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Probiotic membrane vesicles ameliorate
atherosclerotic plaques by promoting lipid
efflux and polarization of foamy macrophages
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Abstract

Foamy macrophages are pivotal contributors to the development and progression of atherosclerotic plaques,
posing a substantial threat to human health. Presently, there is no pharmaceutical intervention available to
effectively eliminate foamy macrophages. In this study, we demonstrate that probiotic membrane vesicles (MVs)
can induce atherosclerotic plaque regression by modulating foamy macrophages. MVs isolated from Lactobacillus
rhamnosus exhibited a specific uptake by foamy macrophages. Near-infrared fluorescence (NIRF) imaging, aortic
oil red O staining, and hematoxylin and eosin staining showed reductions in the plaque area following MVs
treatment. Mechanistically, bioinformatics analysis provided insights into how MVs exert their effects, revealing that
they promote lipid efflux and macrophage polarization. Notably, MVs treatment upregulated NRTH3, which in turn
increased ABCAT expression, facilitating lipid efflux from foamy macrophages. Moreover, MVs shifted macrophage
polarization from a pro-inflammatory M1 phenotype to an anti-inflammatory M2 phenotype, highlighting

their potential to create a more protective environment against plaque progression. This study is significant

as it introduces MVs as a novel therapeutic platform for the targeted delivery of anti-inflammatory agents to
atherosclerotic sites. By specifically modulating macrophage function, MVs hold considerable potential for the
treatment of atherosclerosis and related cardiovascular diseases, addressing an unmet need in current therapeutic
strategies.

Graphical Abstract

Schematic diagram of probiotic membrane vesicles (MVs)-mediated atherosclerotic plaque regression and the
mechanism by which foamy macrophages are regulated. The mechanism reveals two pivotal findings: the
promotion of lipid efflux and the polarization of macrophages.
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Introduction

Cardiovascular disease is a leading cause of death world-
wide, and the instability and rupture of atherosclerotic
plaques are primary contributors to mortality in these
patients [1, 2]. Despite the availability of pharmacologi-
cal treatments, they have proven inadequate in effectively
managing the rising prevalence and associated mortality
of cardiovascular diseases [3, 4]. This situation under-
scores the urgent need for new, safe, and effective thera-
pies to halt or reverse the progression of atherosclerosis
(AS).

A critical aspect of atherosclerotic plaque development
is the accumulation of foamy macrophages, which are
key players in the pathogenesis of AS. These cells con-
tribute to the formation and growth of plaques, weaken-
ing the fibrous cap, and enlarging the necrotic core, all of
which increase the risk of plaque rupture and subsequent

thrombosis [5]. Therefore, mitigating lipid deposition in
foamy macrophages is a promising therapeutic strategy
for addressing atherosclerosis [6, 7].

Targeted drug delivery is emerging as an ideal approach
for treating AS, and it has become a focal point of cur-
rent research [8—12]. Extracellular vesicles have emerged
as highly promising nanocarriers and are presently under
investigation in various clinical trials [13—19]. The spe-
cific functions of extracellular vesicles depend on their
origins. Specifically, membrane vesicles (MVs) derived
from probiotics, such as Lactobacillus rhamnosus, have
demonstrated notable anti-inflammatory and immu-
nomodulatory properties [20, 21]. Prior investigations
have revealed that MVs induce the secretion of the anti-
inflammatory cytokine interleukin (IL)-10, as well as the
immunomodulatory cytokines IL-1f and granulocyte-
macrophage colony-stimulating factor (GM-CSF). These
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actions help restore the balance between pro-inflamma-
tory M1 and anti-inflammatory M2 macrophages, which
is crucial in controlling inflammation and improving out-
comes in immune-related conditions [22, 23].

Given these well-documented anti-inflammatory
properties, we hypothesized that MVs could serve as an
effective therapeutic strategy for atherosclerosis by spe-
cifically targeting foamy macrophages. This hypothesis
is grounded in the unique potential of MVs to modulate
immune responses and alter foamy macrophage behavior,
thereby addressing a critical aspect of AS progression.

