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The therapeutic efficacy comparison of MSCs
derived different tissues unveilings anti-
apoptosis more crucial than angiogenesis

in treating acute myocardial infarction

Mingjie Pan'’, Yueyue Xu?', Yaping Wang?, Yue Jiang*, Yuanyuan Xie*, Chenxu Tai*, Wenging Wang* and
Bin Wang>*

Abstract

Background Myocardial infarction (MI) is a severe disease that often associated with impaired angiogenesis and
increased myocardial apoptosis. Mesenchymal stromal cells (MSCs) have been a promising candidate for treating
myocardial infarction. However, functional heterogeneity of MSCs leads to inconsistent therapeutic efficiency and the
current MSCs-based therapy lacks the concept and implementation of precision medicine. In this study, we compared
the cardioprotective effect of UCMSCs and ADMSCs targeting the angiogenesis in a mouse MI model and screened
out optimum MSCs candidate for precise clinical application.

Methods The gene expression profiles of UCMSCs and ADMSCs were investigated through RNA sequencing analysis.
To compare their angiogenic potential, we performed tube formation assay, Matrigel plug assays, and aortic ring
assay, and analyzed pro-angiogenic genes via gPCR. Subsequently, UCMSCs and ADMSCs were respectively injected
into myocardium after Ml surgery in mice. On day 28 post-MI, echocardiography was performed to assess cardiac
function. Histological analysis was performed to assess MSCs retention, angiogenesis, and myocardial apoptosis.
Additionally, the anti-apoptosis effects mediated by MSCs were further evaluated using flow cytometry in hypoxia
HI9C2 and HL-1 cells.

Results The RNA sequencing analysis revealed differences in gene expression related to angiogenesis and apoptosis
pathways between UCMSCs and ADMSCs. UCMSCs presented greater pro-angiogenesis activity than ADMSCs in
vitro and in vivo. Both of UCMSCs and ADMSCs improved cardiac function, decreased infarction area and inhibited
cardiomyocyte apoptosis while promoting angiogenesis post-MI in mice. Notably, ADMSCs exerted a better
cardioprotective function than UCMSCs and stronger anti-apoptotic effect on residual cardiomyocytes.
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Conclusions The protection of residual cells survival played a more prominent role than angiogenesis in MSCs-based
therapy for acute MI. Our study provides new insights into therapeutic strategies and suggests that the optimal type
of MSCs can be screened based on their tissue heterogeneity for precise clinical applications in acute MI.

Keywords Myocardial infarction, MSCs, Heterogeneity, Angiogenesis, Apoptosis

Introduction
Myocardial infarction (MI) is a leading cause of death
worldwide caused by the occlusion of blood flow in the
cardiac coronary arteries. Restricted blood supply causes
irreversible loss of cardiomyocytes, which eventually
leads to severely impaired cardiac function, resulting
in a significant decrease in quality of life, and increased
mortality. Myocardial repair and regeneration has always
been a heated and difficult topic in medical research.
After a heart attack, a complex series of repair and regen-
eration processes are triggered to restore myocardial
function, involving inflammatory responses, apoptosis
and angiogenesis. Among them, angiogenesis is the piv-
otal process of myocardial repair after myocardial injury,
which is crucial for restoring blood supply and promoting
the survival and regeneration of cardiomyocytes [1-4].
Cardiomyocytes will be necrotic due to ischemia and
hypoxia, which results from interrupted or reduced blood
flow within the heart caused by a blockage in the coro-
nary artery. The formation of new blood vessels facilitates
the survival and regeneration of cardiomyocytes follow-
ing ischemic injury by conferring better perfusion to the
myocardium. Neovascularization is a process of develop-
ing new vascular networks, primarily mediated by the
proliferation, migration, and differentiation of vascular
endothelial cells (ECs), which is augmented by various
growth factors, cytokines and hormones, such as vascu-
lar endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF). Therefore, angiogenesis is vital for
promoting reperfusion and functional recovery of isch-
emic heart and the induction of cardiac angiogenesis has
become one of the key strategies in MI treatment [5-6].
At present, the routine treatments for MI include
medications and surgeries, such as aspirin enteric-coated
tablets, clopidogrel hydrogen sulfate tablets and percu-
taneous coronary intervention (PCI), which possesses a
certain degree of efficacy in promoting angiogenesis and
enhancing the survival of cardiac cells, thereby conducive
to the recovery of cardiac function [7]. In addition, stem
cells are emerging as a potential therapy for MI [8].
Mesenchymal stromal cells (MSCs), a type of adult
stem cells isolated from multiple tissues including
bone marrow, adipose tissue, umbilical cord, and many
other locations, are considered ideal candidates for car-
diac repair and regeneration due to their remarkable
properties such as self-renewal, multipotent differen-
tiation, minimal immunogenicity, strong immunomodu-
latory effects, and, most importantly, their capability to

differentiate into smooth muscle cells (SMCs), ECs, car-
diomyocytes, and others [9-11]. Indeed, the injection of
MSCs has achieved desired therapeutic effects in post-
MI treatment in clinical trials, as evidenced by improved
cardiac performance, enhanced quality of life, as well as
reduced readmission rates and mortality in patients with
MI [12-16].

