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Abstract

BACKGROUND

Myocardial ischemia-reperfusion injury (MIRI) poses a prevalent challenge in
current reperfusion therapies, with an absence of efficacious interventions to
address the underlying causes.

AIM

To investigate whether the extracellular vesicles (EVs) secreted by adipose
mesenchymal stem cells (ADSCs) derived from subcutaneous inguinal adipose
tissue (IAT) under y-aminobutyric acid (GABA) induction (GABA-EVs'AT) demon-
strate a more pronounced inhibitory effect on mitochondrial oxidative stress and
elucidate the underlying mechanisms.

METHODS

We investigated the potential protective effects of EVs derived from mouse
ADSCs pretreated with GABA. We assessed cardiomyocyte injury using terminal
deoxynucleotidyl transferase dUTP nick end-labeling and Annexin V/propidium
iodide assays. The integrity of cardiomyocyte mitochondria morphology was
assessed using electron microscopy across various intervention backgrounds. To
explore the functional RNA diversity between EVs'A” and GABA-EVs'*!, we em-
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ployed microRNA (miR) sequencing. Through a dual-luciferase reporter assay, we confirmed the molecular
mechanism by which EVs mediate thioredoxin-interacting protein (TXNIP). Western blotting and immunofluor-
escence were conducted to determine how TXNIP is involved in mediation of oxidative stress and mitochondrial
dysfunction.

RESULTS

Our study demonstrates that, under the influence of GABA, ADSCs exhibit an increased capacity to encapsulate a
higher abundance of miR-21-5p within EVs. Consequently, this leads to a more pronounced inhibitory effect on
mitochondrial oxidative stress compared to EVs from ADSCs without GABA intervention, ultimately resulting in
myocardial protection. On a molecular mechanism level, EVs regulate the expression of TXNIP and mitigating
excessive oxidative stress in mitochondria during MIRI process to rescue cardiomyocytes.

CONCLUSION

Administration of GABA leads to the specific loading of miR-21-5p into EVs by ADSCs, thereby regulating the
expression of TXNIP. The EVs derived from ADSCs treated with GABA effectively ameliorates mitochondrial
oxidative stress and mitigates cardiomyocytes damage in the pathological process of MIRL

Key Words: Extracellular vesicles; Myocardial ischemia-reperfusion injury; Adipose-derived mesenchymal stem cells; Gamma-
aminobutyric acid; Thioredoxin-interacting protein

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Extracellular vesicles secreted by adipose mesenchymal stem cells derived from subcutaneous inguinal adipose
tissue under y-aminobutyric acid induction demonstrate a pronounced inhibitory effect on mitochondrial oxidative stress and
showcases a safeguarding impact on the cardiomyocytes. The protective effects may result from extracellular vesicle
microRNA-21-5p targeting thioredoxin (TXNIP)-interacting protein, regulating TXNIP-interacting protein-TXNIP complex
formation and subsequent enhancing the antioxidant activity of TXNIP.

Citation: Wang FD, Ding Y, Zhou JH, Zhou E, Zhang TT, Fan YQ, He Q, Zhang ZQ, Mao CY, Zhang JF, Zhou J. Gamma-
aminobutyric acid enhances miR-21-5p loading into adipose-derived stem cell extracellular vesicles to alleviate myocardial ischemia-
reperfusion injury via TXNIP regulation. World J Stem Cells 2024; 16(10): 873-895

URL: https://www.wjgnet.com/1948-0210/full/v16/i110/873.htm

DOI: https://dx.doi.org/10.4252/wjsc.v16.i110.873

INTRODUCTION

Myocardial infarction (MI) is a grave cardiovascular ailment triggered by coronary occlusion, resulting in acute and
persistent ischemia and hypoxia within the myocardium[1]. However, upon reestablishing blood flow to the previously
occluded vessels, a phenomenon known as myocardial ischemia-reperfusion injury (MIRI) may occur, leading to
potential secondary damage of the perfused myocardium, which continues to pose a significant challenge in clinical
practice[2]. During the phase of MIRI, mitochondrial oxidative stress emerges as the predominant form of cardiomyocyte
demise[3]. Hence, notwithstanding the expeditious reopening of occluded blood vessels and subsequent restoration of
blood flow, the initial mitochondrial oxidative stress will further evolve into passive programmed cell death or even
irreversible necrosis[4].

This culminates in an onslaught of mitochondrial oxidative stress, wherein excessive generation of mitochondrial
reactive oxygen species (mROS) triggers a cascade of detrimental events, potentially compromising mitochondrial
function[5,6]. Furthermore, heightened levels of mROS and hypoxia induce an upregulation of thioredoxin-interacting
protein (TXNIP)[7], which impairs the resilience of cardiomyocytes to hypoxic conditions and incites mitochondrial
oxidative stress which ultimately culminates in the collapse of mitochondrial membrane potential and functional
impairment or even destruction, resulting in various programmed cell death events within cardiomyocytes after
reperfusion therapy administration[8,9]. TXNIP impedes the reductive capacity of thioredoxin (TRX), thereby obstructing
its function in regulating oxidative stress at both the cellular and subcellular levels with finesse[10]. Henceforth, targeting
TXNIP emerges as a promising therapeutic strategy for safeguarding against MIRI encompassing mitochondrial oxidative
stress triggered by hypoxia-oxygenation recovery arising from the restoration of blood flow[11-13].