To explore this novel application, we conducted a series
of in vitro and in vivo experiments, marking the first
time MVs have been applied in AS. MVs were isolated
from Lactobacillus rhamnosus and thoroughly character-
ized for their ability to target and regulate foamy mac-
rophages. In vitro studies were conducted to assess the
impact of MVs on macrophage function and lipid metab-
olism. In vivo AS models were used to evaluate the accu-
mulation of MVs within atherosclerotic plaques and their
subsequent effects on plaque progression and stability.
Furthermore, the underlying mechanisms were investi-
gated through RNA-sequencing and biological experi-
ments. The significance of this study lies in its potential
to introduce a groundbreaking approach to the treatment
of AS. Our study could pave the way for new therapeu-
tic avenues that leverage the natural properties of MVs,
offering a safer and more targeted alternative to conven-
tional treatments.

Methods

Cell culture and foamy macrophage induction

Human THP-1 cells were acquired from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA,
USA) and seeded in 35 mm Petri dishes at a density of
0.5x 1076 cells/mL. The cells were cultured in RPMI 1640
medium supplemented with 10% FBS, 10 IU/mL penicil-
lin, and 10 pg/mL streptomycin. The cells were main-
tained at 37 °C in a humidified atmosphere containing
5% CO,. To induce macrophage differentiation, THP-1
cells were treated with 100 ng/mL phorbol 12-myristate
13-acetate (PMA) for 48 h. Subsequently, the macro-
phages were transformed into foamy macrophages by
incubation with 50 pug/mL oxidized low-density lipopro-
tein (oxLDL) in serum-free RPMI 1640 medium supple-
mented with 0.3% BSA for 48 h.

Animals

The animal protocol received approval from the Animal
Care Committee of Tongji Medical College, Huazhong
University of Science and Technology. Male ApoE~~
mice (aged 6 weeks) were procured from Beijing Vital
River Laboratory Animal Technology Co., Ltd, China and
were subsequently housed in a specific pathogen-free
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environment. Additionally, 6-week-old female C57BL/6
mice were obtained from Beijing HFK Bioscience Co.,
Ltd, China, and housed in a specific pathogen-free
environment.

Preparation of Lactobacillus rhamnosus-derived MVs

Lactobacillus rhamnosus was procured from BeNa Cul-
ture Collection (BNCC136673, China) and cultured in
Man-Rogosa-Sharpe (MRS) medium. The bacteria were
harvested after 48 h, washed with PBS, and then stored
at -20 °C in 1.1 ml aliquots, each containing 1x 10”10
colony-forming units (CFUs)/ml. membrane vesicles
(MVs) were extracted from Lactobacillus rhamnosus
MRS broth culture after 48 h. Following centrifugation at
600 x g for 30 min, the supernatants underwent two suc-
cessive washes with PBS and centrifugation at 100,000 x
g at 4 °C. The resultant MVs were resuspended in PBS,
filtered through 0.22 pm filters (Millipore, USA), and
stored at -80 °C in PBS. MVs quantification was carried
out with a BCA Protein Assay Kit (Beyotime, Shanghai,
China), and the samples were preserved at — 80 °C.

Characterization of MVs

The examination of MVs involved the use of a transmis-
sion electron microscope (TEM) from Hitachi, Japan,
and dynamic light scattering (DLS) was performed with
equipment from Malvern Instruments Ltd., Worcester-
shire, UK. To assess the in vitro stability of MVs, hydro-
dynamic diameters were monitored over 7 days with
DLS.

In vitro cell uptake assay

In vitro cell binding was assessed by flow cytometry and
confocal imaging. Dimethyl sulfoxide (DMSO, Solarbio,
China) was used to enhance the solubility and permeabil-
ity of indocyanine green (ICG, Sigma-Aldrich) across the
MVs lipid membrane. A solution consisting of 4% (v/v)
DMSO in normal saline (NS) was used to encapsulate
ICG. Subsequently, MVs@ICG was produced by blending
MVs with ICG and incubating the mixture for 6 h with
agitation in the dark at 4 °C. The resulting samples were
purified using PDG-25 desalting columns and stored at
4 °C for future use. MVs@ICG was incubated with mac-
rophages or foamy macrophages at 37 °C for varying
times (0, 1, 6, and 12 h) and at different concentrations
(0, 1, 5, 10, and 20 pg/mL). Flow cytometry was used to
detect fluorescence signals. Additionally, MVs@ICG
(ICG 5 pg/mL) and ICG (5 pg/mL) were incubated with
macrophages or foamy macrophages at 37 °C for 24 h.
Cell nuclei were stained with 4;6-diamidino-2-phenylin-
dole (DAPI, Boster, Wuhan, China), and the cytoskeleton
was stained with FITC-phalloidin (Proteintech, Wuhan,
China). The fixed cells were then observed using a confo-
cal microscope (Leica, Germany).
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Ex vivo near-infrared fluorescence (NIRF) imaging

