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Background: Exosomes sourced from mesenchymal stem cells (MSC-EXOs) have become a promising therapeutic tool for sepsis-
induced myocardial dysfunction (SMD). Our previous study demonstrated that Apelin pretreatment enhanced the therapeutic benefit of
MSCs in myocardial infarction by improving their paracrine effects. This study aimed to determine whether EXOs sourced from
Apelin-pretreated MSCs (Apelin-MSC-EXOs) would have potent cardioprotective effects against SMD and elucidate the underlying
mechanisms.

Methods: MSC-EXOs and Apelin-MSC-EXOs were isolated and identified. Mice neonatal cardiomyocytes (NCMs) were treated with
MSC-EXOs or Apelin-MSC-EXOs under lipopolysaccharide (LPS) condition in vitro. Cardiomyocyte pyroptosis was determined by
TUNEL staining. RNA sequencing was used to identify differentially expressed functional miRNAs between MSC-EXOs and Apelin-
MSC-EXOs. MSC-EXOs and Apelin-MSC-EXOs were transplanted into a mouse model of SMD induced by cecal ligation puncture
(CLP) via the tail vein. Heart function was evaluated by echocardiography.

Results: Compared with MSC-EXOs, Apelin-MSC-EXO transplantation greatly enhanced cardiac function in SMD mice. Both MSC-
EXOs and Apelin-MSC-EXOs suppressed cardiomyocyte pyroptosis in vivo and in vitro, with the latter exhibiting superior protective
effects. miR-34a-5p effectively mediated Apelin-MSC-EXOs to exert their cardioprotective effects in SMD with high mobility group
box-1 (HMGBI1) as the potential target. Mechanistically, Apelin-MSC-EXOs delivered miR-34a-5p into injured cardiomyocytes,
thereby ameliorating cardiomyocyte pyroptosis via regulation of the HMGB1/AMPK axis. These cardioprotective effects were
partially abrogated by downregulation of miR-34a-5p in Apelin-MSC-EXOs.

Conclusion: Our study revealed miR-34a-5p as a key component of Apelin-MSC-EXOs that protected against SMD via mediation of
the HMGB1/AMPK signaling pathway.
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Introduction
Sepsis, a life-threatening systemic inflammatory disorder, is a major cause of mortality in hospital.' > Septic myocardial

dysfunction (SMD) is a widespread complication of sepsis and accounts for >40% of septic patients and a mortality rate
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approaching 70% in sepsis.*> Despite encouraging results from vasopressor drugs, beta blockers and mechanical
assistance, clinical treatments for SMD remain limited, partially due to its extremely complex pathogenesis.®’ It is
vital to understand the molecular mechanisms of SMD and develop more effective treatments.

Accumulating studies show that mesenchymal stem cell (MSC)-derived exosomes (EXOs), a key effector of MSC
paracrine function, have great potential in SMD treatment.® MSC-derived exosomal circRTN4 has been shown to
attenuate cardiac injury and apoptosis in a rat model of SMD model by mediating the miR-497-5p/MG53 axis.’”
Studies have shown that pretreatment with some pharmacologic compounds can increase the paracrine effects of
MSCs including EXOs and then improve their therapeutic effects in cardiovascular diseases.'®'" Apelin is an endogen-
ous peptide that binds to the angiotensin-like 1 (APJ) receptor. Both the apelin and APJ genes are expressed in a wide
range of tissues, with distribution patterns similar to those of the angiotensin II (Ang II) and AT1 receptors.'* Research in
animal models has indicated that the apelin-APJ system plays an important role in cardiovascular regulation.'>'* Apelin
is known to function as a potent inotropic agent and peripheral vasodilator, and may also contribute to fluid balance,
making it a promising candidate for therapeutic strategies in heart failure.'> More importantly, we demonstrated that
Apelin pretreatment significantly augmented the cardioprotective effects of MSCs on myocardial injury following
infarction by upregulating the paracrine effects.'® Nonetheless the therapeutic efficacy of Apelin pretreated MSC-
derived EXOs (Apelin-MSC-EXOs) on SMD have not been determined.

Although the complete mechanisms of SMD remain elusive, cardiomyocyte pyroptosis, a unique type of inflamma-
tory cell death, is linked to the condition.'”'® Pyroptosis is predominately triggered by Nod-like receptor protein 3
inflammasome (NLRP3) that is composed of NLRP3, apoptosis-associated speck-like protein (ASC) and procaspase-1.2
NLRP3 inflammasome triggers the activation of inflammatory caspase-1 and then cleaves gasdermin D (GSDMD) to
produce N-terminal GSDMD (GSDMD-NT), leading to pyroptosis and secretion of IL-18 and IL-1.>"*** Yang et al
reported that TREM-1 induced cardiomyocyte pyroptosis in cecal ligation and puncture (CLP)-induced SMD in mice via

688 https: International Journal of Nanomedicine 2025:20



Li et al

activation of the SMC4/NEMO pathway.”®> Therefore, inhibition of NLRP3 inflammasome-mediated cardiomyocyte
pyroptosis offers possible strategy against SMD.

In the current study, we determined whether Apelin-MSC-EXOs exhibited a superior therapeutic efficacy in SMD
treatment and illustrate the molecular mechanisms linked to cardiomyocyte pyroptosis.

