathway by targeting Wnt2 in endothelial cells to facilitate a protective role in CVSD. The
miR320e expression in patients with CVSD was significantly lower in those with relatively severe cognitive impairment
and depression, with a positive correlation with both MoCA/EFA and HAMD/BDI scores. Thus, we speculated that
miR-320e could be a potential predictive and therapeutic target for CVSD. However, it was important to note that while
HUVEGCs serve as a useful preliminary model, future investigations employing more directly relevant cell types could
potentially further reinforce and expand upon our findings.

Due to the scarcity or absence of smooth muscle content in small arteries, smallvessel diastolic function and substance
screening are dependent on endothelial cells to perform normal physiological functions, which are influenced by a
combination of factors[32-35]. Recent studies have shown that exosomes transport complex substances that freely reach
and cross the blood-brain barrier (BBB), and the miRNAs carried are protected by the exosome membrane from
degradation by RNA enzymes so that they can effectively act on target cells. Thus, exosomal miRNAs are considered to
affect cerebrovascular disorders by affecting the microenvironment of intracranial vessels[36,37]. Previous studies have
found that neuronal-secreted exosomal miR-132 can regulate cerebrovascular integrity[38], exosomal miR-451a may play
a protective role in ischemia-reperfusion injury[13], and exosomal miR-124a from mesenchymal stem cells can target and
inhibit FOX A2 to suppress glioblastoma[14]. Our study showed that exosomes could carry miR-320e into HUVECs,
allowing miR-320e to target Wnt2 to exert inhibition of the Wnt/B-catenin pathway during oxidative stress.

To verify the inhibitory effect of miR-320e on the Wnt/p-catenin pathway, we detected the binding target of Wnt2 and
the downstream components of FZD2, Axin2, GSK3f and total cellular p-catenin. Our experiment showed that the
oxidative stressinduced enhanced Wnt/B-catenin pathway was significantly inhibited by miR320e, as evidenced by the
significant suppression in the above genes. In addition, exosomes carrying miR-320e exerted a similar inhibitory effect on
the Wnt/p-catenin pathway. Furthermore, we found that GSK3p was inhibited by miR-320e to a much lesser extent than
the other genes in the Wnt/p-catenin pathway. GSK3p is involved in multiple pathways, in addition to its role in the
Wnt/B-catenin pathway, representing a class of components that exert pathway interactions during cell signaling[39],
which suggests that other miRNAs carried by the experimental exosomes from patients with CVSD may contribute to
disease deterioration through other mechanisms.
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Figure 3 Representative protein blots of Wnt2, FZD2, Axin2, GSK38, and B-catenin expression under hydrogen peroxide. A and B: The
Western-Blot results showed that Wnt2 expression in the hydrogen peroxide group increased compared to that in the control group; C: The PCR results showed that
Wnt2 expression in the hydrogen peroxide group increased compared to that in the control group; D-F: Expression of Wnt2, FZD2, Axin2, GSK3p, and B-catenin
expression after treating with WIF1 and R-Spondin under hydrogen peroxide were similar and further enhanced, respectively, compared to that in the groups without
hydrogen peroxide; G and H: The PCR results showed that GSK3p in the WIF + H,0, group increased, and the other mRNA expression levels remained similar.
PCR: Polymerase chain reaction. 2P < 0.05, °P < 0.01, °P < 0.001.
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Figure 4 miR-320e inhibited the Wnt/B-catenin pathway through targeting Wnt2. A and B: Cell transfection images were shown; C-E: The Western-
Blot results showed that the expression of Wnt2, FZD2, Axin2, GSK3p, and B-catenin in the miR-320e mimics group was inhibited compared to that in the control
group, while this inhibition was effectively blocked by Wnt2 silencing compared to the siRNA control; F and G: The results of real-time PCR showed similar trends to

the protein levels of Wnt2, FZD2, Axin2, GSK3, and p-
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catenin with overexpressed miR-320e and knockdown of Wnt2. PCR: Polymerase chain reaction. 2P < 0.05.
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Figure 5 The expression of miR-320e in the exosomes secreted by the miR-320e mimic-transfected cells was significantly higher than
that in the mimic NC group and the blank control. A: HUVECs were transfected using miR-320e mimics and the expression of miR-320e was detected. B:
Lipid membrane of HUVECs marked by Dil; C: Microplate reader analysis showed that exosomes were also marked by Dil; D: As shown by using marked exosomes
harvested from HUVECs and cocultured with HASMCs, HUVECs also showed red fluorescence; E-G: Western blotting and PCR showed that Wnt2 and B-catenin
expression in the Exo-mimic group decreased compared to that of the control group. HUVECs: Human umbilical vein endothelial cells; HASMCs: Human aortic
vascular smooth muscle cells; PCR: Polymerase chain reaction. P < 0.05, °P < 0.01.