Accumulating evidence has demonstrated that subcutaneous inguinal adipose tissue (IAT), particularly adipose-
derived mesenchymal stem cells (ADSCs), possess remarkable regulatory functions regarding adipose tissue, peripheral
organs, systemic inflammation, endoplasmic reticulum stress, and mitochondrial stress[14-16]. Moreover, these effects
can be further augmented under the influence of y-aminobutyric acid (GABA)[17]. The aforementioned biological effects
are primarily believed to be mediated by extracellular vesicles (EVs), necessitating meticulous examination. EVs facilitate
intercellular communication by transferring proteins, mRNAs, and microRNAs (miRs) in a manner that can be broad or
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specific to certain cell types. The molecular composition of EVs reflects that of their source cells and can influence the
biological functions of target cells, tissues, and organs such as differentiation, proliferation, migration, secretion, and
apoptosis[18,19]. Changes in the microenvironment and physiological state of EV-producing cells can also impact both
the contents and biological function of EVs[20,21]. Nevertheless, uncertainty persists regarding the role of EVs in
mediating the GABA-induced impacts of ADSCs from IAT on mitigating mitochondrial dysfunction and oxidative stress.
Moreover, a comprehensive exploration into the underlying mechanisms responsible for these effects is still pending.

The objective of this study was to investigate whether EVs derived from GABA-induced ADSCs from IAT (GABA-
EVs'AT) exert a more pronounced impact on ameliorating MIRI than EVs derived from ADSCs from IAT (EVs'4T) and
elucidate its underlying mechanisms to offer a potential efficacious approach for enhancing MIRI.

MATERIALS AND METHODS

MIRI mouse model

The Institutional Ethics Committee of Shanghai Ninth People’s Hospital (Shanghai, China) granted proper approval for
the animal care and procedures. The animal experimental protocols were meticulously followed in strict accordance with
Directive 2010/63/EU. Male C57BL/6 mice, aged 8 weeks, were obtained from Shanghai Jessie Experimental Animal Co.,
Ltd. (Shanghai, China), and the establishment of transgenic mouse models was conducted by Shanghai Southern Model
Organisms Co., Ltd. (Shanghai, China). These mice were provided with unrestricted access to standard mouse chow and
water while being housed under specific pathogen-free conditions (maintained at a temperature range of 20-24 °C with
humidity levels between 50% and 60%). All invasive procedures were conducted under anesthesia. Anesthesia induction
was achieved using an anesthesia box infused with 2% isoflurane (RWD Life Technology Co., Ltd., Shenzhen, China) for 3
min, followed by maintenance anesthesia administered through an animal anesthetic mask containing a concentration of
1% isoflurane. Carbon dioxide inhalation was utilized as a humane method for euthanizing the mice. The traditional Cre-
loxP system was used to construct all gene knockout (KO) mice, based on relevant research[22]. Cyagen Biotechnology
Co., Ltd. (Jiangsu, China) and Shanghai Model Organisms Center, Inc. (Shanghai, China) completed the construction of
all gene KO mice in this study.

A total of 80 male C57BL/6 mice, weighing between 20 g and 24 g, were employed for the experimental trials. We
followed the detailed protocol outlined by Gao et al[23] to create the MI model. This involved 30 min of left coronary
artery (LCA) ligation. Blood flow occlusion was temporarily induced using a slipknot and subsequently released to
simulate reperfusion and restore blood supply to the ischemic regions. Successful confirmation of MI induction was
based on dynamic electrocardiograph changes characterized by ST-segment elevation. As part of our control group,
sham-operated mice underwent an identical procedure with the exception that the knot on the LCA remained loosely
tied.

Transthoracic echocardiography

The echocardiography was conducted on the 3* day post MIRI surgery, utilizing the state-of-the-art Vevo 770 high-
resolution imaging system (FUJIFILM, Japan) in small animal models, to meticulously evaluate (M mode) ejection
fraction and fractional shortening across three consecutive cardiac cycles.

Evaluation of area at risk and infarct size

After 12 h of MIRI, the LCA was re-ligated at the same level using a knot. Subsequently, under 1.5%-2% isoflurane
anesthesia administration, the chest wall was reopened to elegantly expose the heart. Following this, meticulous
reconnection of the LCA took place while gently applying a clamp to the aortic arch. Meanwhile, reverse injection of 1%
Evans blue (dissolved in normal saline) through the ascending aorta resulted in non-infarcted areas displaying an
exquisite blue coloration. Subsequently, with utmost care and precision, the heart was removed and rinsed with normal
saline before being horizontally sliced into approximately 1 mm thick sections below the ligation level. Each section
underwent immediate incubation in phosphate-buffered saline containing 1.5% triphenyltetrazolium chloride at 37 °C for
20 min. Utilizing Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, United States) with finesse and
expertise, both the infarct area and area at risk (AAR) zone were quantified accordingly. The calculation involved
determining infarct size/ AAR x 100% as well as AAR/left ventricle area (LV) x 100%, respectively.

Isolation and culture of mouse ADSCs and neonatal mouse cardiomyocytes

The ADSCs were obtained from the IAT of C57BL/6 mice using a previously established protocol[24]. Flow cytometry
analysis was conducted to characterize the ADSCs (Supplementary Figure 1), with a focus on cluster of differentiation 34
(CD34), CD105 (as negative controls), and CD106 as well as CD29, CD45, and CD90 (as positive cell surface markers).
Primary neonatal mouse cardiomyocytes (NMCMs) were extracted from 1-day-old neonatal C57BL/6 mice and the
protocol has been previously described[25].