Methods and Materials
Cell Culture

The MSCs derived from bone marrow and used in the current study were provided by Dr. Xiaoting Liang from Shanghai
East Hospital. This study was approved by the research ethics board of Shanghai East Hospital (No. 2016-050). MSCs
were cultured as previously described.'® MSCs at passage 3~5 were used in this study. Neonatal mice cardiomyocytes
(NMCs) were collected from 0- to 1-day-old mice as previously reported”* and cultured on Claycomb Medium (51800,
Sigma) containing 10% fetal bovine serum. All animal experiments were approved by Guangdong Provincial People’s
Hospital Ethics Committee (KY-Z-2020-363-02). The study was conducted in strict accordance with the Animal
Management Rules of the Ministry of Health of the People’s Republic of China.

MSC-EXO Isolation and Characterization

1x10° MSCs were seeded in a culture dish and cultured for 24h under normoxic conditions in complete medium with
or without 0.1 nM Apelin-13 treatment as reported in our previous study.'® Medium was then discarded and replaced
by DMEM supplemented 10% exosome-free fetal bovine serum (EXO-FBS-250A-1, Systems Biosciences) and culture
continued for 48h. Subsequently, the supernatant was collected and MSC-EXOs or Apelin-MSC-EXOs isolated and
purified as previously reported.?> The concentration of MSC-EXOs was measured. Particle size, surface markers and
morphology of MSC-EXOs or Apelin-MSC-EXOs was examined by nanoparticle tracking analysis (NTA, PARTICLE
METRIX-ZetaVIEW, Germany), Western blotting and transmission electron microscopy (TEM, Hitachi-HT7700,
Tokyo, Japan), respectively. Specifically, SuL of the extracted exosomes were added dropwise onto a copper grid
and allowed to settle for 1 minute, after which the excess liquid was absorbed with filter paper. Then, SuL of uranyl
acetate was added dropwise onto the copper grid and allowed to settle for 1 minute, followed by absorption of the
excess liquid with filter paper. The grid was air-dried for several minutes at room temperature. Transmission electron
microscopy (TEM) imaging was performed at 100 kV to obtain TEM images. For exosome sample size analysis,
frozen exosome samples were thawed in a 25°C water bath, placed on ice, diluted with 1 x PBS, and subjected to
nanoparticle tracking analysis (NTA).

MSC-EXO Internalization

MSC-EXOs or Apelin-MSC-EXOs were labelled using PKH67 (MINI67-1KT, Sigma) and then cultured for 24h with
NMCs in the presence of lug/mL LPS (L4391, Sigma). Next, after staining with DAPI, NMCs were randomly
photographed under fluorescence microscopy.

TUNEL Staining

Pyroptosis of NMCs were evaluated using a TUNEL staining kit (RIBOBIO, C11026-1). NMCs were plated in twenty-
four-well plates and then treated with 10pg/mL MSC-EXOs or Apelin-MSC-EXOs in 1pg/mL LPS for 24h. Next, the
cells were stained with the TUNEL kit. Next, NMCs were stained with DAPI and captured. The pyroptosis rate was
analyzed by the ratio of TUNEL positive NMCs to the total number of NMCsx100%.

MiR-34a-5p Inhibitor or Transfection

MiR-Control, miR-34a-5p inhibitor and miR-34a-5p mimic were obtained from GenePharma (Shanghai, China). NMCs
were seeded on the culture plate and incubated for 24h. Next, NMCs were treated with 50 nM miR-Control, miR-34a-5p
inhibitor or miR-34a-5p mimic by Lipofectamine 2000 (11668027, Invitrogen) and then cultured for 48h. Finally, the
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transfection efficiency was evaluated by qRT-PCR. For miR-34a-5p-Apelin-MSC-EXO isolation, MSCs were cultured
under Apelin and transfected with miR-34a-5p inhibitor for 48h and EXOs isolated accordingly.

Luciferase Activity Assay

The 3'-UTR of wild-type HMGB1 or mutant HMGBI luciferase reporter vector was established as previously reported.*®
293T cells were co-transfected with miR-Control, miR-34a-5p mimic or inhibitor and the reporter plasmid using
Lipofectamine 2000 for 48h. Luciferase activity was assessed by a Dual-Luciferase Reporter Assay Kit (E1910,
Promega).

Real-Time PCR

Total RNA from MSC-EXOs, Apelin-MSC-EXOs or MSCs was collected by TRIzol reagent (2270A, Takara). Reverse
transcription was carried out according to the protocol (RR037A, Takara). RT-PCR of miR-34a-5p and HMGB1 was
determined using a quantitative PCR kit (RR820A, Takara). The U6 and miR-34a-5p primers were purchased from
GenePharma.

MiRNA Sequencing and Analysis

The miRNA from Apelin-MSC-EXOs and MSC-EXOs was sequenced as previously described.?® After normalizing the
raw reads, the level of miRNAs was analyzed to discover significant differences between Apelin-MSC-EXO and MSC-
EXO data sets. The different expression of miRNAs was analyzed through Q value <0.001 and fold change > 1.5 with
the threshold set for down- and up-regulated genes. Heat maps of different expression of miRNAs from MSC-EXOs and
Apelin-MSC-EXOs were created using the omicshare cloud platform.

