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Solanum lycopersicum derived exosome-like
nanovesicles alleviate restenosis after vascular
injury through the Keapl/Nrf2 pathway+
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Despite the significant alleviation of clinical cardiovascular diseases through appropriate interventional
treatments, the recurrence of vascular restenosis necessitating reoperation remains a substantial chal-
lenge impacting patient prognosis. Plant-derived exosome-like nanovesicles (PELNs) are integral to inter-
species cellular communication, with their functions and potential applications garnering significant
attention from the research community. This study extracted Solanum lycopersicum-derived exosome-
like nanovesicles (SL-ELNs) and demonstrated their inhibition of PDGF-BB-induced proliferation,
migration, and phenotypic transformation of vascular smooth muscle cells (VSMCs). Mechanistically,
miRNA164a/b-5p within the SL-ELNs reduced the expression of Keapl mRNA, thereby increasing nuclear
translocation of Nrf2 and enhancing the expression of antioxidant genes to alleviate oxidative stress. In a
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mouse carotid artery injury model, it was further confirmed that miRNA164a/b-5p within the SL-ELNs
could inhibit neointimal hyperplasia. These results suggest that SL-ELNs inhibit VSMCs proliferation,
migration, and phenotypic transformation, and they might be potential therapeutic agents for the preven-
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Introduction

Although appropriate interventional therapy significantly alle-
viates clinical cardiovascular disease, elevated restenosis and
reintervention rates remain a significant limitation of revascu-
larization procedures, particularly in patients with coronary
artery disease.! Vascular smooth muscle cells (VSMCs) play a
key role in the development of vascular restenosis.” Following
vascular injury, cytokines such as platelet-derived growth
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factor BB (PDGF-BB) accumulate, transitioning VSMCs from a
normal contractile state to a pathological synthetic state. This
transformation can induce VSMCs to migrate toward the vas-
cular intima and proliferate excessively, ultimately leading to
severe intimal hyperplasia.> Despite efforts to prevent resteno-
sis using systemic agents, the topical application of rapamycin
and paclitaxel via drug-eluting stents remains the predominant
approach. This approach is preferred primarily because of the
significant adverse effects associated with systemic adminis-
tration, including myelosuppression, paresthesias, gastrointes-
tinal toxicity, and hepatic and renal impairment.* ® Therefore,
there is considerable research interest in exploring safer
natural products as alternative clinical agents for treating vas-
cular restenosis.”

Similar to animal cells, plant cells also release nanoscale
vesicles known as plant-derived exosome-like nanovesicles
(PELNs).>? These vesicles can potentially deliver bioactive
compounds, including nucleic acids, to other species, thereby
initiating therapeutic effects. For example, yam-derived
exosome-like nanovesicles stimulate osteoclast formation,
thereby preventing osteoporosis in mice.'® Additionally, Liu
et al. recently demonstrated that mtDNA from artemisia-
derived exosome-like nanovesicles (ELNs) can remodel tumor-
associated macrophages through the cGAS-STING pathway."*
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Unlike animal-derived exosomes, PELNs can be easily isolated
and purified in large quantities. Therefore, they offer a sustain-
able and cost-effective therapeutic approach, overcoming the
limitations of synthetic nanovesicles.

Solanum lycopersicum (SL) contains an elevated concen-
tration of antioxidants, including lycopenes, carotenoids,
vitamin C, glutathione, and phenolic acids,">"* which exhibit
favorable effects on all-cause mortality and etiological-specific
mortality."* Furthermore, epidemiological studies have high-
lighted the beneficial effects of Solanum Ilycopersicum and its
derivatives on vascular function.’>!® Previous research has
demonstrated the potential importance of lycopene in inhibit-
ing allograft atherosclerosis.'” Based on this, ELNs present in
Solanum lycopersicum may play a role in preventing vascular
restenosis after injury. This study successfully extracted safe
and absorbable Solanum lycopersicum-derived ELNs (SL-ELNs)
and investigated their roles and molecular mechanisms in reg-
ulating proliferation, migration, and phenotypic transform-
ation in VSMCs. These findings suggest that SL-ELNs could
serve as potential bioactive substances for the prevention and
treatment of vascular restenosis.

Methods

Cell and animal lines

VSMC, L1929 and HEK293T cell lines were obtained from the
American Type Culture Collection (ATCC) and subsequently
verified. These cell lines were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) or
DMEM-F12 supplemented with 10% fetal bovine serum (FBS;
AusgeneX, Australia) and 1% penicillin/streptomycin (Solarbio,
China). The cells were cultured at 37 °C in a humidified atmo-
sphere containing 5% CO, and 95% air.

Male C57BL/6] mice (6-8 weeks old) were procured from
Beijing Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). The mice were housed under specific patho-
gen-free (SPF) conditions at the Tianjin Third Central Hospital
Animal Laboratory, with a 12 h light/dark cycle, a temperature
of 20-25 °C, and 40-70% humidity. The experimental pro-
cedures were submitted for approval to the Experimental
Animal Ethics Committee of Nankai University (approval
number: 2022-SYDWLL-000483).