ApoE~'~ mice were subjected to a high-fat diet regimen
for 4 months and were randomly divided into two groups.
For NIRF imaging, MVs@ICG and ICG were separately
administered via tail vein injections to each group of mice
(n=3). The mice were anaesthetized with 2% isoflurane,
and their hearts and aortas were meticulously extracted
at various time points (1, 2, and 3 h). Static NIRF images
were acquired using the IVIS Spectrum imaging system
(PerkinElmer, USA) with 750 nm excitation and 790 nm
emission filters. Additionally, ex vivo NIRF imaging of
major organs was conducted.

Treatment protocol

To assess the impact of MVs on the regression of ath-
erosclerotic plaques, male ApoE™'~ mice were subjected
to a high-fat diet for 4 weeks and subsequently ran-
domly divided into 2 groups, each consisting of 5 mice.
In the MVs group, ApoE™'~ mice were administered MVs
(25 mg/kg) via injection once per week for a total of 8
weeks. Conversely, the control group mice received PBS
injections once per week for the same 8-week period.
In the 18th week, all ApoE~'~ mice were administered
MVs@ICG and subsequently euthanized for further
analysis.

Blood analysis and haematological parameters

Blood samples were collected in ethylenediaminetet-
raacetic acid spray-coated tubes, and haematological
parameters were promptly analysed using an automated
haematology analyser (Sysmex KX-21, Sysmex Co.,
Japan). This analysis included red blood cells (RBCs),
white blood cells (WBCs), platelets (PLTs), haemoglobin
(HGB), haematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular haemoglobin (MCH), and
mean corpuscular haemoglobin concentration (MCHC).

Biochemical analysis of plasma parameters

Plasma concentrations of various biochemical parame-
ters, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), cre-
atinine (CRE), blood urea nitrogen (BUN), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglycerides (TG), and total choles-
terol (T-CHO), were quantified using an automated anal-
yser (Roche Cobas C501, Roche Co., Switzerland).

Histological and immunostaining analysis

The entire aorta was isolated from ApoE~~ mice and
subjected to oil red O staining. Atherosclerotic lesions
were assessed using haematoxylin and eosin (H&E) stain-
ing, and the plaque and lumen areas were quantified
separately under a microscope. To evaluate lipid content
within plaques, oil red O staining or Sudan IV staining of
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arterial cryosections was conducted. Masson’s trichrome
staining was used to determine the collagen content of
atherosclerotic plaques. Immunohistochemistry (IHC)
and immunofluorescence staining were also carried out.
Furthermore, major organs, including the heart, liver,
spleen, lungs, and kidneys, were subjected H&E staining
and subsequently examined using an optical microscope
(IX73, Olympus, Japan).

RNA sequencing of foamy macrophages

THP-1 cells were stimulated with phorbol 12-myristate
13-acetate (PMA, 100 ng/mL) for 48 h, followed by
incubation with oxLDL (50 pg/mL) for an additional
48 h to induce the formation of foamy macrophages.
Subsequently, RNA was isolated from foamy macro-
phages treated with or without MVs (10 pug/mL) using
TRIzol reagent (#15596026, Invitrogen). Transcriptome
sequencing was conducted by NOVOGENE (Beijing,
China) using the Illumina platform. The prepared librar-
ies were sequenced on an Illumina NovaSeq platform to
generate 150-bp paired-end reads.