In vitro cardiomyocyte hypoxia model

The creation of an in vitro NMCMSs hypoxia model involved subjecting cells to a meticulously controlled environment
devoid of oxygen and low in glucose, using DMEM. This was achieved by maintaining 5% CO, and 95% N, for a duration
of 2 h. Subsequently, the incubation conditions were switched to normoxic fetal bovine serum (FBS)-free medium for 12 h.
After treatment, the myocardial cells were collected and subjected to thorough analysis.
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GABA-induced ADSCs

ADSCs were seeded in complete medium (DMEM/F12 with 10% EV-free FBS [EXO-FBS-50A-1; System Biosciences, Palo
Alto, CA, United States]) for 24 h. The ADSCs were further cultured in a GABA-rich environment at a concentration of 5
M, and the supernatant was collected for EV extraction after 48 h.

Isolation and characterization of EVs

The EVs were isolated from cultured ADSCs using differential velocity centrifugation[24], and the concentration of EVs
was quantified using the bicinchoninic acid assay (BCA). Briefly, the cell culture supernatant was centrifuged at 2000 x g
for 30 min at 4 °C to eliminate any cellular debris. Subsequently, the resulting supernatant was collected and further
centrifuged at 100000 x g for 70 min to precipitate the EVs. To eliminate any contaminating proteins, the supernatant was
discarded and the EVs were resuspended in phosphate-buffered saline (PBS). The size distribution and concentration of
the EVs were determined utilizing the NanoSight NS300 instrument (Malvern Instruments, Malvern, United Kingdom),
and their morphology was examined by transmission electron microscopy (TEM) and Nanosight.

EV injections and confirmation of EV uptake by cardiomyocytes

The EVs were injected into the border zone of the infarcted heart at three specific sites, immediately following MI
surgery, at a dosage of 1 pg/1 g mouse body weight and the administered volume of EVs at each injection site was one-
third of the total volume to be injected. These EVs were labeled with PKH67 (Cat. MINI67; Sigma-Aldrich, St. Louis, MO,
United States), while the NMCMs were stained with phalloidin (Cat. A12379s; Thermo Fisher Scientific, Waltham, MA,
United States). Each culture of NMCMs was treated with 20 pg EV solution (determined by the BCA), stained with 5 mL
PKH67, and incubated for 2 h to facilitate endocytosis by the NMCMs. After being washed three times with PBS, the cells
were fixed in 4% paraformaldehyde for 20 min and DAPI stain was used to label the nucleus. An inverted microscope
was employed to observe the engulfed EVs within the cardiomyocytes.

Terminal deoxynucleotidyl transferase dUTP nick end-labeling assay

Sections were fixed in 4% paraformaldehyde for 15 min and then treated with 1 pg/mL proteinase K for 10-20 min. Then
the sections were briefly refixed in 4% paraformaldehyde and washed twice with PBS for 5 min each. A positive control
was prepared and excess liquid was removed from the slides. Next, 100 pL equilibration buffer was added to each slide,
and the slides were carefully covered with plastic coverslips and incubated for 5-10 min. The plastic coverslips and excess
buffer were carefully removed from the slides. TdT reaction mix (100 pL) or negative control (NC) mix was added instead
of TdT reaction mix as a NC. Then the slides were carefully covered again with plastic coverslips and incubated at 37 °C
for 1 h. The sections were washed three times with PBST for 10 min each before the slides were transferred to a slide rack.
The sections were washed twice with dH,O for 3 min each, followed by dehydration once in ethanol solutions (50%, 70%,
95%) and twice in pure ethanol (100%), with each step lasting 3 min. Then the sections were incubated twice in xylene for
3 min each before mounting slides using DPX and applying micro cover glasses while ensuring no air bubbles were
trapped during this process.

Dual-luciferase reporter assay

HEK 293T cells were meticulously cultured in 24-well plates until they were approximately 70% confluent. Subsequently,
a co-transfection was performed employing miR mimics and PGL3 luciferase plasmids harboring either wild-type, NC, or
mutated TXNIP 3" untranslated region (3'UTR) sequences. Following a 12-h incubation period, the cells were transferred
to 96-well luciferase assay plates. Thereafter, the Dual-GLOTM Luciferase Assay System (Cat. E2920; Promega, Madison,
WI, United States) was employed to determine the ratio of firefly to Renilla luciferase activity.

Oxygen consumption measurements

The Seahorse XFe96 Extracellular Flux Analyzer, in combination with the Seahorse Cell Mito Stress Test Kit (Agilent
Technologies, Wilmington, DE, United States), were utilized to measure the oxygen consumption rates (OCRs) of
NMCMs. The cells were cultured on Seahorse cell culture plates and subjected to the established protocol[26]. Prior to
measurement, the culture media were replaced with Seahorse XF DMEM supplemented with 5 ptM glucose, 1 ptM
pyruvate, and 10 pM glutamine for 1 h. Following incubation at 37 °C in a CO,-free incubator for 1 h, the OCRs were
assessed under both basal conditions and in the presence of oligomycin (1.5 mM), FCCP (1 mM), and rotenone/antimycin
A (0.5 mM). To normalize the results, Hoechst 33342 staining was employed to determine total cell number at the
conclusion of the Seahorse experiment.

Quantitative polymerase chain reaction and western blotting

We utilized the RNAiso Plus extraction reagent (Cat. 9108; Takara, Dalian, China) to isolate EV-associated RNA. To
generate microRNA (miRNA) cDNA, we employed stem-loop primers from Ribobio Biotech and amplified the resulting
c¢DNA using the SYBR Green-based quantitative polymerase chain (QPCR) reaction method. U6 small nuclear RNA was
used as an internal control for normalization purposes. RIPA was implemented to extract protein from cardiac tissues and
cardiomyocytes while antibodies against tumor susceptibility 101 (TSG101), CD63, CD81, thioredoxin-interacting protein
(TXNIP) were obtained from Abcam (Cambridge, MA, United States) with a-tubulin antibodies provided by Cell
Signaling Technology (Danvers, MA, United States).
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TEM

To perform TEM, heart tissues were promptly immersed in 2.5% glutaraldehyde solution at 4 °C for fixation. The fixed
samples underwent three rinses with a buffer containing 0.1 mM cacodylate trihydrate and were subsequently post-fixed
using a solution of 1% osmium tetroxide for a duration of 1 h. Following three additional washes with PB, the samples
were dehydrated through ethanol gradients, treated with acetone, and ultimately embedded in ethoxyline resin. Sub-
sequently, ultrathin sections were carefully placed onto a copper grid before capturing images utilizing the FEI electron
microscope (Tecnai G2 Spirit 120 kV; FEI Italia, Vercelli, Italy).