Although MSCs can alleviate myocardial ischemic
injury and improve cardiac function. MSCs exhibited
substantial heterogeneity depending on their tissue origin
not only in biological properties such as differentiation
potential, immunomodulatory capacity and migratory
ability, but also in morphological characteristics, and
gene expression profiles, In addition to tissue heterogene-
ity, MSCs from the same tissue types of different donors
differ considerably. The prevalent use of readily accessible
cell sources and non-standardized culture conditions in
current preclinical studies, as well as the unoptimized
timing, route, and dose for MSCs delivery [17-19], signif-
icantly compromises the comparability of experimental
results. Consequently, the heterogeneity may be a cru-
cial factor affecting the therapeutic outcomes of MSCs
in specific clinical applications, as evidenced by numer-
ous recent studies [20—24]. Similarly, it has been reported
that the therapeutic effects of MSCs in MI or osteoarthri-
tis can be significantly reinforced due to reduced hetero-
geneity, improved differentiation potential and enhanced
immunomodulatory function through optimized isola-
tion, culture conditions, and pretreatment approaches for
MSCs [25-27].

Given the critical role of pro-angiogenesis in cardiac
repair and regeneration after MI, recent studies have pri-
marly focused on the pro-angiogenic potential of MSCs
and their paracrine factors, such as VEGF, bFGF, and
hepatocyte growth factor (HGF) in myocardial infarc-
tion treatment. In this study, we compared clinical-grade
MSCs from different tissue sources, umbilical cord-
derived MSCs (UCMSCs) and adipose-derived MSCs
(ADMSCs), in terms of their angiogenic potential. We
further explored whether their differences in angiogenic
capacity translate to varied accuracy and effectiveness in
MI therapy, and thus optimized the treatment regimen
and augmented the therapeutic outcomes for future clini-
cal applications.

Methods
The work has been reported in line with the ARRIVE
guidelines 2.0.
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MSCs cell culture and identification

Donor screening was strictly performed before sampling.
The screening includes a physical examination, detailed
medical history review, and infectious disease testing.
The general characteristics of the donors are detailed in
Table S1.

The clinical-grade UCMSCs and ADMSCs employed
in this study were greatly optimized and complied with
GMP quality standards mentioned in our previous
research, including isolation, cultivation, identification,
quality control, and storage [23]. The MSCs were cul-
tured in DMEM medium supplemented with 10%FBS
(Gibco, USA) and at 37°C in an incubator with 5% CO2.
The UCMSCs used in this study were derived from three
donors, and ADMSCs were obtained from three separate
donors, resulting in a total of six MSCs lines for tran-
scriptome sequencing analysis. To minimize inter-donor
variability, UCMSCs and ADMSCs were each mixed at a
1:1:1 ratio from three separate donors. Detailed descrip-
tions were listed in Table S2.

Flow cytometry (Accuri C6 Plus, BD) was used to
determine the surface marker expressions of UCMSCs
and ADMSCs, including CD14, CD19, CD34, CD45,
CD73, CD90, CD105, and HLA-DR (BD, USA), with
isotype-matched antibody as negative control. Data were
analyzed using Flow Jo V10 software. In addition, the dif-
ferentiation potential of UCMSCs and ADMSC:s into adi-
pogenesis and osteogenesis was evaluated after culturing
them in differentiation medium (Gibco, USA), according
to our previous research [23, 28, 29].

Transcriptome sequencing analysis between UCMSCs and
ADMSCs

OE Biotech Co., Ltd. (Shanghai, China) conducted RNA
extraction, processing, libraries construction and tran-
scriptome sequencing and analysis. DESeq R pack-
age was used for differential gene expression analyses.
The screening criteria for differentially expressed genes
(DEGs) were pvalue<0.05 and fold change>2 or fold
change <0.5. Heatmap and KEGG enrichment analysis of
DEGs were extracted from the analysis. Employing ssG-
SEA in GSVA (version 1.44.5), genes in the highlighted
pathway was used to calculate pathway scores, to char-
acterize the difference of function between UCMSCs and
ADMSC:s [30].

Endothelial cell tube formation assay

The pro-angiogenic potential of conditioned medium
from UCMSCs and ADMSCs was assessed in vitro.
First, UCMSCs and ADMSCs were incubated in DMEM
medium supplemented with 1%FBS. Their conditioned
medium was then collected and centrifuged at 2000x g
for 10 min at 4 °C to remove dead cells and cell debris.
Next, human umbilical vein endothelial cells (HUVECsS)
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diluted with conditioned medium collected from
UCMSCs and ADMSCs, respectively, were seeded at a
density of 20,000 cells/well in a 96-well plate coated with
Matrigel 1 h before at 37 °C (50uL/well) (BD, USA). After
8 h of incubation, capillary-like tube formation was ran-
domly photographed, and the total tube length, number
of nodes, and number of junctions were calculated by
Image] software (USA).