Western Blotting

NMCs and Heart tissue from different groups were collected and total protein extracted. The protein concentration of
different samples was measured by BCA kit (231227, Thermo). A total of 30pug protein was separated on SDS-PAGE gel
and then transferred onto PVDF membranes. Next, PVDF membranes were blocked with TBST supplemented with 5%
fat-free milk and incubated at 4°C overnight with the relevant primary antibodies: anti-CD63 (ab134045, Abcam), anti-
CDS81 (ab109201, Abcam), anti-Alix (ab186429, Abcam), anti-TSG101 (ab125011, Abcam), anti-NLRP3 (ab263899,
Abcam), anti-ASC (A1170, ABclonal), anti-Pro Caspase-1 (ab179515, Abcam), anti-Caspase-1 (A0964, ABclonal), anti-
IL-18 (A1115, ABclonal), anti-IL-1p (26,048-1-AP, Proteintech), anti-GSDMD (ab209845, Abcam), anti-GSDMD-NT
(AF4012, Affinity), anti-HMGBI (ab18256, Abcam), anti-AMPK (ab32047, Abcam), anti-p-AMPK (AF3423, Affinity)
and GAPDH (ab8245, Abcam). After washing with TBST, PVDF membranes were incubated with the secondary
antibody for lh at room temperature. Subsequently, PVDF membranes were exposed to radiography film in a dark
room. Finally, the protein bands were analyzed by Image J software.

Animal Study

All animal experiments were conducted in accordance with the ARRIVE 2.0 guidelines and approved by Guangdong
Provincial People’s Hospital Ethics Committee (KY-Z-2020-363-02). The study was conducted in strict accordance with
the Animal Management Rules of the Ministry of Health of the People’s Republic of China. All experimental mice were
housed under specific pathogen-free (SPF) conditions, with ambient temperature maintained at 22+2°C, relative humidity
at 50+10%, and a 12-hour light/dark cycle. Mice had ad libitum access to standard chow and water, and the housing
environment complied with the relevant requirements of the animal ethics committee. The SMD model was established
in 6~8 week old C57BL/6 male mice by CLP as previously reported.?” After anesthetizing the mice with 2% isoflurane,
they were placed in a supine position supine on a sterile operating surface. The abdominal fur was shaved, and the skin
disinfected with iodine. A 1 cm longitudinal incision was made along the midline, and the cecum gently manipulated
using smooth forceps. For the moderate sepsis model, 60% of the cecum was ligated with surgical sutures, and two
punctures made at the midpoint of the caudal end of the ligated cecum using an 18-gauge needle. Following manual
extrusion of part of the intestinal content, the cecum was repositioned in the abdominal cavity, and the abdominal layers
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closed with a 3-0 surgical suture. After the procedure, the mice were resuscitated with a subcutaneous injection of 0.9%
sodium chloride solution (1 mL/20 g) into the abdomen and placed on warm blankets until they regained consciousness
and were returned to their cages. In the sham group, mice received the surgery without cecum ligation and puncture
(n=6). One dose of MSC-EXOs, Apelin-MSC-EXOs or miR-34a-5pP-Apelin-MSC-EXOs (2ug/g per mouse) in 100pL
PBS was injected into SMD mice at 1h following CLP (n=10) via the tail vein.?®*’ Cardiac function of mice with
different treatments was examined 24h following CLP surgery using transthoracic echocardiography (Ultramark 9). The
left ventricular internal diameter during systole or diastole (LVIDs, LVIDd), left ventricle fractional shortening (LVFS)
and ejection fraction (LVEF) were analyzed. Mice were euthanized 24 hours after the procedure, following cardiac
ultrasound, and serum and heart tissue collected for subsequent experiments.

HE Staining

The mice from different groups were sacrificed by cervical dislocation under anesthesia. Heart tissue was collected,
embedded and sectioned into Sum slices. Next, hematoxylin eosin staining was performed following the protocol.
Finally, myocardial tissue structures were captured under a microscope.

Statistical Analysis

All data are represented as mean+=SEM. Statistical analyses were determined by GraphPad Prism 9.3.0. The results from
two groups (=2) were analyzed using a 7 test. For comparisons of data from multiple groups (> 3), one-way analysis of
variance (ANOVA) followed by the Bonferroni test was performed. P value < 0.05 was considered statistically
significant.

Results

Apelin-MSC-EXOs and MSC-EXOs Characterization

Apelin-MSC-EXOs and MSC-EXOs were extracted from Apelin pretreated MSCs and MSCs at passage 3~5, respec-
tively. TEM demonstrated that both Apelin-MSC-EXOs and MSC-EXOs displayed a spheroid morphology (Figure 1A).
The NTA results revealed that most MSC-EXOs and Apelin-MSC-EXOs exhibited a distribution between 30 and 150 nm
(Figure 1B). Importantly, the concentration of nanoparticles was much higher in Apelin-MSC-EXOs than MSC-EXOs
(Figure 1B). The exosomal typical markers CD81, TSG101, CD63 and Alix were positive in MSC-EXOs and Apelin-
MSC-EXOs (Figure 1C). Furthermore, the Apelin level in Apelin-MSC-EXOs was higher than that in MSC-EXOs
(Figure 1C). Next, NMCs were incubated with PKH67-labelled MSC-EXOs and Apelin-MSC-EXOs under LPS
condition for 24h. Confocal images showed that PKH67-labelled MSC-EXOs and Apelin-MSC-EXOs were endocytosed
by NMCs (Figure 1D). These results showed that MSC-EXOs and Apelin-MSC-EXOs were successfully collected and
taken up by NMCs under LPS challenge.