Western blot analysis

Cells in the THP-1, THP-1+PMA
(TP), THP-1+PMA + oxLDL (TO), and
THP-1+PMA +0xLDL+MVs (TV) groups were har-
vested and lysed using lysis buffer containing phos-
phatase inhibitors and 1% protease and kept on ice for
30 min. Subsequently, the cell lysates were centrifuged at
12,000 x g for 15 min at 4 °C, and the resulting super-
natants were collected. Protein concentrations were
determined with a protein quantification kit (#P0012S,
Beyotime). The samples were then transferred onto
PVDF membranes, which were blocked with 5% nonfat
milk for 1 h at room temperature. then, the membranes
were incubated with primary antibodies overnight at
4 °C. On the next day, the membranes were washed with
1x TBST for 30 min and subsequently exposed to the
indicated secondary antibodies for 1 h. Next, the mem-
branes were washed three times with PBS and exposed
to X-ray films using ECL detection reagents (#WP20005,
Thermo Fisher). The antibodies used in this experiment
were as follows: NR1H3 antibody (#14351-1-AP, 1:1000),
CD86 antibody (#13395-1-AP, 1:1000), CD206 antibody
(#60143-1-Ig, 1:1000), and CD68 antibody (#25747-1-AP,
1:1000), all of which were procured from Proteintech.
The GAPDH antibody (#ab8245, 1:3000) was obtained
from Abcam, and the ABCAI antibody (#54186, 1:1000)
was sourced from Signalway Antibody.

Quantitative RT-qPCR

Total RNA was extracted using TRIzol reagent
(#15596026, Invitrogen). Subsequently, the extracted
RNA samples were subjected to reverse transcription
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using a PrimeScriptTM RT reagent kit (#RR047A,
TAKARA, JPN). Quantitative real-time PCR was
performed with a TB GreenTM Fast qPCR Mix kit
(#RR430A, TAKARA, JPN). GAPDH was used as the
reference gene, and the 22T method was used to cal-
culate the fold change in gene expression. The primer
sequences for RT-qPCR are listed in Table S1.

RNA interference

SiControl and gene-specific siRNA were procured from
Sigma-Aldrich. THP-1 cells were transfected with siCon-
trol or siRNA using Lipofectamine 2000 (#11668019,
Thermo Fisher). Twelve hours posttransfection, the
transfection medium was replaced with DMEM contain-
ing 10% FBS. The siRNA sequences are listed in in Sup-
plementary Data 1 (Table S2).

Bioinformatic analysis

Bioinformatics analyses were conducted by R Biocon-
ductor. To assess differential gene expression and com-
pute average gene values, the robust DESeq2 package
was used. Data visualization was achieved by crafting
volcano plots and revealing underlying patterns through
heatmaps using the ggplot2 [24] and pheatmap packages,
respectively. Furthermore, to determine the enriched
biological pathways and the functional implications of
the changes in gene expression, a comprehensive gene
set enrichment analysis (GSEA) was performed by the
ClusterProfiler package. To succinctly encapsulate and
visually represent the enriched gene ontologies, Gocir-
cle plots were prepared and were underpinned by the
GOplot package. These integrated bioinformatics tools
and packages collectively enhanced the depth and clarity
of our data analysis, ensuring a robust and comprehen-
sive examination of the genetic landscape in our study.

Statistical analysis

Statistical analyses were performed using unpaired or
paired Student’s t tests for intergroup comparisons, and
one-way ANOVA or two-way ANOVA was used for
multiple comparisons. Statistical significance was deter-
mined using GraphPad Prism 8 software (GraphPad
Software, Inc.). P<0.05 was considered statistically sig-
nificant. The data are expressed as the mean + standard
deviation.

Results

Identification of MVs

MVs were isolated from Lactobacillus rhamnosus MRS
broth cultures, and the isolation protocol is shown
in Fig. 1A. Transmission electron microscopy (TEM)
revealed the irregular spherical morphology of MYVs.
Dynamic light scattering (DLS) analysis indicated that the
isolated MVs had a mean diameter of 149.67 £2.90 nm
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(Fig. 1B). Notably, the average hydrodynamic diameter
and zeta potential of the MVs remained relatively stable
for up to 7 days, demonstrating their remarkable stabil-
ity (Fig. 1C and D). As shown in Figure S1, macrophages
were successfully induced, as indicated by the expression
of CD68. Similarly, foamy macrophages were success-
fully induced, exhibiting the expression of both com-
mon markers, CD68 and CD36. To facilitate flow analysis
and confocal experiments, ICG was loaded into the MVs
(Fig. 1E). The fluorescence signal intensity increased in
macrophages (THP-1+PMA) and foamy macrophages
(THP-1+PMA +oxLDL) with increasing concentrations
of MVs@ICG, peaking in response to 5 pg/mL (Fig. 1F
and H). Additionally, the fluorescence signal increased
with prolonged incubation time in macrophages and
foamy macrophages (Fig. 1G and I). Notably, foamy mac-
rophages exhibited higher fluorescence signals than mac-
rophages, which was consistent with the results observed
in the confocal images (Fig. 1]).