Animals

Female BALB/C nude mice aged 6 to 8 weeks and male
C57BL/6 mice aged 7 to 8 weeks were used for Matrigel
plug assay and MI model, respectively (Gem Pharmatech
Co., Ltd., China). All animal experiments were performed
in compliance with the guidelines and regulations of the
Animal Experimentation Committee of Nanjing Medical
University (Ethics Committee of Nanjing First Hospital;
Approval No. DWSY-22115244). The mice were raised in
the experimental animal center (temperature at 23+2 °C,
and air humidity at 40-60%), with room kept dark for
12 h and illuminating for 12 h.

Matrigel plug assay

Briefly, mice were anesthetized with 1.0-1.5%
isoflurane(RWD, R510-22-10, China). A total of 5x 10°
UCMSCs or ADMSCs were mixed with Liquid Matrigel
(BD, USA), stored at 4 °C, and injected subcutaneously
(200ul/site, 2 sites/mouse) into the left and right groin of
female BALB/C nude mice. Matrigel alone was used as
negative control.

On day 14 after injection, the mice were placed in a
CO, euthanasia chamber (YUYAN INSTRUMENTS,
China) with a CO, flow rate at 2 L/min, lasting for
3-5 min until the mice were fully euthanized. The Matri-
gel plugs were then harvested and immediately embed-
ded in optimal cutting temperature compound (OCT)
(Leica, Germany) for freezing. The plugs were subse-
quently sliced into to 5 um sections. Neovasculature was
assessed using anti-mouse CD31 (BD, USA) for immuno-
fluorescence staining.

Conditioned medium collection from UCMSCs and
ADMSCs

UCMSCs and ADMSCs were cultured to 70-80% conflu-
ence in 6-well plates. After replacing the medium with
serum-free DMEM medium and incubating for 24 h,
conditioned medium was collected, centrifuged (2000 x
g, 30 min), aliquoted, and stored at —80 °C. Cells were
lysed in RIPA buffer with protease/phosphatase inhibi-
tors, homogenized, and the total protein concentration
was determined using a BCA assay (Beyotime, China) for
subsequent normalization of the conditioned medium.
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Ex vivo aortic ring sprouting assay

To further evaluate the angiogenic properties of UCMSCs
and ADMSCs, the ex vivo mouse aortic ring assay was
performed according to previous report [31]. Thoracic
aortas were dissected from 11lweek-old male C57BL/6
mice (Gem Pharmatech Co., Ltd., China). Aortas were
cut into rings (0.5-1 mm long) and then incubated in
DMEM (Gibco, USA) supplemented with 1% penicillin/
streptomycin in a dish overnight at 37°C/5% CO2. Next
day, rat tail-derived type I collagen (Millipore, USA) was
transferred to the 96-well plates (50uL/well). Then, the
rings randomly placed and embedded in type I collagen
(one ring per well) and incubated at 37 °C/5% CO2 for
1 h. Subsequently, 150 ul of conditioned medium from
UCMSCs and ADMSCs supplemented with 2.5% FBS
were added to each well. The rings cultured with DMEM
medium supplemented with 2.5% FBS as control. The
culture medium was changed every other day. Rings were
imaged with an microscope on day 10. The rings were
photographed and the number of angiogenic sprouting
was counted.

RNA extraction and gRT-PCR

qRT-PCR was performed to analyze the expression of
four major pro-angiogenic growth factors, bFGEF, epider-
mal growth factor (EGF), HGF, VEGF and the cardiopro-
tective factors insulin-like Growth Factor-1(IGF-1). Total
RNA was extracted from UCMSCs or ADMSCs with
TRIzol reagent (Vazyme, China). cDNA was synthesized
using the Hiscript III reverse transcriptase (Vazyme,
China). PCR was performed with the SYBR Green Real-
Time PCR Master Mix Kit (Vazyme, China) according
to the manufacturer’s instructions. All quantitative PCR
primers were synthesized by Sangon Biotech (China) and
listed in Table S3. Data were normalized to GAPDH.

Establishing model of myocardium infarction and MSCs
administration
The myocardial infarction model was established in male
C57BL/6 mice by ligation of the left anterior descend-
ing coronary artery (LAD). Briefly, the mice were anes-
thetized using 2% isoflurane with an animal ventilator
at 120 breaths/min for assisted ventilation, and main-
tained under continuous inhalation of 1.0-1.5% isoflu-
rane during the surgery. A thoracotomy was performed
to expose the heart, and the left anterior descending cor-
onary artery was ligated with a 7-0 silk suture midway
between the left atrium and the apex of the heart. Suc-
cessful occlusion of coronary artery was confirmed by the
myocardium distal to the coronary ligation turning white
immediately.