Statistical analysis

Data analysis was conducted utilizing the SPSS 19.0 software package (IBM Corp., Armonk, NY, United States). The
assessment of normal distribution for the data was performed employing the Shapiro-Wilk test. Categorical variables
were subjected to analysis using either the Pearson’s y? test (for n > 5) or Fisher’s exact test (for n < 5), followed by
multiple comparisons with Bonferroni correction. Continuous variables were analyzed with one-way analysis of variance,
and subsequent post-hoc multiple comparisons were performed using the Student-Newman-Keuls test. Nonparametric
testing for multiple independent samples was carried out utilizing the Kruskal-Wallis test, and post hoc comparisons
were made with the Dunn-Bonferroni test.

RESULTS

Characterization of ADSCs and ADSC-derived EVs

A schematic diagram depicting the identification of ADSCs and the extraction of their EVs is presented in Figure 1A and
B. The successful isolation of ADSCs from mouse adipose tissue was confirmed using flow cytometry, which showed that
the cell surface markers CD29, CD45, and CD90 were expressed positively (> 80%), while CD34, CD105, and CD106 had
low/negative expression (Supplementary Figure 1A). Sequential centrifugation was employed to obtain ADSC-derived
EVs (ADSC-EVs), which then were characterized using TEM and the Nanosight instrument (Figure 1C and Supple-
mentary Figure 1B). These analyses revealed that the collected vesicles primarily consisted of EVs with an average size of
115 nm (range: 50-150 nm). The EVs markers CD63, CD81, and TSG101 were identified by Western blotting (Supple-

mentary Figure 1C). The uptake of PKH26-labeled EVs by cultured NMCMs was verified by fluorescence microscopy
(Figure 1D).

GABA-EVs* reduce injury in NVICMs subjected to hypoxia and reoxygenation

To investigate the potential of GABA-EVs“T in preventing or mitigating hypoxia and reoxygenation (H/R)-induced
injury in NMCMs, injury-related markers were assessed using AnnexinV/PI (G1511; Servicebio, Wuhan, China) assay
and terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay (G1501; Servicebio) in NMCMs
exposed to H/R (6 h of hypoxia followed by 12 h of reoxygenation) and treated with EVs"*T or GABA-EVs'T prior to H/R.
As demonstrated by the TUNEL assay results (Figure 1E), exposure to EVs"' reduced the apoptotic rate of NMCMs (P =
0.0035 for H/R + EVs"T vs H/R group). However, the downregulation of apoptosis was significantly greater after
treatment with GABA-EVs"T (P = 0.0083 for H/R + GABA-EVs“T vs H/R + EVs“T group). Similarly, significant
differences were observed in GABA-EVs"'-treated cells using AnnexinV/PI assay (P = 0.0009 for H/R + GABA-EVsT vs
H/R + EVs"T group) (Figure 1F).

GABA-EVs*™ mitigates NMCMs mitochondrial oxidative stress levels and enhances mitochondrial function during H/R
The early pathogenesis of MIRI involves excessive mitochondrial oxidative stress as a pivotal mechanism[27]. We tried to
evaluate cardioprotective effects of GABA-EVs“T in improving mitochondrial function and alleviating excessive oxidative
stress in NMCMs during H/R. The findings suggest that in the context of H/R (Figure 2A), EVs"T has the ability to
enhance the mitochondrial membrane potential of NMCMs (P = 0.0231 for H/R + EVs"T vs H/R group). However, it is
noteworthy that GABA-EVs"T exhibits a more pronounced efficacy (Figure 2B), primarily characterized by a greater
normalization of the membrane potential compared to group H/R + EVs"T (P = 0.0225 for H/R + GABA-EVs"”Tvs H/R +
EVs'T group). The findings from mitochondrial OCR also align with the aforementioned conclusions (Figure 2C). In the
context of H/R, EVs%T exhibit the potential to enhance both basal and maximal oxygen consumption of NMCMs
mitochondria, thereby partly stabilizing aerobic respiration function in mitochondria (basal OCR: P = 0.0077 for H/R +
EVs"T vs H/R group; maximal OCR: P = 0.0267 for H/R + EVsT vs H/R group). Conversely, GABA-EVs'T demonstrate
a heightened efficacy in ameliorating mitochondrial aerobic respiration function under pathological conditions induced
by H/R (basal OCR: P = 0.0081 for H/R + GABA-EVs"T vs H/R + EVs"! group; maximal OCR: P = 0.0006 for H/R +
GABA-EVs"Tvs H/R + EVs"T group). In addition, under H/R conditions, the activation level of lysosomes in NMCMs
shows a moderate decrease regulated by GABA-EVs™T (Figure 2D). This suggests that GABA-EVs"T can reduce
mitochondrial damage and subsequently diminish the process of lysosomal activation for clearing damaged mito-
chondria (P = 0.0083 for H/R + GABA-EVs'AT vs H/R group). The morphological assessment revealed that under H/R
conditions, EVs'*T and GABA-EVs"T exhibited a remarkable ability to partially fortify the intricate architecture of
myocardial cell mitochondria cristae as demonstrated by transmission electron microscope assay results (Figure 2E).
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Figure 1 Gamma-aminobutyric acid-induced adipose-derived mesenchymal stem cells from inguinal adipose tissue exhibits potential in
mitigating neonatal mouse cardiomyocytes injury under hypoxia and reoxygenation conditions in vitro. A: Experiment design. The
cardiomyocytes extracted from neonatal mice were categorized into four experimental groups: Vehicle, hypoxia and reoxygenation (H/R), H/R+ extracellular vesicles
(EVs) derived from adipose-derived mesenchymal stem cells (ADSCs) from inguinal adipose tissue (IAT), H/R+ gamma-aminobutyric acid (GABA)-induced ADSCs
from IAT; B: Experiment design. ADSCs were extracted from the IAT of mice using an enzymatic digestion method. After incubating the ADSCs in complete medium
containing 5 pM GABA for 48 h, EV's were extracted; C: Representative micrographs of EVs examined by transmission electron micrographs (scale bars = 500 nm);
D: Representative micrographs of PKH67 (scale bars = 200 nm); E: Representative micrographs of isolated neonatal mouse cardiomyocytes stained with terminal
deoxynucleotidyl transferase dUTP nick end-labeling (n = 5; scale bars = 200 um); F: The percentage of AnnexinV+ neonatal mouse cardiomyocytes were calculated
using flow cytometry (n = 5). °P < 0.01, °P < 0.001.