Isolation and identification of SL-ELNs

100 g fresh Solanum lycopersicum was washed with purified
water and blended at high speed for 5 min. The juice was cen-
trifuged sequentially at 1000g for 10 min, 3000g for 30 min,
and 10000g for 30 min to remove large plant tissues and
debris. The supernatant was subsequently ultracentrifuged at
150 000g for 1 h, and the microspheres were resuspended in
5 ml phosphate-buffered saline (PBS). For further purification,
the suspension was layered onto sucrose gradients (8%, 30%,
45%, and 60%) and ultracentrifuged at 150 000g for 1 h.
SL-ELN fractions were collected from three layers (8%/30%,
30%/45%, and 45%/60%) and stored at —80 °C.
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The size distribution and zeta potential of the SL-ELNs were
measured using ZetaView (version 8.05.14 SP7). Samples were
stained with 1% (w/v) uranyl acetate and imaged using a trans-
mission electron microscope (TEM; JEM-2100F, Tokyo, Japan).

Carotid arterial restenosis model

The animal care and experimental protocols followed the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals guidelines. The carotid arterial restenosis
model was established as previously described.'® Briefly, male
mice (22-25 g) were anesthetized using an intraperitoneal
injection of sodium pentobarbital (50 mg kg™'). The right
carotid artery was exposed, the proximal external carotid artery
was ligated, and the internal and common carotid arteries
were clamped. After making a transverse incision proximal to
the ligation, a guide wire (0.38 mm diameter, C-SF-15-15;
Cook, Bloomington, USA) was inserted through the incision
into the left common carotid artery. After rotating and sliding
the wire three times, it was removed, blood flow was restored,
and the incision was sutured. Sham-operated mice underwent
an identical procedure without arterial injury. Different dose
groups (0 mg kg™, 0.5 mg kg™', 1 mg kg™ and 2 mg kg™")
were established to determine the optimal dose of SL-ELNs on
vascular restenosis. Following a 28 day treatment regimen, vas-
cular samples were meticulously collected. At the end of the
experiment, all mice were euthanized humanely using an over-
dose of anesthetic.

Uptake of SL-ELNs

SL-ELNs were suspended in Dio solution (ThermoFisher,
V22886) and incubated for 30 min. Subsequently, the samples
were ultracentrifuged at 150 000g for 1 h to eliminate unbound
dye. Following thorough washing and resuspension in PBS,
the Dio-labeled SL-ELNs were prepared for experimental use.

For in vitro experiments, SL-ELNs were incubated with
VSMCs under light-protected conditions and observed using a
confocal laser scanning microscope (Olympus, FV3000, Japan).
For in vivo studies, Dio-labeled SL-ELNs (25 mg kg™') were
administered to mice via gavage. The fluorescence expression
and distribution of SL-ELNs in tissues were evaluated using
the Maestro™ system (CRi, Shawano, USA).

CCK-8

Following treatment, VSMCs were incubated in a medium sup-
plemented with 10% CCK-8 reagent (Eason, Shanghai, China)
at 37 °C for 1 h. Cell viability was assessed by measuring the
optical density (OD) value at 450 nm using a microplate reader
(Victor Nivo™ FA1604S, USA).

Cell proliferation

The proliferation of VSMCs was evaluated according to the
instructions provided in the EdU-488 Cell Proliferation Kit
(C0071S, Beyotime). EDU-positive cells were quantified and
normalized to the total number of Hoechst 33342-stained
cells. Furthermore, cell cycle analysis was conducted using a
cell cycle assay kit (E-CK-A351, Elabscience). Data acquisition
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and analysis were performed using FlowJo software (version
10.7.2).

Cell migration

Cells were subjected to a wound healing assay by scratching
the cell monolayer with a 200 pL pipette tip. After appropriate
treatments, cell migration into the wound area was assessed.
In addition, a transwell migration assay was conducted by
seeding cells in the upper chamber, while 600 pL of DMEM
supplemented with 20% FBS was added to the lower chamber.
Following a 24 h incubation, cells were fixed with 4% formal-
dehyde and stained with crystal violet. Migratory cells were
visualized using a Nikon Eclipse 80i microscope (Nikon,
Chiyoda, Japan). The degree of wound closure and the number
of migrated cells were quantified using Image] software
(version 1.8.0.112).

Oxidative stress

Oxidative stress was measured using a reactive oxygen species
(ROS) assay kit (Beyotime, S0033S) according to the manufac-
turer’s instructions. Mitochondrial membrane potential
(MMP) disruption was assessed using a JC-1 Enhanced MMP
Assay Kit (Beyotime, C2003S).