After establishment of the MI model, the mice were
randomly divided into four groups: (1) sham group
(n=5), the LAD was not ligated; (2) MI group (n=38),
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received myocardial injection of saline (40 pL); (3) MSCs
treatment groups (n =28 per group), UCMSCs and ADM-
SCs, a total of 2.5 x 10° fifth-passage cells, based on previ-
ous research, were suspended in 40 pl saline and injected
at three sites in the border zone immediately after LAD
ligation (within 5 min) [32]. After surgery, mice were
carefully transferred to a heating pad at 35-37 °C for
natural awakening. Collection of hearts was initiated
immediately for further study following mice enthanasia
mentioned above.

Echocardiography

Transthoracic echocardiography was performed to eval-
uate cardiac function (VisualSonics, Canada) on day 28
post-MI. After the mice were anesthetized with 1.0—
1.5% isoflurane, two-dimensional M-model images were
acquired and the left ventricular ejection fraction (LVEF)
and left ventricular fractional shortening (LVES) were
recorded.

Histological analysis

Hearts were collected from the different groups on day
28 post-M], fixed in 4% paraformaldehyde, embedded in
paraffin, or embedded in OCT and sectioned into 5 pum
slices. Masson’s trichrome staining (Solarbio, China) was
performed to assess scar size according to the manufac-
turer’s recommendations. Briefly, the myocardial tissue
above the ligation site of the left anterior descending cor-
onary artery (LAD) was carefully excised. Tissue sections
(5 pm thick) were obtained approximately 1 mm below
the ligation site, perpendicular to the left ventricular long
axis. The sections were stained with Masson’s trichrome,
and the average ratio of the fibrotic area to the total left
ventricular (LV) cross-sectional area (scar area/LV%) was
quantified using Image]J software.

Immunofluorescence analysis

For quantification of capillary density on day 28 after
MSCs transplantation in paraffin or frozen sections.
After hydration and retrieval with antigens in paraf-
fin sections or frozen sections fixed with paraformalde-
hyde for 30 min. All sections were permeabilized with
PBS containing 0.5% Triton X-100 (Beyotime, China) for
10 min. Next, the sections were blocked with 5% bovine
serum albumin (BSA) (Biosharp, China) for 1 h and
incubated with primary antibodies including CD31 and
a-SMA (Abcam, UK) at 4 °C overnight, followed by incu-
bation with goat anti-rabbit IgG second antibody con-
jugated to Alexa Fluor 568 (Invitrogen, USA) for 1 h at
room temperature. Subsequently, cell nuclei were stained
with DAPI (Abcam, UK). Microscopic pictures were cap-
tured under a confocal microscope (Leica, Germany).
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Delivery of CM-Dil-labeled MSCs into infarcted
myocardium

UCMSCs and ADMSCs were labeled with Cell Tracker™
CM-Dil (CM-Dil, invitrogen, USA) according to the
manufacturer’s guidance. In brief, MSCs were digested
and incubated with a CM-Dil solution at a concentra-
tion of 20 pg/mL at 37 °C for 15 min, followed by incu-
bation at 4 °C for another 15 min. The CM-Dil-labeled
MSCs were directly delivered into the border zones of
the infarcted myocardium in mice following MI surgery.
After cell transplantation, the hearts of the mice were
collected on day 7 and day 14 and frozen sections were
prepared. The distribution of labeled cells (red) in the
hearts was observed under a fluorescence microscope
(Leica, Germany) to evaluate the retention of MSCs.

TUNEL staining

Apoptosis of cardiomyocytes was evaluated by terminal
deoxynucleotidyl transferase dUTP nick end labeling
staining (TUNEL), a sensitive index for evaluating apop-
tosis. Frozen sections of mouse hearts collected on day 1
and day 7 after MSCs transplantation were detected by
TUNEL staining assay (Vazyme, China) to quantify the
myocardial apoptosis. Briefly, the heart sections were
fixed in 4% paraformaldehyde and permeabilized with
0.5% Triton X-100. The sections were then blocked with
5% BSA for 1 h at room temperature and incubated in the
TUNEL reaction mixture at 37° C for 1 h. Subsequently,
the sections were incubated with a primary polyclonal
rabbit anti-cTnT (Abcam, UK), followed by a secondary
goat anti-rabbit IgG antibodies conjugated with Alexa
Fluor 488 (Invitrogen, USA). Nuclei were counterstained
with DAPI (Abcam, UK). Images were acquired using a
confocal microscope (Leica, Germany). The number of
TUNEL-positive cells was represented as the ratio of
apoptotic nuclei to total nuclei.