Apelin-MSC-EXO Transplantation Improved Heart Function in a Mouse Model of SMD
To evaluate the protective effects of Apelin-MSC-EXOs on SMD, one dose of MSC-EXOs or Apelin-MSC-EXOs was
delivered into mice with SMD induced by CLP via the tail vein at 1h following CLP. The procedure for animal
experiments is listed in Figure 2A. Representative echocardiographic images of the heart from different groups at 24h
after CLP are shown in Figure 2B. As shown in Figure 2C, compared with the sham group, LVIDd and LVIDs were
greatly enhanced in the CLP group but significantly decreased in the MSC-EXO and Apelin-MSC-EXO group, to
a greater extent in the latter (Figure 2C). LVEF and LVFS were significantly reduced in the CLP group compared with
the sham group (Figure 2C). Notably, compared with the CLP group, both LVEF and LVFS were increased in the MSC-
EXOs group and Apelin-MSC-EXOs group, again to a greater extent in the latter (Figure 2C). Next, we examined the
histopathological changes in mouse myocardial tissue from different groups. The results of HE staining revealed that
compared with sham mice, apparent inflammatory infiltration and broken myocardial fibers in the myocardium were
evident in CLP-treated mice. This phenomenon was partially reversed in the MSC-EXO group and Apelin-MSC-EXO

International Journal of Nanomedicine 2025:20 https: 691



Li et al

A MSC-EXOs B
i ; —— MSC-EXOs
61 — Apelin-MSC-EXOs
i =%
5. 5 .
< ns ‘% :
= 4 ’E‘ RS
% £ 1 5
p S
N 5 £
o g 8
S 21 S =
% hd o A
© )
e q] a L
‘ =
A\ T
= T T '_\‘ IV T T 0- & ~
0 100 200 300 400 500 MSC-EXOs Apelin-MSC MSC-EXOs Apelin-MSC
-EXOs -EXOs
C D .
MSC-EXOs Apelin-MSC-EXOs MSC_EXOs Apelin-MSC-EXOs
TSCI0T| w— —
()]
pix_—
7]
N~
o[ —
o
CDB1| — i
Apeiin] T -

Figure | Characterization of MSC-EXOs and Apelin-MSC-EXOs. (A) MSC-EXOs and Apelin-MSC-EXOs showed cup-shaped morphology when examined by TEM. (B)
NTA assay revealed particle size distribution and particle concentration of MSC-EXOs and Apelin-MSC-EXOs. Data are expressed as mean = SEM. *p <0.05, ns=not
significant. (C) Western blotting showed MSC-EXOs and Apelin-MSC-EXOs expressed exosomal surface markers CD8I, CDé63, Alix, TSGI0Il and Apelin. (D)
Representative confocal images demonstrate the uptake of labeled- MSC-EXOs and Apelin-MSC-EXOs by NMCs.

group and further alleviated in the Apelin-MSC-EXO group (Figure 2D). Collectively, these data showed that Apelin-
MSC-EXO transplantation attenuated CLP-induced myocardial injury and heart dysfunction in a mouse model.

Apelin-MSC-EXO Transplantation Ameliorated Cardiomyocyte Pyroptosis in SMD
Mice

Our previous study revealed that NLRP3 inflammasome-mediated cardiomyocyte pyroptosis led to SMD.?” We aimed to
determine whether Apelin-MSC-EXO transplantation could improve cardiac function by inhibiting cardiomyocyte pyroptosis.
TUNEL staining showed that the number of TUNEL positive cardiomyocytes was greatly increased in the CLP group
compared with the sham group but decreased following MSC-EXO treatment (Figure 3A and B). Furthermore, compared
with the MSC-EXOs group, the ratio of TUNEL positive cardiomyocytes was decreased in the Apelin-MSC-EXOs group
(Figure 3A and B). Western blotting showed that compared with the sham group, the protein level of ASC, NLRP3, the ratio of
GSDMD-NT/GSDMD, Caspase-1/pro-Caspase-1, IL-1B and IL-18 were enhanced in the heart tissue of CLP-treated mice but
dramatically decreased in the MSC-EXO group and Apelin-MSC-EXO group (Figure 3C). More importantly, the expression of
pyroptosis-related markers was much lower in the Apelin-MSC-EXO group than MSC-EXO group, indicating that Apelin-
MSC-EXOs were superior to MSC-EXOs in ameliorating cardiomyocyte pyroptosis in SMD mice (Figure 3C). Collectively,
these results indicated that Apelin-MSC-EXO Transplantation ameliorated cardiomyocyte pyroptosis in SMD mice.
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Figure 2 Transplantation of Apelin-MSC-EXOs improved cardiac function in SMD mice. (A)Schematic chart showing the creation of a mouse model of SMD using CLP and
administration of PBS, MSC-EXOs or Apelin-MSC-EXOs. (B) Representative echocardiographic images were captured at 24h after CLP operation in mice treated with PBS,
MSC-EXOs or Apelin-MSC-EXOs or control mice. (C) The LVIDd, LVIDs, LVEF and LVFS were analyzed at 24h in control mice or mice with CLP that received PBS, MSC-
EXOs or Apelin-MSC-EXOs treatment. Data are expressed as mean = SEM. n = 6 mice for each group, *p <0.05, **p < 0.0/, ***p < 0.001. (D) Representative images of HE
staining showing myocardial histological changes in CLP mice treated with PBS, MSC-EXOs or Apelin-MSC-EXOs and control mice.