Quantitative polymerase chain reaction (qPCR) analysis

Total RNA was collected using TRIzol (ThermoFisher
Scientific) and reverse-transcribed. The amplified ¢cDNA was
synthesized using Revertra Ace and gDNA remover (Toyobo,
Japan). qPCR was performed with GoTaq qPCR Master Mix
(A6001, Promega, USA). The primer sequences used were listed
in Table S4.F

Small RNA-sequencing of SL-ELNs

RNA from SL-ELNs was isolated using TRIzol. Small RNA was
extracted using PAGE electrophoresis for library preparation
and sequencing. Small RNA-sequencing of SL-ELNs was per-
formed using a BGISEQ-500 platform (BGI Group, Shenzhen,
China). The sequence reads were mapped to known plant
mature miRNAs from miRBase22.0, and mapping statistics
were generated.

Lentivirus and adeno-associated virus (AAV) transfection

Lentivirus and AAV vectors were purchased from GeneChem
Co., Ltd (Shanghai, China). In vitro, VSMCs were cultured in
six-well plates to a suitable density and transfected with
Lentivirus-Keap1 at a multiplicity of infection of 50. Following
transfection, the cells were selected with puromycin for one
week. In vivo, gene overexpression in mice was induced using
AAV serotype 9 (AAV9) vectors carrying Keap1 under the control
of the SM22a promoter (AAV9-SM22a-MCS-3Flag-SV40-Keap1;
vector number: GV597). AAV9-SM22a-MCS was used as the
negative control. Mice were injected with either AAV9-NC or
AAV9-Keap1 (1.0 x 10'® v.g.) in 200 pL of PBS via the tail vein.

This journal is © The Royal Society of Chemistry 2025
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Dual-luciferase reporter assay

The wild-type (WT) and mutant 3-UTR fragments of Keapl
were synthesized by GeneChem Co., Ltd and subsequently
cloned into the GV272 reporter vector (SV40-firefly luciferase-
MCS). miRNA164a/b-5p mimic and inhibitor synthesized by
Sangon Biotech. The detailed sequences of the WT and
mutant 3-UTR fragments of Keap1 are provided in ESI 2.}

For the dual-luciferase reporter assay, HEK293T cells were
co-transfected with either miRNA164a/b-5p mimic, GV272-
Keap1-WT, or GV272-Keap1l-Mut reporter plasmids, alongside
the CV045 plasmid (TK promoter-Renilla luciferase). All
plasmid  transfections were performed using the
Lipofectamine 2000 transfection reagent (Invitrogen, USA).
Luciferase activity was quantified using the Dual-Glo™
Luciferase Assay System (E2920, Promega) according to the
instructions provided by the manufacturer.

Hematoxylin and eosin staining (HE staining)

Vascular tissues were collected, fixed in 4% paraformaldehyde,
and embedded in paraffin. Tissue sections, 5 pm thick, were
prepared and stained with HE following the instructions pro-
vided with the HE staining kit (Solarbio). Visualization was
performed using a Nikon ECLIPSE E100 light microscope.

Western blot (WB)

Protein extraction from VSMCs or vascular tissues was con-
ducted using RIPA buffer (CW2334, CWBIO). Protein concen-
trations were determined using a BCA protein assay kit
(CW0014S, CWBIO). Samples were denatured at 95 °C, mixed
with SDS-PAGE loading buffer, and separated by SDS-PAGE.
Proteins were transferred to PVDF membranes, blocked with
5% skim milk for 1 h, and incubated overnight at 4 °C with
primary and secondary antibodies (1:5000, affinity, S0001/2).
Detection was performed using enhanced chemiluminescence
(ECL), and signals were analyzed using imaging software
(Protein Simple, USA).

The primary antibodies used were o-SMA (1:20 000,
Proteintech, 67735-1-Ig), OPN (1:1000, ABclonal, A1499),
PCNA (1:1000, Cst, #13110), Cyclin D1 (1:200, Abcam,
ab16663), MMP2 (1:1000, Proteintech, 66366-1-Ig), MMP9
(1:1000, Proteintech, 10375-2-AP), Keapl (1:1000,
Proteintech, 10503-2-AP), Nrf2 (1:5000, Proteintech, 16396-1-
AP), HO-1(1:2000, Abcam, ab189491), Catalase (1:2000,
Abcam, ab209211), NQO1 (1:10 000, Abcam, ab80588), Lamin
B1 (1:5000, ABclonal, A11495), and GAPDH (1:50 000,
ABclonal, A19056).

Immunofluorescence

For immunofluorescence analysis, tissue sections or fixed cells
(treated with 4% formaldehyde) were incubated overnight at
4 °C with the primary antibodies a-SMA (1 : 200), OPN (1 : 200),
Keap1 (1:200), and Nrf2 (1:500). Subsequently, samples were
incubated with conjugated secondary antibodies (1:200,
Abcam). The nuclei were counterstained with diaminidine
phenylindole (DAPI; Southern Biotech, USA). Fluorescence
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images were captured using a confocal laser scanning micro-
scope (Olympus, FV3000, Japan).