MVs targeting of atheromatous plaques in atherosclerotic
mice

To investigate the targeted delivery of MVs to atheroma-
tous plaques, ApoE™~ mice (n=3) were intravenously
administered MVs@ICG and ICG separately via their tail
veins. Subsequently, the mice were euthanized at differ-
ent times (1, 2, and 3 h), and the heart and aorta were
collected for NIRF imaging (Fig. 2A). In comparison to
the free ICG-treated group, the MVs@ICG-treated group
exhibited markedly stronger fluorescence signals in aor-
tic tissues and aortic root sections (Fig. 2B and D). His-
tological analyses, including oil red staining of aortic
tissue and oil red staining combined with H&E staining
of aortic root sections, confirmed the successful estab-
lishment of the atherosclerosis model, and similar plaque
areas were observed in both groups. Notably, as shown
in Fig. 2E, the fluorescence signal of ICG correlated with
the distribution of the macrophage marker F4/80 in the
MVs@ICG-treated group. These findings demonstrate
the effective targeting and delivery of MVs to athero-
matous plaques, offering valuable insights into potential
therapeutic applications.

Therapeutic effects on atherosclerotic plaque
development

To assess the therapeutic impact of various treatment
protocols on atherosclerotic plaque development, we
conducted a comprehensive analysis (Fig. 3A). Aortic
specimens were obtained and subjected to NIRF imaging.
Notably, aortas from the MVs-treated group exhibited
reduced fluorescence intensities compared to those from
the control group (Fig. 3B). This observation was fur-
ther corroborated by quantitative fluorescence analysis
(Fig. 3C). Subsequently, aortic specimens were subjected
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Fig. 1 Characterization of MVs. (A) Schematic representation of isolated MVs. (B) TEM images and hydrodynamic diameters of MVs. (C) The average
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(n=3). (E) Schematic illustration of MVs loaded with ICG. (F-I) Flow analysis of different concentrations of MVs@ICG incubated with THP-1+PMA or
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stained with DAPI, and the cytoskeleton was stained with FITC-phalloidin. (n=3, scale bar =50 pym)
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Fig. 2 Targeted delivery of MVs in atherosclerotic mice. (A) Schematic representation of the preparation and imaging of atherosclerotic mice. (B) Repre-
sentative ex vivo NIRF images of various tissues at different time points after tail vein injection of ICG or MVs@ICG. (C) Representative ex vivo NIRF images
and oil red O staining of aortic tissues at different time points after tail vein injection of ICG or MVs@ICG. (D) HE staining and oil red O staining of athero-
sclerotic lesions and fluorescence images showing the accumulation of ICG in the atherosclerotic plaques of ApoE™~ mice injected with ICG or MVs@
ICG. (E) Immunofluorescence staining of atherosclerotic lesions after tail vein injection of MVs@ICG; nuclei and macrophages were stained with DAPI and

FITC-labelled F4/80, respectively. (n=3, scale bar =200 um)

to oil red O staining, and the resulting red regions served
as indicators of plaque areas (Fig. 3D). We also per-
formed histological and immunohistochemical examina-
tions of aortic root sections containing atherosclerotic
plaques. As shown in Fig. 3E, F, H, amp and E and oil red

O staining showed the presence of multiple plaques, and
there was a significant reduction in the plaque area in
the MVs-treated group (Fig. 3G). Additionally, the con-
trol group exhibited more pronounced ICG fluorescence
than the other group (Fig. 3H). Furthermore, we assessed
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of ICG in atherosclerotic plaques in the aortic root sections of ApoE’/’ mice. (I) Masson staining of atherosclerotic lesions in the aortic sinus. (J) The levels
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collagen levels around the plaques using Masson’s tri-
chrome staining, which revealed an increase in collagen
concentrations and enhanced fibrous cap thickness in the
MVs-treated group (Fig. 3I). Consistent with these find-
ings, the MVs-treated group exhibited reduced serum

levels of total cholesterol (T-CHO), triglycerides (TG),
and low-density lipoprotein cholesterol (LDL-C), while
high-density lipoprotein cholesterol (HDL-C) levels were
moderately increased (Fig. 3]).
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In vivo safety of MVs treatment