Apelin-MSC-EXO Treatment Inhibited LPS-Induced Cardiomyocyte Pyroptosis

To examine the protective effects of Apelin-MSC-EXOs on cardiomyocyte pyroptosis in vitro, we incubated NMCs with
MSC-EXOs or Apelin-MSC-EXOs for 24h under LPS conditions. LPS challenge significantly increased TUNEL positive
cells (Figure 4A and B) and the protein level of ASC, NLRP3, the ratio of GSDMD-NT/GSDMD and Caspase-1/pro-
Caspase-1 in NMCs (Figure 4C). These phenomena were partially reversed by treatment with MSC-EXOs or Apelin-
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Figure 3 Transplantation of Apelin-MSC-EXOs ameliorated cardiomyocyte pyroptosis in SMD mice. (A) Representative images of Troponin and TUNEL double staining in
the heart of CLP mice that received PBS, MSC-EXOs or Apelin-MSC-EXOs treatment and control mice. (B) Quantitative measurement of TUNEL positive cardiomyocytes
in the heart of CLP mice that received PBS, MSC-EXO or Apelin-MSC-EXO treatment and control mice. (C) Western blotting and quantitative measurement of the protein
level of NLRP3, ASC, the ratio of Caspase-|/pro-Caspase-1, GSDMD-NT/GSDMD as well as IL-1B and IL-18 in the heart of CLP mice that received PBS, MSC-EXO or
Apelin-MSC-EXO treatment and control mice. Data are expressed as mean + SEM. n =6 mice for each group, **p <0.001.

MSC-EXOs (Figure 4A-C). Furthermore, compared with the MSC-EXOs group, the number of TUNEL positive NMCs
and the protein level of ASC, NLRP3, the ratio of GSDMD-NT/GSDMD and Caspase-1/pro-Caspase-1 was greatly
downregulated in the Apelin-MSC-EXOs group (Figure 4A-C). Nonetheless these beneficial effects of MSC-EXOs and
Apelin-MSC-EXOs were largely reversed by NLRP3 inflammasome activator nigericin (Nig) (10 uM for 6 h). Overall,
these results suggested that Apelin-MSC-EXO treatment attenuated LPS-induced cardiomyocyte pyroptosis in vivo.
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Figure 4 Apelin-MSC-EXOs treatment inhibited cardiomyocyte pyroptosis induced by LPS in vivo. (A) Representative TUNEL staining images in control, LPS, LPS+MSC-
EXO, LPS+Apelin-MSC-EXO, LPS+MSC-EXOs+Nig, and LPS+ Apelin-MSC-EXO+ Nig-treated NMCs. (B) Quantitative measurement of TUNEL positive NMCs from the
different groups. (C)Western blotting and quantitative measurement of the protein level of NLRP3, ASC, the ratio of Caspase-|/pro-Caspase-| and GSDMD-NT/GSDMD in
control, LPS, LPS+MSC-EXO, LPS+Apelin-MSC-EXO, LPS+MSC-EXOs+Nig, and LPS+Apelin-MSC-EXO+ Nig-treated NMCs. n = 3 biological replicates for each group. Data
are expressed as mean + SEM. **p <0.0/, ***p <0.001.

miR-34a-5p Delivered by Apelin-MSC-EXOs Inhibited Cardiomyocyte Pyroptosis
Since it is established that MSC-EXOs exert their cardioprotective effects via delivery of specific miRNAs,**!
subsequently screened the potential candidate miRNAs in MSC-EXOs and Apelin-MSC-EXOs using miRNA-seq. The
different expression of miRNAs between MSC-EXOs and Apelin-MSC-EXOs was analyzed and is shown in Figure SA. We
searched the literature and determined that the expression of miR-34a-5p was closely associated with cardiovascular
diseases.*>** We thus performed RT-qPCR and found that the level of miR-34a-5p in Apelin-MSC-EXOs was much higher
than that in MSC-EXOs (Figure 5B). To determine whether Apelin-MSC-EXOs could deliver miR-34a-5p to regulate
cardiomyocyte pyroptosis under LPS challenge, Apelin-MSCs were manipulated with miR-34a-5p inhibitor to extract miR-