Western blotting of myocardial tissue

Myocardial tissues were transferred from liquid nitro-
gen to room temperature and lysed with RIPA lysis buf-
fer and the total protein concentration was quantified
using a BCA protein assay, as mentioned above. Protein
samples were separated by SDS-PAGE and transferred
to PVDF membranes (Millipore, USA). After blocking
the membranes with 5% BSA for 1 h, primary antibodies
were applied and incubated at 4 °C overnight. The follow-
ing day, the secondary antibody (Beyotime, China) was
applied for 1 h at room temperature. The primary anti-
bodies were anti-GAPDH (ABclonal, China), anti-Bax
(Beyotime, China), anti-Caspase-3 (CST, USA), respec-
tively. Protein bands on the membranes were visualized
using an enhanced chemiluminescence kit (Vazyme,

China).
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H9C2 and HL-1 cells apoptosis under hypoxic conditions
The rat cardiomyoblasts (H9C2 cells) and mouse atrial
cardiomyocytes (HL-1 cells) were obtained from the
Department of Thoracic and Cardiovascular Surgery,
Nanjing First Hospital (Nanjing, China). The cells were
cultured in DMEM-high glucose (Gibco, USA) contain-
ing 10% FBS and 1% penicillin at 37 °C with 5% CO2.
When UCMSCs and ADMSCs cultured in T75 flasks
reached 80-90% confluence, they were washed three
times with PBS and replaced by serum- and glucose-
free medium (Gibco, USA) for 24 h. Subsequently, HOC2
and HL-1 cells were cultured in the serum- and glucose-
free conditioned medium collected from UCMSCs and
ADMSCs for 8 h, and H9C2 and HL-1 cells were then
transferred to a hypoxic chamber (MGC, Japan) for 3 h
to mimic the myocardial hypoxia injury in vitro. Each
experiment was repeated three times.

Assessment of apoptosis with flow cytometry

Double staining with fluorescein isothiocyanate (FITC)-
conjugated Annexin V and propidium iodide (PI) was
used to identify apoptotic cells (KeyGEN, China). HOC2
and HL-1 cells, along with their culture supernatant,
were harvested and washed with PBS, then resuspened in
binding buffer. FITC-Annexin V and PI were added, and
cells were incubated in the dark for 15 min at room tem-
perature. Finally, cellular fluorescence was detected by
flow cytometry, respectively (Accuri C6 Plus, BD, Cyto-
flexS, BECKMAN), and the data were analyzed using
Flow]Jo software.

Statistical analysis

All values were presented as mean +standard deriva-
tion (SD). A one-way ANOVA was used for comparisons
involving more than two groups. t-tests was used for
comparisons between two groups. GraphPad prism ver-
sion 8.0 (GraphPad Software, USA) was used to estimate
statistical significance and generate graphs. p<0.05 indi-
cated the difference was of statistical significance.

Results

Gene expression heterogeneity of UCMSCs and ADMSCs

In the present study, UCMSCs and ADMSCs had simi-
lar identification profiles, including strong expression
of positive surface markers of CD105, CD90, and CD73
(over 95% percentage) and negative expression of CD14,
CD34, CD45, CD19, and HLA-DR (less than 2% percent-
age) (Fig. 1A). The quantitative analysis results of surface
markers are listed in Table S4. In addition, both UCMSCs
and ADMSCs showed a multiple differentiation poten-
tial towards adipogenesis and osteogenesis (Fig. 1B).
To investigate the tissue heterogeneities of UCMSCs
and ADMSCs (three donors for each type of MSCs),
RNA-sequence analysis was performed, revealing 2776
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Fig. 1 Tissue heterogeneity of UCMSCs and ADMSCs. (A) Surface marker analysis of UCMSCs and ADMSCs by flow cytometry. (B) Adipogenic andOs-
teogenetic differentiation potentials of UCMSCs and ADMSCs using Oil Red O staining and Alizarin Red staining, respectively. (C) Volcano plot displaying
up- and down-regulated genes in UCMSCs and ADMSCs. Top DEGs that have been reported to be associated with angiogenesis and anti-apoptosis are

labeled in the figure. (D) Bubble plot analysis showing the GO enrichment a

nalysis of angiogenesis-related and apoptotic-related significant pathways

of DEGs between UCMSCs and ADMSCs. three donors/each kind MSCs. (E) Heatmap of score showed the function level of apoptotic-related pathways
between UCMSCs and ADMSCs. The color of each square indicates the scaled score level of each pathway. The columns showed each sample, while the

rows showed each pathway

differentially expressed genes (Fig. 1C), with upregulation
of angiogenesis-related genes in UCMSCs, particularly
EGF and HGF and downregulation of IGF-1, a cardio-
protective factor in ADMSCs. The biological functions of
these DEGs were further analyzed using Gene Ontology
(GO) significant pathway enrichment analysis, suggest-
ing that differentially expressed genes were enriched in
angiogenesis-related and anti-apoptosis-related pathways