To comprehensively evaluate the safety profile of MVs
treatment, we administered 100 mg of MVs to C57BL/6
mice every 10 days for a total of 30 days. The control
group received PBS. Our findings revealed several key
observations. The body weights in both groups exhibited
no significant variations throughout the study period,
indicating that MVs treatment did not affect overall
body weight (Fig. S2A). Detailed blood analyses, includ-
ing complete blood counts and clinical chemistry, were
conducted. These analyses showed no noteworthy dif-
ferences between the MVs-treated group and the control
group, suggesting that MVs treatment did not induce
significant haematological or biochemical abnormalities
(Fig. S2B-2E). Hepatic and renal function markers were
assessed and showed no signs of hepatic or renal toxicity
in either group (Fig. S2F-2 H). Histological examinations,
particularly haematoxylin and eosin (H&E) staining, pro-
vided further insights. There was no significant evidence
of damage or abnormalities in major organs, such as the
heart, liver, spleen, lungs, kidneys, or intestines, in either
group (Fig. S2I). These findings collectively support the
safety and tolerability of MVs treatment in mice, suggest-
ing its potential as a viable therapeutic option.

Mechanisms underlying atherosclerotic plaque regression
by MVs

To further explore the underlying mechanism of athero-
sclerotic plaque regression by MVs, control and MVs-
treated foamy macrophages (THP-1+PMA +o0xLDL)
were subjected to RNA-seq analysis (Fig. 4A). Principal
component analysis (PCA) was used to assess the qual-
ity of the RNA sequencing data to ensure its reliability
and accuracy (Fig. 4B). The differentially expressed genes
induces by MVs treatment are shown in Fig. 4C and
include 1705 upregulated genes and 1510 downregulated
genes. Among these, the top 50 differentially expressed
genes, which include NCF1, HMOX1, IL23A, and NCFIB,
are shown in Fig. 4D. Furthermore, Gene Ontology (GO)
analysis uncovered a plethora of biological processes that
are involved in MVs-mediated inhibition of AS, includ-
ing crucial pathways such as cytokine-mediated signal-
ling and positive regulation of responses to external
stimuli (Fig. 4E). Enrichment analyses further shed light
on the substantial upregulation of vital biological pro-
cesses, including but not limited to leukocyte migration,
macrophage activation, positive regulation of lipid trans-
port, and lipid export from cells (Fig. 4F). These findings
suggest that the inhibition of AS by MVs predominantly
involves their capacity to bolster lipid efflux and drive
foamy macrophage polarization.
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MVs promotes lipid efflux via NR1H3-mediated
upregulation of ABCA1

Our investigation further examined the intricate mech-
anisms underlying MVs-mediated promotion of lipid
efflux and revealed significant insights. KEGG pathway
analysis uncovered several pertinent pathways, includ-
ing TNF signalling, cytokine-cytokine receptor interac-
tions, and lipid and atherosclerosis chemokine signalling.
Among these, the “lipid and atherosclerosis” pathway
was the most closely related to lipid efflux (Fig. 5A). We
then examined the genes within the “lipid and athero-
sclerosis” pathway that exhibited significant differences
(Fig. 5B and Fig. S3). The intersections of these differ-
entially expressed genes with those involved in regulat-
ing lipid efflux indicated that ABCAI was implicated in
MVs-mediated regulation of lipid efflux (Fig. 5C). To vali-
date the potential of MVs to enhance lipid efflux, we sub-
jected foamy macrophages (TO) and MVs-treated foamy
macrophages (TV) to oil red O staining, which revealed
a concentration-dependent reduction in lipid levels with
increasing MVs concentrations (Fig. 5D). To further
substantiate these findings, Western blot analysis and
RT-qPCR were performed and revealed a proportional
increase in ABCAI protein and mRNA expression in
foamy macrophages with increasing MVs concentrations
(Fig. 5E and F). Importantly, the level of ABCAI around
aortic plaques in the MVs-treated group was higher that
in the control group (Fig. 5G).