34a-5p*P-Apelin-MSC-EXOs. RT-qPCR results indicated either that Apelin-MSCs manipulated with miR-34a-5p inhibitor or
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Figure 5 miR-34a-5p delivered by Apelin-MSC-EXOs inhibited cardiomyocyte pyroptosis. (A) The results of RNA-seq analysis revealed the differential expression of
miRNAs between MSC-EXOs and Apelin-MSC-EXOs. (B) The expression level of miR-34a-5p in Apelin-MSC-EXOs was determined by qPCR. (C) The expression level of
miR-34a-5p in Apelin-MSCs and miR-34a-5p*P-Apelin-MSCs was evaluated by gPCR. (D) The expression level of miR-34a-5p in Apelin-MSC-EXOs and miR-34-5p"P-Apelin-
MSC-EXOs was validated by qPCR. (E) Representative images of TUNEL staining in NMCs treated with Apelin-MSC-EXOs or miR-34-5pP-Apelin-MSC-EXOs under LPS
challenge. (F) Quantitative measurement of TUNEL staining in NMCs treated with Apelin-MSC-EXOs or miR-34-5p*°-Apelin-MSC-EXOs under LPS challenge. n=3
biological replicates for each group. Data are expressed as mean + SEM. *p < 0.05, **p < 0.0/, *** < 0.001.
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the derived EXOs exhibited a reduced level of miR-34a-5p (Figure 5C and D). Next, we evaluated the effects of miR-34a-
5p*P-Apelin-MSC-EXOs on LPS-induced NMCs pyroptosis. Compared with the LPS group, the number of TUNEL positive
NMCs was greatly downregulated in the Apelin-MSC-EXO group but upregulated in the miR-34a-5p*P-Apelin-MSC-EXO
group (Figure 5E and F). These results confirmed that Apelin-MSC-EXOs prevented NMC pyroptosis induced by LPS via
delivery of miR-34a-5p.

miR-34a-5p Delivered by Apelin-MSC-EXOs Inhibited Cardiomyocyte Pyroptosis via

Regulation of the HMGBI/AMPK Axis

TargetScan predicted HMGBI as a potential downstream molecule of miR-34a-5p (Figure 6A). Subsequently, NMCs were
used to validate the binding relationship between the 3'UTR target region of HMGB1 and miR-34a-5p. The luciferase activity
revealed that compared with miR control, miR-34a-5p mimic treatment downregulated luciferase activity of the HMGB1-WT
vector but had no impact on luciferase activity of the HMGB1-mutant vector in NMCs (Figure 6B). Next, to determine the
relationship between HMGB1and miR-34a-5p, we first treated NMCs with miR-34a-5p mimic, miR-34a-5p inhibitor or miR
control. The expression of miR-34a-5p was greatly enhanced in miR-34a-5p mimic-treated NMCs but decreased in miR-34a-
5p inhibitor-treated NMCs (Figure 6C). Results from gPCR and Western blotting showed that the level of HMGB1 mRNA
and protein was downregulated in miR-34a-5p mimic-treated NMCs but up-regulated in miR-34a-5p inhibitor-treated NMCs
(Figure 6D and E). It has been well documented that HMGBI1 is involved in regulating heart dysfunction via mediation of the
AMPK pathway.>**> Therefore, we aimed to determine whether Apelin-MSC-EXOs protected against SMD by inhibition of
cardiomyocyte pyroptosis by regulating the HMGB1/AMPK axis. We first evaluated the expression of HMGBI1, p-AMPK in
SMD mice that received MSC-EXO or Apelin-MSC-EXO treatment. As shown in Figure S1, the expression of HMGBI1 was
remarkably increased in the CLP group compared with the sham group but reduced in the MSC-EXO and Apelin-MSC-EXO
groups, to a greater extent in the latter (Figure S1). In contrast, the level of p-AMPK was decreased in the CLP group but
increased in MSC-EXO group and Apelin-MSC-EXO group, again to a greater extent in the latter (Figure S1). To verify that
exosomal miR-34a-5p in Apelin-MSC-EXOs ameliorated cardiomyocyte pyroptosis via inhibition of the HMGB1/AMPK
axis, we treated NMCs with miR-34a-5pP-Apelin-MSC-EXOs under LPS. We showed that Apelin-MSC-EXO treatment
downregulated the level of HMGBI1, ASC, NLRP3, the ratio of GSDMD-NT/GSDMD and Caspase-1/pro-Caspase-1 but
enhanced the level of p-AMPK/AMPK in LPS-treated NMCs (Figure 6F). Nonetheless the expression of HMGB1, ASC,
NLRP3, the ratio of GSDMD-NT/GSDMD and Caspase-1/pro-Caspase-1 was upregulated whereas the level of p-AMPK/
AMPK was downregulated in the miR-34a-5p*P-Apelin-MSC-EXO group compared with the Apelin-MSC-EXOs group.
These effects of Apelin-MSC-EXOs on LPS treated-NMCs were greatly abrogated by Compound C (AMPK inhibitor)
(Figure 6F). Collectively, these data demonstrated that miR-34a-5p enriched in Apelin-MSC-EXOs inhibited cardiomyocyte
pyroptosis via regulation of the HMGB1/AMPK axis.