Administration of GABA-EVs“™ mitigates myocardial damage and enhances cardiac function following MIRI

To assess the potential protective effects of GABA-EVs™"T against myocardial damage induced by MIRI in vivo, we
evaluated cardiac infarct size and AAR in mice that received in situ injections of EVs'*T and GABA-EVs'T following
ischemia/reperfusion (I/R) surgery. As depicted in Figure 3A, AAR/LV values were comparable among the sham, I/R,
I/R + EVs"T, and I/R + GABA-EVs'T groups (re-ligating the LCA prior to Evans blue staining for AAR/LV calculation).
The I/R + EVs*“T and I/R + GABA-EVs™" groups exhibited significantly reduced infarct size after MIRI compared to the
IR group, with the GABA-EVs"T group demonstrating the most pronounced effect (P = 0.0015 for I/R + EVs“T vs I/R
group; P = 0.0002 for I/R + GABA-EVs'“T vs I/R + EVs'AT group). Situ apoptosis and serum cardiac markers were assessed
using TUNEL assay and enzyme-linked immunosorbent assay in infarct tissues and serum samples respectively
(Figure 3B). The degree of in situ apoptosis was significantly improved in both the I/R + EVs"*T and I/R + GABA-EVs'T
groups. I/R + GABA-EVs“T group exhibited a more remarkable reduction in apoptotic rate compared to the I/R + EVs'AT
group. Furthermore, the I/R + GABA-EVs"T group demonstrated a greater amelioration of serum cardiac markers than
both I/R and I/R + GABA-EVs'! group. The cardiac function was assessed through animal echocardiography, revealing
a remarkable enhancement in cardiac contractile function within the IR + GABA-EVs"T group when compared to both the
I/R and I/R + EVs"T groups (Figure 3C).

GABA-induced miR-21-5p as a potential regulator of TXNIP in GABA-EVs*"

To explore the mechanism underlying the higher inhibitory efficacy of GABA-EVs“T on H/R-mediated cardiomyocyte
injury and mitochondrial dysfunction, miRNA and mRNA sequencing was performed on EVs*T , GABA-EVs"?, and
NMCMs exposed to them respectively. A total of 61 miRNAs expressed differently in GABA-EVs"T compared to EVs™®
and 89 mRNA expressed differently in NMCMs exposed to EVs"T and GABA-EVs“T. The top 10 differentially expressed
mRNAs and miRNAs, as identified from two sequencing results, were validated for expression using PCR (Figure 4A and
B). Among those, miRNA-21-5p, miRNA-23a-3p, miRNA-199a-3p, miRNA-24-3p, miRNA-23-3p, miRNA-34-5p, and
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Figure 2 Gamma-aminobutyric acid-induced adipose-derived mesenchymal stem cells from inguinal adipose tissue mitigates neonatal
mouse cardiomyocytes mitochondrial oxidative stress levels and enhances mitochondrial function during hypoxia and reoxygenation in
vitro. A: Representative micrographs of isolated neonatal mouse cardiomyocytes (NMCMs) stained with JC1 probe (n = 3; scale bars = 200 um); B: Representative
micrographs of isolated NMCMs stained with mitosox probe (n = 3; scale bars = 200 ym); C: Real-time oxygen consumption rates (OCRs) and calculated basal and
maximal respiration rates in NMCMs (n = 6); D: Representative micrographs of isolated NMCMs stained with mitotracker and lysotracker (n = 5; scale bars = 200 pym);
E: Representative micrographs of extracellular vesicles (EVs) examined by transmission electron micrographs (scale bars = 500 nm). 3P < 0.05, °P < 0.01, °P < 0.001.
GABA: Gamma-aminobutyric acid; H/R: Hypoxia and reoxygenation; IAT: Inguinal adipose tissue.