Biocompatibility assay

Cell viability/cytotoxicity was measured using a Calcein/PI cell
viability/cytotoxicity assay kit (Beyotime) according to the man-
ufacturer’s instructions. Subsequently, the concentration of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), and creatinine in mouse
plasma was then determined by enzyme-linked immuno-
sorbent assay (ELISA) kit (Elabscience).

Statistical analysis

All data are expressed as the mean + standard deviation.
Statistical analysis and visualization were conducted using
GraphPad software (version 8.0). Intergroup differences were
evaluated via a one-way ANOVA, or Student’s t-test, with statisti-
cal significance set at P < 0.05.

Results
Extraction and characterization of SL-ELNs

SL-ELNs were isolated and purified through sucrose gradient
ultracentrifugation (Fig. 1A). The zeta potentials of SL-ELNs
across different stratifications consistently ranged from —20 to
—30 mV, with average sizes ranging from 120 to 140 nm
(Fig. 1B and C). Notably, SL-ELNs at the 30/45% interface
exhibited an elevated concentration (2.2 x 10'° particles per
mL) (Table S1t). TEM (Fig. 1D) revealed that these SL-ELNs
were classical circular vesicles characterized by lipid bilayers.

Moreover, Dio-labeled SL-ELNs were utilized to investigate
uptake by VSMCs, revealing increased uptake at the 30/45%
interface (Fig. 1E). Additionally, gavage administration in mice
indicated that SL-ELNs were predominantly distributed in the
abdomen, with fluorescence intensity decreasing over time
(Fig. 1F). Consistently, SL-ELNs at the 30/45% interface exhibi-
ted a more pronounced distribution compared to other frac-
tions across all time points. Finally, the composition of
SL-ELNs was investigated. Using an equal mass (100 g) of
Solanum lycopersicum, the protein and nucleic acid concen-
trations in SL-ELNs from the 30-45% fraction were found to be
higher than those in the other groups (Fig. 1G). Based on
these results, SL-ELNs from the 30-45% fraction were selected
for subsequent experiments. Finally, the yield of SL-ELNs was
4.242 mg kg~ based on the protein concentration extracted
from 100 g of Solanum lycopersicum, which is similar to the
yield reported of other PELNSs in the previous study.'®*°

To evaluate the safety of SL-ELNs, mice received oral doses
of 2 mg per kg per day for 14 consecutive days. Following
administration, no significant changes in body weight or
dietary intake were observed among the animals. Moreover,
histological examination revealed no abnormalities in liver,
kidney, spleen, heart, or lung tissues (Fig. S1Af). In addition,
the organ coefficient was used as a key indicator of chronic tox-
icity in the in vivo experiments. The results showed no statisti-
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cally significant differences between the two groups
(Fig. S1Bf). Furthermore, ELISA analysis indicated that
SL-ELNs had no adverse effects on liver or kidney function in
mice, as there were no significant differences in ALT, AST,
BUN, or creatinine levels between the two groups (Fig. S1C¥).
In the in vitro experiments, Calcein AM/PI staining further con-
firmed that SL-ELNs did not significantly inhibit the viability
of 1929 cells (Fig. S1Df). In summary, our experiments suc-
cessfully prepared SL-ELNs from Solanum lycopersicum and
demonstrated their excellent biocompatibility.

Impact of SL-ELNs on the phenotypic transition of VSMCs
induced by PDGF-BB

Previous studies determined that treatment with 20 ng mL ™"
of PDGF-BB for 24 hours was optimal.*"** Increasing the con-
centration of SL-ELNs mitigated the reduction in cell viability
induced by PDGF-BB. However, concentrations above 100 pg
mL~" did not yield further significant improvements (Fig. S27).
Consequently, the concentration of 100 pg mL™" was selected
for subsequent experiments.

As illustrated in Fig. 2A and B, immunofluorescence and
WB revealed that PDGF-BB induced a phenotypic transition in
VSMCs, as evidenced by the downregulation of the contractile
phenotype-associated protein a-SMA, coupled with the upregu-
lation of the synthetic phenotype-associated protein OPN.
Notably, SL-ELN treatment effectively reversed these
alterations.

Subsequently, VSMC proliferation and migration were
further examined. As illustrated in Fig. 2C, SL-ELN treatment
inhibited PDGF-BB-induced VSMC proliferation. Cell cycle ana-
lysis (Fig. 2D) showed that SL-ELN treatment prevented
PDGF-BB-treated VSMCs from transitioning from the G0/G1
phase to the S phase. Wound healing (Fig. 2E) and transwell
assays (Fig. 2F) demonstrated that SL-ELNs significantly inhib-
ited the migration of PDGF-BB-induced VSMCs. Furthermore,
the expression of proteins associated with proliferation and
migration in VSMCs was analyzed (Fig. 2G). Compared to
PDGF-BB induction alone, SL-ELN treatment reduced the
expression of the cell cycle-related proteins PCNA and Cyclin
D1, along with that of the migration-related proteins MMP2
and MMP9.