(Fig. 1D). To characterize the difference of functions
between UCMSCs and ADMSCs, we calculated the
score for pathway related to apoptotic process (Fig. 1E),
showing that the apoptotic pathway was downregulated
in ADMSCs. These results indicated that UCMSCs and
ADMSCs had different gene expression profiles.
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UCMSCs had stronger pro-angiogenic capability compared
with ADMSCs
In this study, we aimed to identify a more suitable type
of MSCs with stronger pro-angiogenic potential for
MI repair. Transcriptome analysis revealed differen-
tial expression of angiogenesis-related genes between
UCMSCs and ADMSCs, such as EGF and HGF (Fig. 1C).
Thus, we first examined the pro-angiogenic capacity of
UCMSCs and ADMSCs through tube formation assay
in vitro. The results showed that both UCMSCs and
ADMSCs promoted endothelial cell tube formation com-
pared to controls, showing increased total tube-length,
nodes, and junctions. Notably, the ADMSCs group
exhibited non-significant trends in node and junction
counts (Fig. 2A-D). The in vivo pro-angiogenic capacity
of UCMSCs and ADMSCs was further assessed using
a Matrigel plug assay in nude mice. The Matrigel plugs
contained MSCs transplants had a red gross appear-
ance after transplanting for 14 days (Fig. 2E), indicating
significant neovascularization compared with Matrigel
plugs without MSCs. CD31 was a marker of blood vessels
and the number of CD31-positive cells in Matrigel plugs
containing MSCs was significantly higher than that in
the control group without MSCs (Fig. 2F, G). Consistent
with the in vitro results, UCMSCs were more potent than
ADMSC:s in inducing the ingrowth of new blood vessels
into the Matrigel plugs (Fig. 2F, G). In addition, their pro-
angiogenic potentials were compared using an ex vivo
aortic ring assay. Quantitative evaluation demonstrated
that conditioned medium from both cell types enhanced
endothelial sprout formation compared to controls.
Notably, conditioned medium from UCMSCs induced
more sprouts than ADMSCs-conditioned medium,
whereas control groups exhibited minimal sprouting
with sporadic cellular outgrowths (Fig. 2H, I).
Furthermore, we examined the mRNA levels of four
major pro-angiogenic growth factors and a cardiopro-
tective factor, IGF-1. The mRNA levels on pro-angio-
genic factors of bFGF, EGF, HGE, VEGF were elevated
in UCMSCs compared to ADMSCs, with bFGF showing
only a slight increase (Fig. 2J). These results suggest that
UCMSCs and ADMSCs have distinct tissue heterogene-
ity and that UCMSCs possess greater angiogenic poten-
tial than ADMSCs.

ADMSCs had superior therapeutic efficacy of acute Mi

Next, we investigated whether UCMSCs, with stronger
pro-angiogenic capacity, could possess superior thera-
peutic efficacy for MI post-transplantation compared
with ADMSCs in mice. We established an acute mouse
MI model and injected UCMSCs and ADMSCs into the
MI border zone immediately after surgery. Echocardiog-
raphy was performed on day 28 post MSCs transplanta-
tion to evaluate heart function recovery in all experiment
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mice, excluding one mouse that died in the MI group.
Compared with the sham group, the left ventricle ejec-
tion fraction (LVEF) and fraction shortening (LVFS) of
mice were significantly lower in the MI group (Fig. 3A,
B). However, both the UCMSCs and ADMSCs transplan-
tation groups showed improvements in LVEF and LVES
compared with the MI group (Fig. 3A, B). Surprisingly,
the ADMSCs transplantation group had better recovery
of LVEF and LVES than UCMSCs transplantation group
(Fig. 3A, B). Additionally, we assessed the scar area with
Masson’s trichrome on day 28 post surgery and cell trans-
plantation (Fig. 3C). Consistent with the recovery of
cardiac function, both the UCMSCs and ADMSCs treat-
ment groups had smaller scar size compared with MI
group at ~1 mm below the LAD ligation site (Fig. 3D).
Notably, the reduction in scar size was more pronounced
in ADMSCs group than in UCMSCs group, as shown by
the blue area representing fibrotic myocardium in the
infarcted heart (Fig. 3C). Together, these results dem-
onstrated that ADMSCs promoted superior cardiac
function recovery and limited adverse cardiac tissue
remodeling in acute MI compared with UCMSCs.

UCMSCs superiorly augmented angiogenesis in cardiac
infarction tissues post acute Ml

To elucidate the mechanism underlying the improved
cardiac function conferred by MSCs therapy in MI
hearts, we first investigated neoangiogenesis in cardiac
infarction tissues using blood vessel marker antibodies
against CD31 and a-SMA to stain capillaries and arte-
riole, respectively. On day 28 after MI, both capillary
and arteriolar staining densities significantly increased
in UCMSCs and ADMSCs treatment groups compared
with the MI group (Fig. 4A-D). Notably, the blood vessel
staining density was much higher in UCMSCs group than
in the ADMSCs group (Fig. 4C, D). Although UCMSCs
exhibited superior in vitro pro-angiogenic activity and in
vivo neoangiogenesis in the actue MI model, they did not
correspondingly outperform ADMSCs in improving car-
diac function recovery. This suggests that the enhanced
cardiac function recovery mediated by ADMSCs treat-
ment were not attributable to neoangiogenesis after
acute MI but rather worked through other mechanisms.
Additionally, we traced the fate of transplanted MSCs
post transplantation in acute MI. UCMSCs and ADMSCs
were labeled with the CM-Dil fluorescent dye (CM-Dil-
labeled MSCs) and directly injected into the infarcted
mouse hearts to observe their distribution, survival time,
and whether transplanted UCMSCs directly differenti-
ated into ECs in the infarcted heart. Results showed that
the red fluorescence signal of CM-Dil-labeled MSCs
along with green autofluorescence from cardiomyocytes
and DAPI - stained nuclei was similarly distributed in the
border and infarct zones of hearts treated with UCMSCs
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and ADMSCs, respectively, and gradually decreased
on day 14 after injection (Fig. 4E, F). Immunofluores-
cence staining showed that although CM-Dil-positive
cells could be seen in the infarcted heart for 14 days, no
co-localization was observed between CM-Dil-labeled
MSCs and a-SMA antibody double staining (Fig. 4G).
These results suggest that the transplanted MSCs
enhanced new blood vessel formation through paracrine
mechanisms rather than via direct differentiation into
ECs, which is consistent with the pro-angiogenic gene
expression profile detected by qRT-PCR.