The Wnt pathway has been suggested to exhibit different responses when subjected to different time frames of
oxidative stress, with transiently activated Wnt pathways generally inducing neovascularization and protecting vascular
structure and cellular function[40,41], and continuously activated Wnt pathways leading to senescence and basement
membrane disruption[42]. In CVSD, when the small vessels that develop lesions are not in critical areas of the white
matter or cortex or when CVSD is masked by more severe ischemia and hemorrhage, small vessel lesions can be detected
at a more advanced stage, while various aggressive factors may allow sustained activation of Wnt/f-catenin, thus
promoting CVSD progression. Because of the ability of exosomal miR-320e to target Wnt2 and thereby inhibit abnormal
activation of the Wnt/B-catenin pathway, the significantly lower expression of miR-320e in the plasma exosomes of
patients with CVSD may lead to a lack of protection. Moreover, other miRNAs with different expression profiles may
exert protective effects when combined with miR-320e, which may guide further investigation and validation.

Normal brain function depends on the integrity of the cerebrovascular system, and several underlying patho-
physiological mechanisms have been shown to be involved in CSVD, such as BBB damage, small-vessel stiffness, venous
collagen proliferation, inflammation, and myelin damage[43,44]. Endothelial cells are the cornerstone of small vessel
function; with the natural onset of aging and the onslaught of various risk factors, intracranial vascular function
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gradually declines and structural integrity is gradually lost, which has long been seen as a vital process in CSVD[36,45,
46]. Currently, there are only a few studies on the mechanisms of action of exosomal miRNAs in CVSD. In summary,
using bioinformatics and clinical retrospective analyses, this study predicted and confirmed that the inhibitory role of
Wnt2-targeting miR-320e on the Wnt/B-catenin pathway may protect patients with CVSD from relatively severe
cognitive impairment and depression, providing a potential novel predictive and therapeutic target for CVSD.

CONCLUSION

Our study demonstrates that exosomal miR-320e plays a significant role in the pathogenesis of CVSD by regulating the
Wnt/B-catenin pathway under oxidative stress. Our findings suggest that exosomal miR-320e may be a potential
therapeutic target in CVSD based on its ability to inhibit the Wnt/p-catenin pathway and protect against cognitive
impairment and depression. The uptake of exosomes carrying miR-320e can also target Wnt2 and suppress the Wnt2/ -
catenin pathway, highlighting the significance of exosomal miRNAs as novel therapeutic agents for CVSD. Further
studies are needed to investigate the underlying mechanisms of exosomal miR-320e in CVSD progression and to explore
its clinical applications. Overall, this study provides new insights into the complex pathophysiology of CVSD and
suggests a promising avenue for developing effective therapies for this devastating disease.

ARTICLE HIGHLIGHTS

Research background

Cerebral small vessel disease (CVSD) is a common neurodegenerative disorder characterized by cognitive impairment
and depression. Exosomal miRNAs play an essential role in the pathophysiology of CVSD, and their dysregulation
contributes to disease progression. This study aimed to investigate the potential role of exosomal miR-320e in the Wnt/ -
catenin pathway stimulated by oxidative stress and its clinical correlation with cognitive impairment and depression in
patients with CVSD. The study utilized high-throughput sequencing, bioinformatics analysis, dual-luciferase reporter
gene experiments, and retrospective analysis among patients with CVSD. The aim was to explore whether exosomal miR-
320e could suppress the Wnt/p-catenin pathway and play a protective role in CVSD progression, as well as examine its
potential correlation with cognitive impairment and depression in patients with CVSD. The findings suggest that
exosomal miR-320e targets Wnt2 and inhibits the Wnt/B-catenin pathway in response to oxidative stress, potentially
playing a protective role in CVSD progression. Elevated miR-320e expression may also correlate with less severe
cognitive impairment and depression in patients with CVSD.

Research motivation

CVSD is a complex neurodegenerative disorder that affects cognitive function and mental health, but currently lacks
effective treatments. Exosomal miRNAs are emerging as important regulators of physiological and pathological processes
in the brain, including CVSD. This study aimed to investigate the potential role of exosomal miR-320e in the Wnt/ -
catenin pathway stimulated by oxidative stress and its clinical correlation with cognitive impairment and depression in
patients with CVSD. The study utilized high-throughput sequencing, bioinformatics analysis, dual-luciferase reporter
gene experiments, and retrospective analysis among patients with CVSD. The aim was to explore whether exosomal miR-
320e could suppress the Wnt/p-catenin pathway and play a protective role in CVSD progression, as well as examine its
potential correlation with cognitive impairment and depression in patients with CVSD. The findings suggest that
exosomal miR-320e has a potentially protective role in CVSD progression and may be a novel therapeutic target. The
study provides further insights into the complex pathophysiology of CVSD and highlights the importance of exosomal
miRNAs in neurological diseases.