To determine the regulatory mechanism underly-
ing the upregulation of ABCAI, we identified NRI1H3
and FOXAI as associated transcription factors through
the intersections of differentially expressed genes
(Fig. 6A). NRIH3 upregulation has been reported to
enhance ABCAI expression, while FOXAI may inhibit
ABCA1 expression. Therefore, MVs-mediated promo-
tion of ABCAI expression is achieved through NRiH3
upregulation. The Western blot and RT-qPCR results
revealed that the protein and mRNA expression of
NRIH3 increased proportionally with MVs concentra-
tions (Fig. 6B and C). To further confirm MVs-mediated
regulation of ABCAI via NR1H3, we modulated NR1H3
expression in foamy macrophages by overexpression
or knockdown. The results demonstrated that NR1H3
overexpression increased ABCAI protein levels (Fig. 6D
and F), while NRIH3 knockdown reduced ABCA1 pro-
tein levels (Fig. 6G and I). Notably, the combination of
NRIH3 overexpression and MVs treatment failed to
enhance ABCA1 expression. Conversely, the attenuation
of ABCA1 expression caused by NRIH3 knockdown in
foamy macrophages could be effectively reversed by MVs
treatment. In summary, MVs upregulate ABCA1 expres-
sion through the induction of NRIH3 expression.
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MVs promote the polarization of macrophages

In addition to enhancing lipid efflux, MVs can induce
foamy macrophage polarization (Fig. 7A). RNA-seq
analysis revealed he downregulation of several M1 mac-
rophage markers, including CD86, NOS2, and TLR4, fol-
lowing MVs treatment (Fig. 7B). Conversely, several M2
macrophage markers, such as CD209, ILIR2, and TGM?2,
were upregulated (Fig. 7C). Significant alterations in the
levels of various inflammatory factors were observed
in response to MVs treatment. The expression of

anti-inflammatory factors such as IL10, IL11, and ILIRN
was increased, while the proinflammatory factor IL13
was decreased (Fig. 7D and E). Microscopic examination
showed that foamy macrophages exhibited a rounded
morphology, while MVs-treated foamy macrophages
exhibited an elongated shuttle-like appearance (Fig. 7F).
Western blot and RT-qPCR analyses further corrobo-
rated these findings, and CD86 (M1 macrophage marker)
was downregulated, while CD206 (M2 macrophage
marker) was upregulated by MVs treatment (Fig. 7G and
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H). Furthermore, in vitro confocal imaging substantiated
these observations, showing a decrease in CD86 and an
increase in CD206 expression following MVs treatment
(Fig. 7). In vivo, immunohistochemistry confirmed these
trends, showing the downregulation of F4/80 and CD86
and upregulation of CD206 (Fig. 7).

Discussion

In summary, our study introduced a versatile drug deliv-
ery vehicle that could modulate lipid metabolism and
polarization within foamy macrophages, leading to
effective atherosclerotic plaque regression. Unlike exist-
ing strategies that rely on PEGylation or antibodies for
targeted delivery [25], MVs can be specifically taken up
by foamy macrophages within atherosclerotic plaques.
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MVs are naturally and specifically taken up by foamy
macrophages within atherosclerotic plaques. This bio-
logical nanocarrier harnesses intrinsic cellular functions,
eliminating the need for complex targeting molecules
or bioconjugation processes. After accumulating in tar-
geted foamy macrophages, MVs promote lipid efflux and
macrophage polarization, offering an effective means of
AS inhibition. Furthermore, MVs can serve as efficient
carriers to deliver various therapeutic agents to athero-
sclerotic plaques, thereby enhancing overall therapeutic
efficacy.

Numerous nanoparticles have been shown to modu-
late foamy macrophages to treat AS and include polymer
nanoparticles, lipid nanoparticles, magnetic nanoparti-
cles, recombinant high-density lipoprotein nanoparticles,
and cell membrane biomimetic nanoparticles [26-29].
However, these nanoparticles primarily serve as drug
transport carriers and lack inherent therapeutic func-
tions. They often necessitate intricate control over mor-
phology and size, the chelation of targets, drug loading,
or the manipulation of external magnetic fields to achieve
specific targeting or therapeutic effects. The complex
synthesis processes, challenges in batch quality control,
and potential toxicity further hinder their widespread
clinical use [30].