Effect of SL-ELNSs on carotid restenosis in mice

Additionally, the inhibitory effect of SL-ELNs on restenosis fol-
lowing vascular injury was evaluated using mouse carotid
artery guidewire strain to simulate vascular injury. The optimal
dose was determined to be 1 mg kg™, as the improvement in
restenosis reached a plateau when the concentration of
SL-ELNs exceeded 1 mg kg™' (Fig. S31). The specific experi-
mental process is shown in Fig. 3A. Histological examination
revealed significant vascular stenosis in the injury group com-
pared to the sham-operated group. However, treatment with
SL-ELNs mitigated injury-induced carotid artery stenosis
(Fig. 3B). Moreover, both the neointimal area and neointimal/
media ratio were significantly reduced in the SL-ELNs group
(Fig. 3C). Immunofluorescence and WB assays (Fig. 3D and E)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Characterization of Solanum lycopersicum derived exosome-like nanovesicles (SL-ELNs). (A) Flowchart of differential ultracentrifugation pro-
cedures for separation of LE-ELNs. (B) Zeta potential of the LE-ELNs (n = 6). (C) Size distribution of the LE-ELNs. (D) TEM image of LE-ELNs. (E)
Uptake of Dio-labeled LE-ELNs by VSMCs (n = 3). (F) Uptake of Dio-labeled LE-ELNs by mice observed by intragastric administration (n = 3). (G)

Concentrations of protein and mRNA from within LE-ELNs (n = 6).

further demonstrated that SL-ELNs attenuated the injury-
induced phenotypic transformation of VSMCs.

Mechanisms of SL-ELNs in regulating phenotypic transition

Oxidative stress is widely recognized as a significant contri-
butor to vascular injury. The Keap1/Nrf2 signaling pathway is
paramount in cellular defense mechanisms, playing an
essential role in modulating the expression of critical anti-

This journal is © The Royal Society of Chemistry 2025

oxidant enzymes. In this pathway, Keap1l interacts with Nrf2,
facilitating its ubiquitination and subsequent degradation.
This interaction represents a pivotal regulatory step that
modulates the activation of genes integral to antioxidant

responses.

As shown in (Fig. S4t), SL-ELNs significantly alleviated oxi-
dative stress-induced damage in VSMCs, including a reduction
in ROS levels and an improvement in mitochondrial homeo-
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Fig. 2 Influence of LE-ELNs on the phenotypic transition of VSMCs induced by PDGF-BB. (A) immunofluorescent staining of a-SMA and OPN in

VSMCs. (B) Western blot and statistical analyses for protein level of a-SMA and OPN in VSMCs (n = 3). (C) EDU staining and quantitative analysis of
EDU positive cell (n = 3). (D) Flow cytometric detection of cell cycle distribution and quantitative analysis of cell cycle distribution (n = 3). (E) Wound
healing assay and quantitative analysis of migration area (n = 3). (F) Transwell assay and quantitative analysis of migratory cell (n = 3). (G) western blot
and statistical analyses for protein level of PCNA, cyclin D1, MMP2 and MMP9 in VSMCs (n = 3). Data are expressed as mean + SD (*P < 0.05, **P <
0.01 and ***P < 0.005 were determined by one-way ANOVA and Tukey's post hoc test).
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Influence of LE-ELNs on carotid restenosis in Mice. (A) Schematic diagram of the experimental procedure. (B) HE staining image of carotid

arteries in mice (n = 3). (C) Statistical analyses for the neointima area and the ratio of neointima area to the media area in mouse carotid artery (n =
3). (D) Immunofluorescent staining of a-SMA and OPN in mouse carotid artery (n = 3). (E) Western blot and statistical analyses for protein level of
a-SMA, OPN, PCNA, cyclin D1, MMP2 and MMP9 in VSMCs (n = 3). Data are expressed as mean + SD (*P < 0.05, **P < 0.01 and ***P < 0.005 were
determined by one-way ANOVA and Tukey's post hoc test).

stasis. Additionally, the SL-ELNs group exhibited markedly
lower Keap1l protein and mRNA expression levels compared to
the PDGF-BB group (Fig. 4A and B). Immunofluorescence pro-
vided further evidence of the impact of SL-ELNs on Keapl

expression in injured vessels (Fig. 4C).

This journal is © The Royal Society of Chemistry 2025

Exosomal miRNAs have been extensively studied for their
significant role in cellular communication.”® A detailed micro-
array analysis was performed to delineate the miRNA
expression profile within SL-ELNs. As shown in Tables S2, S37

and Fig. 4D, 173 distinct miRNAs were identified, with the top
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10 miRNAs collectively comprising over 60% of the total pool.
Notably, miRNA164a/b-5p accounted for 51.47% of these top
miRNAs.