Knockdown of miR-34a-5p Downregulated Apelin-MSC-EXO-Mediated

Cardioprotective Effects in SMD Mice

To confirm whether miR-34a-5p were responsible for the cardioprotective effects of Apelin-MSC-EXOs on SMD, we
transplanted miR-34a-5p“P-Apelin-MSC-EXOs into a mouse model of SMD at 1h post CLP surgery. At 24h post operation,
LVEF and LVFS were reduced in the miR-34a-5p*P-Apelin-MSC-EXOs group compared with the Apelin-MSC-EXOs group
(Figure 7A and B). In contrast, LVIDs and LVIDd were increased in the miR-34a-5p"-Apelin-MSC-EXO group compared
with the Apelin-MSC-EXO group (Figure 7A and B). HE staining showed that compared with the Apelin-MSC-EXO group,
inflammatory infiltration and broken myocardial fibers were upregulated in the miR-34a-5p*P-Apelin-MSC-EXO group
(Figure 7C). The TUNEL assay demonstrated that compared with the Apelin-MSC-EXO group, the ratio of TUNEL positive
cardiomyocytes in mouse myocardial tissue was notably enhanced in the miR-34a-5p*P-Apelin-MSC-EXO group (Figure 7D
and E). Moreover, Western blotting revealed that the level of p-AMPK was downregulated whereas the protein level of
HMGBI1, ASC, NLRP3, the ratio of GSDMD-NT/GSDMD, Caspase-1/pro-Caspase-1, IL-1p and IL-18 was upregulated in
the miR-34a-5p""-Apelin-MSC-EXO group compared with the Apelin-MSC-EXO group (Figure 7F). Collectively, these
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Figure 6 miR-34a-5p delivered by Apelin-MSC-EXOs inhibited cardiomyocyte pyroptosis via regulation of the HMGBI/AMPK pathway. (A) Bioinformatics analysis predicted the
binding sites between 3'UTR target region of HMGBI and miR-34a-5p. (B) Luciferase activity of the HMGBI-WT and HMGBI-mutant in NMCs following miR-34a-5p mimic
transfection. (C) The level of miR-34a-5p in NMCs treated with control, miR-34a-5p mimic or miR-34a-5p inhibitor was determined by qPCR. (D) The level of HMGBI in NMCs treated
with control, miR-34a-5p mimic or miR-34a-5p inhibitor was measured by qPCR. (E) The level of HMGBI in NMCs treated with control, miR-34a-5p mimic or miR-34a-5p inhibitor was
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CLP operation in mice that received Apelin-MSC-EXOs or miR-34a-5p"P-Apelin-MSC-EXOs. (C) Representative images of HE staining showing myocardial histological
changes in CLP mice treated with Apelin-MSC-EXOs or miR-34a-5p*P-Apelin-MSC-EXOs. (D) Representative images of Troponin and TUNEL double staining in the heart
of CLP mice treated with Apelin-MSC-EXOs or miR-34a-5p*P-Apelin-MSC-EXOs. (E) Quantitative measurement of TUNEL positive cardiomyocytes in the heart of CLP
mice treated with Apelin-MSC-EXOs or miR-34a-5p"P-Apelin-MSC-EXOs. (F) Western blotting and quantitative measurement of the level of HMGBI, p-AMPK/AMPK,
NLRP3, ASC, the ratio of Caspase-|/pro-Caspase-| and GSDMD-NT/GSDMD as well as IL-1f3 and IL-18 in the heart of CLP mice treated with Apelin-MSC-EXOs or miR-
34a-5p"P-Apelin-MSC-EXOs. Data are expressed as mean + SEM. n=6 mice for each group, **p < 0.0/, ** < 0.001.

International Journal of Nanomedicine 2025:20 https:

699



Li et al

data showed that downregulation of miR-34a-5p expression in Apelin-MSC-EXOs reduced their cardioprotective effects
in SMD.

Discussion

Several major findings were highlighted in the current study. First, compared with MSC-EXOs, Apelin-MSC-EXO
administration exerted superior cardioprotective effects against SMD in CLP-treated mice. Second, Apelin-MSC-EXOs
alleviated myocardial impairment by attenuating NLRP3-mediated cardiomyocyte pyroptosis. Third, the cardioprotective
effects of Apelin-MSC-EXOs on SMD were largely attributed to the high level of miR-34a-5p that ameliorated
cardiomyocyte pyroptosis by targeting the HMGB1/AMPK axis. Our study showed that Apelin-MSC-EXOs present
a new therapeutic approach for SMD treatment.