ADMSCs protected cardiomyocytes from apoptosis after
ischemic injury

In addition to neovascularization, the survival of resid-
ual cardiomyocytes is another crucial factor affecting
cardiac functional recovery after MI. Since the loss of
cardiomyocytes significantly worsens cardiac function.

We evaluated myocardial apoptosis by TUNEL staining
in the border zones of hearts on day 1 and day 7 post-
MLI. The results showed a higher percentage of apoptosis
in the boarder zones of the MI group, whereas apop-
tosis was reduced in groups treated with UCMSCs or
ADMSCs at both time points (Fig. 5A-D). Importantly,
ADMSCs treatment dramatically attenuated apoptosis
in comparison with UCMSCs treatment at the indicated
time points (Fig. 5A-D). Given the inhibitory effect of
MSCs treatment on myocardial apoptosis, as detected
by TUNEL, we further examined the expression of pro-
apoptosis related protein Caspase3 and Bax in infarcted
hearts via western blotting. The results indicated that
Cleaved-caspase3, the active form of Caspase3, and Bax
were significantly upregulated in infarcted hearts after
MI (Fig. 5E-G). Both UCMSCs and ADMSCs treatments
significantly suppressed the expressions of Cleaved-cas-
pase3 and Bax. We further validated the anti-apoptotic
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Fig. 4 UCMSCs transplant superiorly augmented neovascularization in mouse model for MI. (A, C) Representative images of CD31 and a-SMA staining
of heart tissue from mice with Ml that received transplantation of saline, UCMSCs or ADMSCs. Scale bar: 200 um. ( B, D) Quantitative analysis of CD31 and
a-SMA density in heart tissue from the different groups on day 28 after surgery and treatment. n=4 in MI, n=5 in UCMSCs and ADMSCs, respectively.
Scale bar: 200 um. (E, F) Representative images of CM-Dil-labeled MSCs (Red) in border zones and infarct zones and their quantification on day 7 and day
14 post-MI. n=3 per group. Scale bar: 200 um. (G) Representative images of CM-Dil-labeled MSCs and a-SMA double staining on day 14 post-Ml. Scale
bar: 200 um. Statistical comparisons were conducted using one-way ANOVA for three groups, and unpaired t test for two-group comparisons. Data are
mean+SD. *p<0.05, **p <0.01, ***p <0.001, ****p <0.0001. AutoFluo (green) indicates auto fluorescence of cardiomyocytes in heart section. ns indicates

non-statistical significance

effects of UCMSCs and ADMSCs on H9C2 cardio-
myoblasts and HL-1 mouse atrial cardiomyocytes after
hypoxia stimulation in vitro by flow cytometric analy-
sis. After 3 h of hypoxia, the apoptosis rate of H9C2 and
HL-1 cells was increased compared with normoxic con-
trols. Both of UCMSCs and ADMSCs treatment reduced
the hypoxia-induced apoptosis, with ADMSCs superior
than UCMSCs (Fig. 5H-J). These observations suggest
that ADMSCs exerted a better cardioprotective effects by
inhibiting cardiomyocyte apoptosis, which may explain
their enhanced promotion of cardiac functional recovery
and reduced scar size in acute ML

Discussion
Angiogenesis is vital for promoting reperfusion and func-
tional recovery of ischemic hearts by restoring blood
supply. Consequently, the induction of cardiac angiogen-
esis has become a key therapeutic strategy for MI [1-3].
Over the past decades, various MSCs from different
sources have shown promise in treating MI among pre-
clinical and clinical studies, with potential therapeutic
efficacy of MSCs via pro-angiogenic, anti-apoptotic, and
anti-inflammatory mechanisms. In particular, pro-angio-
genesis has emerged as a new opportunity to be utilized
in ischemic heart disease [33—37]. While the ideal origin
of MSCs due to their intrinsic heterogeneity still needs to
be determined and the predominate mechanism through
which MSCs present beneficial effects on MI model are
not completely elucidated. In this study, transcriptome
sequencing revealed differential gene expression profiles
in UCMSCs and ADMSCs. Both types of MSCs dem-
onstrated effective outcomes in improving myocardial
function in mouse MI models. Notably, While UCMSCs
showed greater pro-angiogenic potential, ADMSCs pro-
vided better cardioprotection by inhibiting cardiomyo-
cyte apoptosis. Furthermore, transcriptomic sequencing
revealed that ADMSCs downregulated apoptosis-related
signaling pathways, and exhibited higher expression lev-
els of cardioprotective factors with anti-apoptotic effects,
such as IGF-1, compared to UCMSCs. These findings
provided new insights into acute MI therapy and we
could take the advantage of MSCs’ tissue heterogeneity
to screen out optimal cells, such as ADMSC:s, for clinical
applications.