Q-PCR further confirmed that miRNA-164a/b-5p and other
enriched miRNAs were expressed in SL-ELNs (Fig. 4E).
Notably, using default parameters (score threshold >140,
energy threshold <—1 kecal mol™"), the miRanda algorithm
identified two  potential  binding  sites  between
miRNA-164a/b-5p and the 3’ UTR of keapl. The first binding
site had a score of 151 and an energy of —20.69 kcal mol™,
while the second site had a score of 146 and an energy of
—21.52 keal mol ™" (Fig. 4F and Fig. S57).

Subsequently, dual luciferase reporter gene analysis was
conducted to validate the regulatory effect of miRNA-164a/b-5p
on Keapl. miRNA-164a/b-5p overexpression significantly atte-
nuated the activity of the Keap1-3'UTR-wt reporter gene,
whereas no discernible change was observed in the activity of
the mutant reporter gene. Further, miRNA164a/b-5p mimics
and inhibitors were synthesized and transfected into VSMCs.
As illustrated in Fig. 4G, the exogenous administration of the
miRNA164a/b-5p mimic induced a reduction in Keapl
expression. Notably, this effect was reversed upon the simul-
taneous addition of the inhibitor.

Finally, miRNA-164a/b-5p inhibitors were administered sub-
sequent to SL-ELN treatment to further elucidate the role of
miRNA-164a/b-5p in the effects mediated by SL-ELN. As
depicted in Fig. 4H and I, both EDU staining and transwell
assay results revealed a reversal in the SL-ELNs-induced attenu-
ation of VSMC proliferation and migration upon inhibitor
addition. Additionally, immunofluorescence and WB (Fig. 4]
and K) analyses demonstrated that inhibitor administration
mitigated the suppression of the VSMC phenotypic transition
induced by SL-ELNs. These findings underscore the pivotal
role of miRNA-164a/b-5p in mediating the inhibitory effects of
SL-ELNs on phenotypic transition.

miRNA164a/b-5p regulation of the Keap1/Nrf2 signaling
pathway

Following the validation of the role of miRNA-164a/b-5p in
SL-ELNs, its influence on the Keapl/Nrf2 signaling pathway
was further examined. As a transcription factor, Nrf2 translo-
cates from the cytoplasm to the nucleus in response to oxi-
dative stress injury. This translocation initiates the transcrip-
tion and translation of various antioxidant factors, thereby
mitigating oxidative damage. Consequently, the expression of
Nrf2 and downstream antioxidant factors was further assessed.
Firstly, the WB results showed that SL-ELNs could inhibit the
injury-induced increase in Keap1 expression and the decrease
in Nrf2 expression in both in vivo and in vitro models
(Fig. S6t). However, the introduction of the miRNA164a/b-5p
inhibitor resulted in the restoration of Keapl and Nrf2
expression. Therefore, miRNA164a/b-5p may contribute to the
mitigation of vascular restenosis in SL-ELNs through the
Keap1/Nrf2 pathway. Based on this, a mimic of
miRNA164a/b-5p was used for further investigation. As
depicted in Fig. 5A, PDGF-BB significantly downregulated the

This journal is © The Royal Society of Chemistry 2025
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expression of Nrf2 as well as the antioxidant enzymes HO-1,
catalase, and NQO1. Following the introduction of the miRNA
164a/b-5p mimic, these proteins exhibited a slight increase.
However, this effect was reversed when Keapl was over-
expressed concurrently.

Furthermore, WB was utilized to distinguish between
nuclear and cytoplasmic Nrf2 localization in VSMCs. PDGF-BB
induced a decrease in nuclear Nrf2 protein levels while
increasing cytoplasmic Nrf2 levels. Following the addition of
the miRNA164a/b-5p mimic, Nrf2 expression increased in the
nucleus and decreased in the cytoplasm. However, this effect
was reversed following the overexpression of Keapl.
Immunofluorescence (Fig. 5B) further corroborated these find-
ings, revealing elevated nuclear Nrf2 expression in the pres-
ence of PDGF-BB and the miRNA164a/b-5p mimic, which was
decreased upon Keap1 overexpression.

miRNA164a/b-5p-mediated modulation of Keap1 to mitigate
the phenotypic transition of VSMCs in vitro and in vivo

Finally, miRNA164a/b-5p was found to attenuate the phenoty-
pic transition of VSMCs and improve restenosis after vascular
injury by regulating Keap1. As illustrated in Fig. 5C, the trans-
well assay and EDU staining demonstrated that the
miRNA164a/b-5p mimic significantly inhibited PDGF-BB-
induced VSMC proliferation and migration. Furthermore,
immunofluorescence  (Fig. 5D) revealed that the
miRNA164a/b-5p mimic effectively prevented VSMC phenoty-
pic transformation. Additionally, to confirm whether the effect
of miRNA164a/b-5p is Keap1l-dependent, Keap1 overexpression
was induced in VSMCs. Notably, these beneficial effects were
abrogated by Keap1 overexpression.