In contrast, MVs derived from the culture supernatant
of oral probiotics offer several advantages, including ease
of preparation, enhanced safety, substantial cargo capac-
ity, and high reproducibility [13, 31]. Notably, our study
revealed that MVs possess an inherent capability to tar-
get and regulate foamy macrophages, which is a charac-
teristic that holds promise for inhibiting the progression
of AS. The ability of MVs to target foamy macrophages
can be attributed to two key factors. First, MVs exhibit
an optimal size (approximately 150 nm) and zeta poten-
tial (approximately —8 mV), which facilitate their pas-
sive penetration into atherosclerotic plaques. Second,
foamy macrophages are phagocytic cells with a pen-
chant for engulfing dying or dead cells and foreign par-
ticles, including microbes [32]. In vitro, flow cytometry
and confocal imaging experiments clearly demonstrated
the strongest fluorescence signals after the incubation of
MVs@ICG with foamy macrophages, underscoring the
exceptional binding affinity of MVs to these cells. Fur-
thermore, ex vivo NIRF imaging confirmed the increase
in fluorescence signals in aortic tissue and aortic root
pathological sections from the MVs@ICG group. Impor-
tantly, this fluorescence pattern closely mirrored the dis-
tribution of macrophages in the pathological sections,
providing conclusive evidence of the remarkable ability of
MVs to target foamy macrophages.

MVs can modulate foamy macrophages and inhibit
AS, which is crucial in atherosclerotic plaque treatment.
Foamy macrophages play a pivotal role in ability of MVs
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plaque development, and therapeutic strategies often aim
to promote lipid efflux and the polarization of these mac-
rophages [5]. This study effectively confirmed the inhibi-
tory effects of MVs on AS through various biological
indicators, including ex vivo NIRF imaging of the aorta,
oil red O staining of the aorta, oil red O staining of aortic
sections, and blood lipid analysis.

Further analysis of the regulatory effects of MVs on
macrophages involved two main aspects: enhancing
lipid efflux from foamy macrophages and promoting
their differentiation into M2-type macrophages. The
investigation initially identified ABCAI as a significantly
upregulated gene associated with lipid efflux. ABCAI,
which is an integral membrane protein [33], primarily
facilitates the transport of intracellular free lipids and
phospholipids to extracellular lipid-poor apolipoprotein
A-1, leading to the formation of nascent high-density
lipoprotein particles [34, 35]. Molecular biology experi-
ments, including Western blot and qPCR, subsequently
confirmed that MVs increased the expression of ABCAI.
To further examine the regulatory mechanisms, we inter-
sected transcription factors associated with ABCAI
regulation with the differentially expressed genes. The
results revealed that MVs regulated ABCAI expression
through the transcription factor NR1H3. To validate this
finding, NR1H3 was overexpressed and knocked down in
combination with MVs treatment, which further showed
that MVs upregulated ABCA1 expression by enhanc-
ing NR1H3 activity, ultimately promoting lipid efflux in
foamy macrophages.

Additionally, this study observed the downregulation
of M1 macrophage markers and upregulation of M2-type
macrophage markers through bioinformatics analysis,
which was subsequently confirmed by Western blotting,
immunofluorescence analysis, and immunohistochemis-
try. These findings provide valuable insights into the mul-
tifaceted effects of MVs on foamy macrophage regulation.

Our data contribute significantly to the understand-
ing of how MVs can effectively regulate macrophages
to inhibit AS. Moreover, the versatility of MVs as nano-
carriers opens the possibility of loading them with vari-
ous drugs or combining them with diverse treatment
methods, such as sonodynamic therapy, to enhance the
efficacy of antiatherosclerotic therapies. These findings
hold great promise for advancing our ability to combat
atherosclerotic plaques through innovative therapeutic
approaches.

Conclusion

The significance of this study lies in its potential to rev-
olutionize the treatment of atherosclerosis by offering a
novel and efficient means of targeting and modulating
key cellular mechanisms involved in plaque formation. By
harnessing the natural properties of MVs, this approach
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could pave the way for safer and more effective therapies,
addressing the critical need for innovative solutions in
combating cardiovascular diseases. This study not only
highlights the therapeutic potential of MVs but also sets
the foundation for future research into their broader
applications in various disease contexts.
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