miRNA-214-3p were predicted to associate with TXNIP which exhibited the most pronounced decrease by the TargetScan
and miRanda algorithms in the Encyclopedia of RNA Interactomes database (Figure 4C). Among the seven miRNAs
predicted to bind with TXNIP, miR-21-5p was selected for further study because its upregulation was the most
significant. Dual-luciferase reporter assay results showed that the fluorescence ratio was significantly reduced from HEK
293T cells upon co-transfection with miR-21-5p mimics and TXNIP wild-type-3" UTR compared to the NC and mutant 3’
UTR controls (P = 0.0046) (Figure 4D). These results indicated that miR-21-5p inhibits the translation of TXNIP by
targeting the 3" UTR region of its mRNA.

miR-21-5p derived from GABA-EVs* regulates TXNIP expression in NICMs

To clarify TXNIP as the main target of EVs regulation, we assessed the protein expression of TXNIP through western
blotting and immunofluorescence in NMCMs. The western blot results (Figure 5A) showed that under H/R conditions,
the expression of TXNIP in NMCMs was significantly reduced in the presence of H/R + GABA-EVs“T compared to the
H/R and H/R + EVs"! groups (P = 0.0008 for H/R + EVs'T vs H/R group; P = 0.0025 for H/R + GABA-EVs'*Tvs H/R +
EVs™T group). Similarly, immunofluorescence (Figure 5B) also demonstrated the same trend in TXNIP expression (P =
0.0042 for H/R + EVsT vs H/R group; P = 0.0005 for H/R + GABA-EVs"“T vs H/R + EVs"T group). The EVs of miR-21
KO mice ADSCs were subsequently extracted following GABA induction (GABA-EVsATmR2IK0) and schematic diagram is
presented in Figure 5C. Western blotting and immunofluorescence were employed to investigate whether miR-21-5p
serves as the primary regulator of TXNIP in GABA-EVs“T. After the KO of miR-21, the regulatory influence exerted by
GABA-EVsATmiR2IKO on TXNIP expression significantly diminishes (Figure 5D and E). The aforementioned research
findings suggested that miR-21-5p, which is encapsulated within secretory vesicles of ADSCs"" under the influence of
GABA, served as a pivotal molecule governing the expression of TXNIP in NMCMs during H/R pathological conditions.

GABA-EVs*" alleviate MIRI is by regulating NMCMs TXNIP expression through miR-21-5p incorporation

A series of rescue experiments were conducted to elucidate the causal relationship between miR-21 derived from GABA-
EVs"T and its improvement on MIRI by regulating TXNIP. We generated TXNIP KO mice and isolated their
NMCMsPNFPEO The schematic diagram in this section can be referred to Figure 6A. The TUNEL detection results indicate
that knocking out miR-21 in GABA-EVs™T significantly weakens the ability of GABA-EVs*TmR1KO to protect NMCMs
against H/R (P = 0.0006 for H/R + GABA-EVs“T vs H/R + GABA-EVsAT™®2K0 oroup). However, when TXNIP in
NMCMs™NPKO js knocked out, the above phenotype recovers (Figure 6B) (P = 0.0008 for H/R + GABA-EVsATmiR1KO 55 H /
R + GABA-EVsTmiR1KO + NMCMs™NFXC group). Simultaneously, we performed AnnexinV detection, and its findings
were in concordance with the observed trend in TUNEL detection (Figure 6C) (P = 0.0005 for H/R + GABA-EVs"T vs H/R
+ GABA-EVsATmR2IKO oroyp; P = 0.0003 for H/R + GABA-EVsATmiR1KO s H/R + GABA-EVsATmiRAKO + NMCMs™NIP KO
group).

Subsequently, rescue experiments were conducted to investigate the phenotypic manifestation of mitochondrial
function. Evaluation of mitochondrial membrane potential revealed that KO of miR-21 in GABA-EVs"T significantly
attenuated the protective ability of GABA-EVs!TmiR2KO goainst H/R in NMCMs. However, this phenotype was restored
when TXNIP was knocked out in NMCMsPNFXO (Figure 6D) (P = 0.0005 for H/R + GABA-EVsT vs H/R + GABA-
EVs!ATmiR2LKO oroup; P = 0.0003 for H/R + GABA-EVsATmR1KO 5,5 H/R + GABA-EVsATmR1KO + NMCMsPNFKO group).
Furthermore, the oxidative decoupling function (Figure 6E) and levels of oxidative stress (Figure 6F) in NMCMs also
demonstrate the aforementioned patterns (P = 0.0007 for H/R + GABA-EVs'T vs H/R + GABA-EVs“TmiR2KO oroyp; P =
0.0023 for H/R + GABA-EVs"ATmiR2KO 55 H /R + GABA-EVsTmiR21KO + NMCMs™NFPXO group). Therefore, the aforemen-
tioned findings suggested that GABA-EVs“T predominantly modulate TXNIP expression in target cells by delivering
miR-21-5p, thereby conferring protection against MIRI and promoting mitochondrial homeostasis in NMCMs.
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Figure 3 Gamma-aminobutyric acid-induced adipose-derived mesenchymal stem cells from inguinal adipose tissue exhibits potential in
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mitigating myocardial injury and improve cardiac function under myocardial ischemia-reperfusion injury conditions in vivo. A:
Representative graphs of Evans blue/triphenyltetrazolium chloride stain (n = 5); B: Representative micrographs of myocardial tissue section from the infarcted area
stained with terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) (n = 5) and serum cardiac markers degree of mice (n = 3); C: Representative M-
mode images of transthoracic echocardiography, and quantification of left ventricular ejection fraction, left ventricular fraction shortening, left ventricular end diastolic
volume and left ventricular end systolic volume (n = 5). 2P < 0.05, °P < 0.01, °P < 0.001. AAR: Area at risk; CK: Creatine kinase; cTNT: Cardiac troponin T; CKMB:
Creatine kinase-MB; EF: Ejection fraction; EVs: Extracellular vesicles; FS: Fraction shortening; GABA: Gamma-aminobutyric acid; IAT: Inguinal adipose tissue; I/R:
Ischemia/reperfusion; IS: Infarct size; LDH: Lactate dehydrogenase; LVEDV: Left ventricular end diastolic volume; LVESA: Left ventricular end systolic volume.