Further validation was obtained using a mouse carotid
artery injury model. Histological analysis via HE staining
(Fig. 6A and B) revealed that treatment with the
miRNA164a/b-5p mimic effectively mitigated injury-induced
stenosis. However, this therapeutic effect was reversed follow-
ing transfection with an AAV overexpressing Keap1l.
Immunofluorescence (Fig. 6C) analysis of vascular tissues indi-
cated that the miRNA164a/b-5p mimic substantially reduced
the injury-induced phenotypic transformation of VSMCs.
Conversely, this effect was negated by Keapl overexpression.
Finally, WB (Fig. 6D) analysis demonstrated that the
miRNA164a/b-5p mimic significantly attenuated the injury-
induced phenotypic transformation, proliferation, and
migration of VSMCs. However, Keapl overexpression was
observed to counteract these beneficial effects.

In summary, this study elucidated the
miRNA164a/b-5p encapsulated in SL-ELNs in modulating
VSMC behavior. Our findings indicate that miRNA164a/b-5p
exerts its effects by downregulating Keap1 expression, thereby
activating the Keap1/Nrf2 signaling pathway (Fig. 6E). This
activation leads to a significant reduction in the phenotypic
transition of VSMCs, ultimately mitigating vascular stenosis
post-injury. These results underscore the potential therapeutic
application of miRNA164a/b-5p in SL-ELN-based interventions
for vascular pathologies.
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Discussion

Despite significant advancements in experimental and clinical
studies, approximately 10-20% of interventional reconstruc-
tions for the restoration of atherosclerotic vascular circulation
still fail owing to restenosis.>* Currently, the only effective
treatment for restenosis is repeat surgical intervention.
Interventional procedures and mechanical dilatation cause
damage or the detachment of vascular endothelial cells, trig-
gering platelet adhesion and activation. This induces the
release of multiple proinflammatory and growth factors,
including PDGF and vascular endothelial growth factor
(VEGF), and the generation of large amounts of ROS. Under
pathological conditions, VSMCs undergo a phenotypic shift
from a contractile to a synthetic phenotype, as indicated by a
decrease in a-SMA and an increase in OPN.>>*® This phenoty-
pic shift prompts VSMCs to migrate towards the intima and
undergo hyperproliferation, resulting in neointimal hyperpla-
sia and ultimately leading to restenosis. Moreover, the remo-
deling of the extracellular matrix (ECM) is a crucial component
in the restenosis processs.”’ Matrix metalloproteinases
(MMPs), along with other protein hydrolases synthesized and
released by VSMCs and macrophages, facilitate ECM break-
down, further promoting VSMC migration and proliferation.”®
As a kind of extracellular vesicles with a diameter of
40-160 nm secreted by cells, exosomes could carry nucleic
acids, proteins, lipids and other biologically active substances,
which play an important role in normal physiological pro-
cesses and disease development.”® Previously, exosome
research has predominantly focused on those derived from
animals. However, in the past decade, PELNs have gradually
attracted increasing attention from researchers.’® Because this
research is still in its nascent stages, specific markers for
PELNs have not yet been identified. PELNs exhibit several
advantages over animal exosomes, including broader avail-
ability, ease of large-scale production, lower extraction costs,
superior biocompatibility, and reduced side effects®’
Consequently, PELNs are increasingly regarded as promising
therapeutic agents or drug delivery systems for treating inflam-
mation, infections, and autoimmune diseases. For example,
ginger-derived ELNs have demonstrated potential for targeting
the SARS-CoV-2 genome, presenting a novel therapeutic
avenue.”” Similarly, ELNs isolated from Rhodiola rosea reduce
the expression of fibrosis marker genes and proteins in alveo-
lar and mouse lung tissues.’® Additionally, oat-derived ELNs
exert anti-inflammatory effects, offering potential for prevent-
ing and treating brain inflammation-related diseases and
enhancing memory function in alcohol-fed mice.** Notably,
no PELNs have yet been reported for the treatment of resteno-
sis following vascular injury. This present study isolated and
purified SL-ELNs to explore their feasibility as potential thera-
peutic agents for inhibiting vascular restenosis. Different
studies have utilized various purification bands as sources of
PELNSs, each containing bioactive components.*> Considering
that the purification bands within the 30-45% interval yielded
higher quantities and the ELNs were more readily taken up by

This journal is © The Royal Society of Chemistry 2025
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receptor cells, this interval was selected for this study, aligning
with findings reported in most of the research.*®*” In
addition, it is worth noting that the therapeutic dose for mice
in the present study was 1 mg kg™, which yielded a calculated
human equivalent dose of 0.081 mg kg™". For a patient weigh-
ing 65 kg, this equates to approximately 5.27 mg of SL-ELNs
(1.24 kg Solanum lycopersicum), which is impractical to achieve
the therapeutic dose solely through diet. Therefore, purified
SL-ELNs obtained via ultra-centrifugation are essential for
meeting the required therapeutic standards.