Research objectives

The research objectives of this study were to explore the potential role of exosomal miR-320e in the Wnt/ B-catenin
pathway stimulated by oxidative stress and its clinical correlation with cognitive impairment and depression in patients
with cerebral small vessel disease (CVSD). The study aimed to identify differentially expressed exosomal miRNAs by
sequencing plasma exosomes from patients with CVSD and healthy controls, confirm the binding of miR-320e to Wnt2
through bioinformatics and dual luciferase analyses, evaluate the mRNA and protein levels of downstream components
in the Wnt/ B-catenin pathway when overexpressed or knocked down miR-320e under H,O,-induced oxidative stress, and
conduct a retrospective analysis among patients with CVSD to confirm the relationship between miR-320e expression and
the severity of cognitive impairment and depression. The study also aimed to investigate whether exosomal miR-320e
could inhibit the Wnt/B-catenin pathway and play a protective role in CVSD progression, potentially leading to the
development of novel therapeutic targets for this complex neurodegenerative disorder.

Research methods

The study utilized various methods to investigate the role of exosomal miR-320e in CVSD. Differentially expressed
exosomal miRNAs were identified by sequencing plasma exosomes from patients with CVSD and healthy controls.
Bioinformatics analysis and dual-luciferase reporter gene experiments were conducted to confirm the binding of miR-
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320e to Wnt2. The mRNA and protein levels of downstream components in the Wnt/B-catenin pathway were evaluated
through overexpression or knockdown of miR-320e under H,0,-induced oxidative stress. Wnt2-targeting siRNA was
used to confirm the role of miR-320e in the Wnt2-mediated inhibition of the Wnt/-catenin pathway. A retrospective
analysis was conducted among patients with CVSD to assess the correlation between miR-320e expression and cognitive
impairment and depression, which were quantified using the Montreal Cognitive Assessment (MoCA)/Executive
Function Assessment (EFA) and the Hamilton Depression Scale (HAMD)/Beck Depression Inventory (BDI), respectively.
Overall, these methods provided valuable insights into the potential role of exosomal miR-320e in the pathophysiology of
CVSD and its potential clinical significance.

Research results

The results of the study indicate that exosomal miR-320e is downregulated in patients with CVSD. Exosomal miR-320e
was found to inhibit the Wnt/B-catenin pathway in response to oxidative stress by targeting the 3' noncoding region of
Wnt2. Uptake of exosomes carrying miR-320e could also target Wnt2 and inhibit the Wnt2/B-catenin pathway in
endothelial cells. The study also found that elevated miR-320e expression may protect patients with CVSD from relatively
severe cognitive impairment and depression, as it had a positive correlation with the MoCA/EFA and HAMD/BDI
scores. These findings suggest that exosomal miR-320e may have a potentially protective role in CVSD progression and
could be a novel therapeutic target for this complex neurodegenerative disorder. Overall, the results provide important
insights into the pathophysiology of CVSD and highlight the importance of exosomal miRNAs in neurological diseases.

Research conclusions

The study found that exosomal miR-320e is downregulated in patients with CVSD and may play a crucial role in the
progression of the disease. Exosomal miR-320e was found to inhibit the Wnt/B-catenin pathway by targeting the 3'
noncoding region of Wnt2 in response to oxidative stress. The uptake of exosomes carrying miR-320e could also target
Wnt2 and inhibit the Wnt2/B-catenin pathway in endothelial cells. Furthermore, elevated miR-320e expression was found
to have a positive correlation with cognitive function and depression scores, suggesting it may protect patients from
severe cognitive impairment and depression. The study provides new insights into the pathophysiology of CVSD and
highlights the potential clinical significance of exosomal miRNAs in neurological diseases. These findings have implic-
ations for the development of novel therapeutic targets for CVSD and may provide hope for patients with this complex
neurodegenerative disorder.

Research perspectives

The study provides valuable insights into the potential role of exosomal miR-320e in the pathophysiology of CVSD.
Future research could investigate the use of exosomal miR-320e as a therapeutic target to prevent or delay the
progression of CVSD. Further studies could also investigate the underlying mechanisms by which miR-320e regulates the
Wnt/B-catenin pathway and how it affects cognitive function and depression. In addition, the use of animal models could
provide further insight into the potential clinical significance of exosomal miRNAs in neurological diseases. Further
research could also explore the potential diagnostic and prognostic value of miR-320e in patients with CVSD. Overall, the
findings of this study pave the way for future research on the role of exosomal miRNAs in CVSD and other neurodegen-
erative disorders.
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