MSC-EXO-based therapy has become a popular cell-free treatment for sepsis and sepsis-related diseases due to their
lower immunogenicity, less tumorigenicity and ability to transport various bioactive components.*** It has been
documented that treatment with sweroside-functionalized MSC-EXOs ameliorated heart injury via downregulation of
oxidative stress and cardiomyocyte apoptosis in LPS-treated rats.>* Zhou et al reported that transplantation of EXOs
isolated from human umbilical cord MSCs ameliorated cardiac injury in SMD mice by improving mitochondrial Ca*"
efflux in cardiomyocytes through delivery of PINK1 mRNA.* In our study, MSC-EXO transplantation significantly
improved heart function in CLP-treated mice. More importantly, administration of MSC-EXOs effectively inhibited
cardiomyocyte pyroptosis in CLP-treated mice and LPS-treated NMCs. Although administration of MSC-EXOs has
shown great advantages in improving cardiac function following sepsis, how to obtain more EXOs with stronger
protective effects to target SMD effectively requires further investigation. There is accumulating evidence that pretreat-
ment with hypoxia, drugs or cytokines can significantly improve the protective effects of MSC-EXOs against sepsis,*'**
providing more possibilities for future SMD treatment. It has been shown that LPS pretreatment increases the protective
efficacy of MSC-EXOs in CLP-induced septic liver injury via regulation of macrophage STING signaling by transport of
ATG2B.* Therefore, identification of a suitable drug to pre-treat MSCs and enhance the protective effects of MSCs-
EXOs on SMD is urgently needed. Our previous studies found that Apelin pretreatment not only rejuvenated the aged
MSCs but also improved their cardioprotective effects following transplantation in a mouse model of myocardial
infarction by augmenting the paracrine effects.'>** We also found that Apelin ameliorated SMD by downregulating
NLRP3-mediated pyroptosis of cardiomyocytes.*® Based on our previous results and findings from the current study, we
hypothesized that Apelin pretreatment could enhance the cardioprotective efficacy of MSC-EXOs on SMD by amelior-
ating cardiomyocyte pyroptosis. As predicted, administration of Apelin-MSC-EXOs was superior to MSC-EXOs in
improving heart function in a mouse model of SMD via amelioration of cardiomyocyte pyroptosis.

Since we revealed that transplantation of Apelin-MSC-EXOs had superior therapeutic efficacy in SMD than MSC-
EXOs, it would be interesting to determine which biological substance is responsible. There is increasing evidence that
MSC-EXOs exert their therapeutic efficacy for heart repair/regeneration via delivery of their active molecule miRNAs by
regulating cardiomyocyte viability, angiogenesis and inflammation.*>~*” It has been reported that transplantation of MSC-
EXOs alleviated myocardial impairment, cardiomyocyte apoptosis and inflammatory infiltration in CLP-treated mice via
conveying miR-141 by targeting the PTEN/B-catenin pathway.*® To identify the key miRNA that accounts for the
heightened therapeutic efficacy of Apelin-MSC-EXOs on SMD, RNA-seq was performed to identify the key miRNAs
between Apelin-MSC-EXOs and MSC-EXOs. Among the miRNAs highly enriched in Apelin-MSC-EXOs, miR-34a-5p
has attracted huge attention. miRNA-seq showed that miR-34a-5p is highly expressed in Apelin-MSC-EXOs. RT-qPCR
showed that the level of miR-34a-5p in Apelin-MSC-EXOs was much higher than that in MSC-EXOs. Furthermore,
miR-34-5p inhibited fibrogenesis of cardiac fibroblasts by reducing ROCK1 and improved heart function following
myocardial infarction, suggesting a protective role of miR-34-5p in heart repair.*’ Here, we found that miR-34a-5p
knockdown in Apelin-MSC-EXOs downregulated their capacity to ameliorate cardiomyocyte pyroptosis, thereby redu-
cing their therapeutic efficacy for SMD, suggesting that the protective effects of Apelin-MSC-EXOs were partially
attributed to the high level of miR-34a-5p. Next, we identified HMGBI as a key target of miR-34a-5p via bioinformatics
analysis and luciferase activity assay. HMGBI1 acts as an inflammatory and immunomodulatory factor involved in
regulating a variety of diseases by activating NLRP3 inflammasome.’®”" It has been demonstrated that LPS-treated
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macrophage HMGBI1-enriched extracellular vesicles stimulated hepatocyte pyroptosis via activation of the NLRP3
inflammasome.>* Notably, HMGBI overexpression can lead to overactivation of NLRP3 inflammasome via mediation
of the AMPK signaling pathway.’” Here, the protein level of HMGBI as well as NLRP3 and pyroptosis markers was
significantly up-regulated and p-AMPK was greatly decreased in LPS-treated NMCs and the heart tissues from CLP-
treated mice. Nonetheless these effects were partially abrogated in the Apelin-MSC-EXO treatment group. More
importantly, the Apelin-MSC-EXO-inhibited LPS-induced NMC pyroptosis was largely abrogated by Compound
C. Collectively, our study showed that exosomal miR-34a-5p in Apelin-MSC-EXOs attenuates cardiomyocyte pyroptosis
in an SMD model in vitro and in vivo via regulation of the HMGB1/AMPK axis.

There are some limitations that should be acknowledged in this study. First, in addition to HMGBI1, whether Apelin-
MSC-exosomal miR-34a-5p inhibits cardiomyocyte pyroptosis in a mouse model of SMD via regulation of other targets
warrants investigation. Second, in addition to miR-34a-5p, whether other noncoding RNAs or proteins that are highly
expressed in Apelin-MSC-EXOs exert cardioprotective effects against SMD requires further investigation. Third, how
Apelin pretreatment can enhance the level of miR-34a-5p in MSC-EXOs was not determined in the current study. Fourth,
whether miR-34a-5p has potential as an effective biomarker for a diagnosis of SMD in humans will be explored in
follow-up studies.

In conclusion, our study showed that EXOs derived from Apelin-primed MSCs exhibited a superior therapeutic
efficacy in SMD and was mainly attributed to increased expression of miR-34a-5p. Moreover, Apelin-MSC-exosomal
miR-34a-5p ameliorated cardiomyocyte pyroptosis via mediation of the HMGB1/AMPK axis. This study presents a new
perspective to treatments for SMD.
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