Regardless of whether the exosomes are animal- or plant-
derived, the bioactive components and their respective tar-
geted genes and pathways have been a central focus of
research. Numerous experiments have verified the phenom-
enon that plant miRNAs can cross-regulate physiological and
pathological functions in mammals. Previous studies have
demonstrated that vegetable-derived miR156 can target junc-
tional adhesion molecule-A and reduce inflammatory cyto-
kine-induced monocyte adhesion to vascular endothelial cells,
thereby protecting blood vessels and ameliorating the pro-
gression  of  atherosclerosis.’®  Additionally,  plant
miRNA159 has been detected in human serum and has exhibi-
ted the potential to significantly inhibit the proliferation of
breast cancer cells.>® As effective natural carriers, miRNA-rich
microvesicles can protect miRNAs from being degraded by
nuclease, thereby enhancing their delivery in the animal
body.’® Based on this, miRNAs extracted from SL-ELNs were
analyzed, revealing that miRNA164a/b-5p was highly expressed.
As a widely expressed miRNA in Solanum lycopersicum, miR164
is encoded by four SIMIR164 genes, with miR164a and
miR164b  producing  the same  mature  miRNA
(miRNA164a/b-5p).** Dong et al have found that
miRNA-164a/b-5p can inhibit SINAM3 expression through an
ethylene-dependent pathway, thereby enhancing the cold toler-
ance of Solanum lycopersicum.** However, the potential for
cross-species regulatory effects from this miRNA remains
unstudied. Our study demonstrated that miRNA164a/b-5p can
target and suppress Keapl expression, thereby activating the
Keap1/Nrf2 signaling pathway and alleviating oxidative stress
following vascular injury. As a critical component of the anti-
oxidant pathway, Nrf2 is localized in the cytoplasm, where it
binds with Keap1, undergoing ubiquitination and rapid degra-
dation via the proteasome. Hence, inhibiting Keap1 expression
significantly mitigates Nrf2 degradation, thereby facilitating its
nuclear translocation and the subsequent activation of anti-
oxidant gene expression. During vascular injury, these anti-
oxidant responses are vital for maintaining redox homeostasis,
effectively suppressing ROS levels, and ultimately attenuating
the proliferation, migration, and phenotypic alteration of
smooth muscle cells.

This study presents the successful synthesis of SL-ELNs and
their preliminary effects on recurrence of vascular restenosis.
However, further research is necessary to address existing
limitations. The extraction of SL-ELNs is performed using the
conventional method of differential ultracentrifugation com-
bined with sucrose gradient centrifugation. This approach is
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Fig. 6 miRNA164a/b-5p-mediated modulation of Keapl to mitigate the phenotypic transition of VSMCs in vivo. (A) HE staining image of carotid
arteries in mice (n = 3). (B) Statistical analyses for the neointima area and the ratio of neointima area to the media area in mouse carotid artery (n =
3). (C) Immunofluorescent staining of «-SMA and OPN in mouse carotid artery (n = 3). (D) Western blot and statistical analyses for protein level of
a-SMA, OPN, PCNA, cyclin D1, MMP2 and MMP9 in mouse carotid artery (n = 3). (E) Schematic of the mechanism by which SL-ELNs regulate vascular
restenosis. Data are expressed as mean + SD (*P < 0.05, **P < 0.01 and ***P < 0.005 were determined by one-way ANOVA and Tukey's post hoc test).
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complex and inefficient, necessitating the exploration of more
straightforward and effective extraction techniques to enhance
the yield and purity of the exosomes.*’ Moreover, our research
focused exclusively on the role of miRNA within exosomes.
Future studies should investigate the potential contributions
of other bioactive substances (such as polyphenols and pro-
teins) to the improvement of restenosis, thereby providing a
comprehensive understanding of the therapeutic mechanisms
of SL-ELNs.** Finally, exosome engineering has been shown to
enhance therapeutic effects by inserting specific genes
through transfection or gene editing.*> The goal of future
research is to apply engineered SL-ELNs in the treatment of
vascular restenosis, thereby increasing their clinical appli-
cation value.

Conclusion

In this study, isolated and purified SL-ELNs exhibited potential
for inhibiting vascular restenosis. The underlying mechanism
involves miRNA164a/b-5p exerting an antioxidant effect by
inhibiting Keap1 expression, thereby activating the Keap1/Nrf2
signaling pathway. In conclusion, the findings highlight the
favorable biocompatibility and safety profile of SL-ELNs,
suggesting their potential candidacy for preventing restenosis
after vascular injury.
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