DISCUSSION

EVs are widely recognized as effective nanoscale carriers for targeted delivery of small molecules and nucleic acids to
specific tissues or cells, due to their excellent biocompatibility, low immunogenicity, and ability to cross the blood-brain
barrier,. Growing evidence also suggests that EVs hold great promise in delivering non-coding RNAs, cytokines, and
small-molecule drugs for treating ischemic heart disease[28,29]. However, concerns remain regarding the clinical
implementation of EV-based therapies[30,31]. Therefore, our objective was to enhance the therapeutic effectiveness of
ADSC"T-derived EVs against MIRI through a safe GABA-induced method in vitro while investigating the underlying
mechanisms behind the protective effects exerted by EVs.

White adipose tissue is comprised of subcutaneous fat and visceral fat. Numerous studies have substantiated that
subcutaneous adipose, as opposed to visceral adipose, exerts a protective role in neighboring tissues and organs during
pathological conditions. ADSCs from the IAT are regarded as one of the key cell types responsible for these effects[17]. It
is noteworthy that the benefits conferred by IAT can be transferred to surrounding tissues through adipose
transplantation[32]. Paracrine secretion serves as a representative regulatory pathway for these effects, with EVs being
one of the most prevalent means of executing paracrine secretion[33]. It is worth noting that previous studies have
confirmed the presence of GABAB receptors in ADSCs[17]. Furthermore, ADSCs derived from IAT exhibit a significantly
enhanced protective effect on peripheral cells, tissues, and organs under the influence of GABA[34]. These observed
disparities in biological functionality can be attributed to alterations in the qualitative and quantitative content of EVs
mediated by GABA.

To explore the underlying mechanisms further, we performed multi-omics sequencing on EVs obtained from both
ADSCs and cardiomyocytes. Our sequencing analysis revealed a striking discrepancy in abundance for miR-21-5p after
administering GABA intervention - its levels showed a remarkable increase. However, the exact role played by miR-21 in
GABA-EVs'T derived from ADSCS remains elusive at present. Consequently, we generated genetically miR-21 KO mice
and isolated ADSCs from their IAT. Remarkably, our findings demonstrated that eliminating miR-21 significantly
restored the effects induced by GABA treatment. It is noteworthy that the sequencing results of GABA-EVs"“T vs EVs'4®
demonstrate a significant augmentation in the abundance of multiple miRNAs within the GABA-EVs™T. However, upon
KO of miR-21, the antagonistic impact of GABA-EVsT on MIRI and NMCM protection is substantially impeded. This
phenotypic alteration suggests that miR-21 serves as a pivotal regulatory miRNA molecule within GABA-EVs'T for
modulating myocardial protective effects under pathological conditions associated with MIRI.

Additionally, transcriptome sequencing was performed on recipient myocardial cells of EVs. As anticipated, the
expression of TXNIP exhibited a significant reduction in the GABA-induced EVs intervention group. Dual luciferase
reporter gene assays and rescue experiments further validated that TXNIP is among the target genes regulated by miR-
21-5p. The induction of ADSCs by GABA leads to a heightened abundance of miR-21 within EVs, thereby suppressing the
expression of TXNIP in target cells. This represents one of the fundamental mechanisms through which GABA exerts its
protective efficacy in MIRL

Previous evidence indicates that TXNIP is responsible for coordinating a multitude of cellular responses, including
stress, inflammation, and programmed cell death[35,36]. As an inaugural stride in MIRI, the regulation of mitochondrial
oxidative stress is deftly governed by TXNIP[37]. As a key reducing molecule that counteracts oxidative stress within
mitochondria and as one of the target molecules for TXNIP-induced oxidative stress, TRX2 is known to bind with
(apoptosis signal-regulating kinase 1) under stable conditions, thereby inhibiting apoptosis signal-regulating kinase 1-
mediated phosphorylation regulation downstream and activating mechanisms such as apoptosis, inflammation, and
ferroptosis[38]. This molecular-level change is mainly attributed to the binding and degradation of TXNIP mRNA by
miR-21-5p derived from EVs, which subsequently alleviates the association between TXNIP and TRX2, rescuing excessive
oxidative stress.

In our previous study, we have unveiled EVs derived from ADSCs primarily targeting TXNIP to alleviate myocardial
ischemia reperfusion injury[39]. Theoretically and mechanically, TXNIP, interacting with hypoxia-inducible factor-1
alpha, involves the degradation of hypoxia-inducible factor-1 alpha and induces pyroptosis. Thus, by targeting TXNIP,
GABA-EVs"T effectively improve the prognosis of MIRI by means of various intricate mechanisms. It should be duly
noted that EVs derived from different sources of ADSCs exhibit distinct biological effects. Presently, it is widely acknow-
ledged that EVs originating from ADSCs"T possess the remarkable capability to ameliorate pathological conditions such
as inflammation, oxidative stress, and insulin resistance[40,41]. Conversely, EVs obtained from ADSCs derived from
visceral adipose tissue lack these aforementioned effects[42]. Henceforth, in this study, we procured subcutaneous
adipose tissue from the inguinal region in accordance with prior experimental findings.

From a clinical perspective, if the duration of MI surpasses the therapeutic time window of approximately 12 h, during
which cardiomyocytes undergo irreversible cell death, even reperfusion therapy proves futile[43,44]. It is postulated that
timely initiation of reperfusion therapy is paramount; therefore, interventions aimed at bolstering cardiomyocyte survival
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Figure 4 MicroRNA-21-5p derived from gamma-aminobutyric acid-induced adipose-derived mesenchymal stem cells from inguinal
adipose tissue regulate thioredoxin-interacting protein expression in mRNA degree. A: MicroRNA (miRNA) sequencing results of gamma-
aminobutyric acid (GABA)-induced adipose-derived mesenchymal stem cells (ADSCs) from inguinal adipose tissue (IAT) vs extracellular vesicles (EVs)AT; B: mRNA
sequencing results of neonatal mouse cardiomyocytes exposed to GABA-induced ADSCs from IAT; C: Binding sites predicted for the 3’ untranslated region (UTR)
regions of thioredoxin-interacting protein and miR-21-5p; D: Validation of the binding between thioredoxin-interacting protein and miR-21-5p using a dual luciferase
reporter gene assay. H/R: Hypoxia and reoxygenation; miRNA: MicroRNA; MUT: Mutated; NC: Negative control; WT: Wild-type.
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tissue regulate thioredoxin-interacting protein expression in protein degree. A: Representative immunoblots and quantitative analysis of thioredoxin-
interacting protein (TXNIP) at the protein level in neonatal mouse cardiomyocytes (NMCMs) (n = 3); B: Representative micrographs of NMCMs stained with TXNIP
antibody (n = 3; scale bars = 200 ym); C: Experiment design. Adipose-derived mesenchymal stem cells (ADSCs) were isolated from both miR-21 KO and miR-21"
mice inguinal adipose tissue (IAT), and extracellular vesicles (EVs) were extracted respectively; D: Representative micrographs of NMCMs stained with TXNIP
antibody (n = 3; scale bars = 200 ym); E: Representative immunoblots and quantitative analysis of TXNIP at the protein level in NMCMs (n = 3). 3P < 0.05, °P < 0.01,
P < 0.001. GABA: Gamma-aminobutyric acid; H/R: Hypoxia and reoxygenation.

from the onset of MI until reperfusion therapy become particularly significant. It is assumed that reperfusion therapy can
be performed in a fixed time period, then therapies that support cardiomyocytes to survive from onset of MI to
reperfusion therapy are particularly significant. Hence, the implementation of early reperfusion strategies for occluded
blood vessels and proactive intervention in MIRI are two pivotal treatment approaches aimed at safeguarding a greater
number of myocardial cells from succumbing to catastrophic damage following a cardiac event. In conclusion, our study
demonstrates that GABA-EVs'T show a more significant cardioprotection against MIRI than EVs“T, which partly is
attributed to the abundant load of miR-21-5p targeting TXNIP, thereby exacerbating cardiomyocyte mitochondrial
oxidative stress levels and facilitating the progression of programmed cell death in cardiomyocytes.

CONCLUSION

In conclusion, our study demonstrated that EVs derived from ADSCs obtained from IAT treated with GABA exhibited
significant cardioprotective effects against mitochondrial oxidative stress. These protective effects may be attributed to
the ability of EVs to deliver miR-21-5p, which targets TXNIP, thereby regulating the formation of TXNIP-TRX complexes
and subsequently enhancing TRX’s antioxidant activity (Figure 7 graphical abstract).
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21-5p alleviates hypoxia and reoxygenation-mediated myocardial injury and mitochondrial dysfunctions by downregulating thioredoxin-
interacting protein. A: Experiment design. Adipose-derived mesenchymal stem cells (ADSCs) were isolated from both microRNA-21 (miR-21) knockout (KO) and
miR-21" mouse inguinal adipose tissue (IAT), and extracellular vesicles (EVs) were extracted respectively. Neonatal mouse cardiomyocytes (NMCMs) and
NMCMs™NPKO were respectively treated with gamma-aminobutyric acid (GABA)-induced ADSCs from IAT (GABA-EVs™T) and GABA-EVs'\T™R21KO: B: Representative
micrographs of NMCMs stained with thioredoxin-interacting protein (TXNIP) antibody (n = 5; scale bars = 200 uym); C: The percentage of AnnexinV+ NMCMs was
calculated using flow cytometry (n = 5); D: Representative micrographs of isolated NMCMs stained with JC1 probe (n = 5; scale bars = 200 um); E: Real-time oxygen
consumption rates (OCRs) and calculated basal and maximal respiration rates in NMCMs (n = 3); F: Representative micrographs of isolated NMCMs stained with
mitosox probe (n = 5; scale bars = 200 ym). °P < 0.01, °P < 0.001, P < 0.0001. H/R: Hypoxia and reoxygenation; TUNEL: Terminal deoxynucleotidyl transferase dUTP
nick end-labeling.
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Figure 7 Graphical abstract. Adipose-derived mesenchymal stem cells (ADSCs) derived from subcutaneous adipose tissue, under the influence of gamma-
aminobutyric acid (GABA), secrete extracellular vesicles (EVs) abundant in microRNA-21-5p. These EVs possess the ability to impede intracellular thioredoxin-
interacting protein (TXNIP) expression in cardiomyocytes, thereby modulating the formation of TXNIP-thioredoxin 2 complex and facilitating thioredoxin 2 involvement
in regulating mitochondrial oxidative stress. Consequently, this diminishes the level of mitochondrial oxidative stress in cardiomyocytes and confers protective effects
on cardiomyocytes under pathological conditions such as myocardial ischemia-reperfusion injury. GSH: Glutathione; IAT: Inguinal adipose tissue; ROS: Reactive
oxygen species; TRX2: Thioredoxin 2.
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