Compelling evidences indicated that despite meeting a
minimal criterion to define MSCs issued by International

Society for Cellular Therapy (ISCT) as being plas-
tic adherent, multilineage differentiation, and surface
marker expression [38], MSCs isolated from different
tissues exhibited distinct properties in surface marker
expression profiles, differentiation potential, and tran-
scriptomic/proteomic profiles, which may influence their
clinical application [20, 39-43]. Taking all these factors
into consideration, we conducted transcriptomic analy-
ses and found differential gene expression in apopto-
sis-related pathways between UCMSCs and ADMSCs.
Functional assays confirmed that UCMSCs had stronger
in vitro and in vivo pro-angiogenic capacity than ADM-
SCs. Therefore, indeed UCMSCs and ADMSCs had obvi-
ous tissue heterogeneity. Previous studies documented
that bone marrow-derived MSCs (BMSCs) were inclined
to differentiate into osteoblasts, whereas UCMSCs
inclined to angiogenesis, supporting the concept of ‘tis-
sue imprinting’ [21, 38, 44]. This heterogeneity of MSCs
may influence their clinical applications and result in
different functional outcomes. In this study, we applied
UCMSCs and ADMSCs to mouse MI models to compare
their therapeutic efficacy and explored the underlying
mechanics by which MSCs improved cardiac injury and
laid the foundation for selecting the best source for cell-
based therapy in ML

Acute and persistent ischemia and hypoxia in the cor-
onary arteries caused by reduced blood flow in acute
M], leading to myocardial necrosis. The idea of promot-
ing angiogenesis to support survival and function by
restoring an adequate supply of oxygen and nutrients is
promising for treatment of acute MI, our study showed
UCMSCs significantly promoted angiogenesis in vitro
and vivo and in mice with heart ischemia compared with
ADMSCs. Furthermore, previous studies demonstrated
that MSCs had the capacity to differentiate into ECs and
SMCs, which formed the foundation of vessels [11, 45].
However, in our study, we failed to observe the differen-
tiation of transplanted MSCs into endothelial cells (ECs)
post-MI. Meanwhile, mRNA of pro-angiogenic factors
(bFGF, EGF, HGF, and VEGF) expression in UCMSCs
and ADMSCs were detected. These findings also suggest
that MSCs likely improve neovascularization primarily
through paracrine mechanisms rather than cell-lineage
transdifferentiation. To our knowledge, this study pro-
vides the first relatively comprehensive comparison of
angiogenic potential between UCMSCs and ADMSCs,
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Fig. 5 ADMSCs had better protective effect against apoptosis in myocardial tissues and in hypoxia HOC2 and HL-1cells. (A, C) Representative images of
apoptotic cells on day 1 and day 7 after Ml by TUNEL (red) staining. Scale bar: 200 pm. (B) Quantitative analysis of apoptotic cells in heart tissue on day 1
from different groups. n=4 per group. (D) Quantitative analysis of apoptotic cells in heart tissue on day 7 from different groups. n=4 per group. (E-G) The
protein expressions of Bax and Cleaved caspase-3 and their quantitation in myocardial tissues on day 28 after surgery and treatment by western blotting.
(H-J) Apoptosis of H9C2 and HL-1 cells after hypoxia treatment measured by FITC-annexin V/PI double staining analysis using flow cytometry and their
qualification from different groups. Statistical comparisons were conducted using one-way ANOVA for three groups, and unpaired t test for two-group
comparisons. Data are mean+SD. *p <0.05, **p <0.01, ****p < 0.0001. Images of unedited full blots are presented in Supplementary Figure S1

revealing that UCMSCs exhibit superior pro-angiogenic
capacity. Similarly, Bian et al. [46] also demonstrated
a varying paracrine action in MSCs. According to our
hypothesis, UCMSCs with stronger pro-angiogenic
capacity should outperform ADMSCs in cardiac function
recovery and injured tissue remodeling by facilitating
neovascularization at the infarction site. Unexpectedly,
although both UCMSCs and ADMSCs improved car-
diac function recovery, as indicated by increased LVEF
and LVES, as well as reduced scar size, ADMSCs exhib-
ited superior cardiac functional recovery to UCMSCs.
These results clearly suggest that the formation of new

blood vessels following ischemic injury was not the most
crucial factor for myocardial repair in acute MI. Thus, in
MSCs-based therapy for acute MI, there must be another,
more predominant mechanism beyond neovasculariza-
tion through which ADMSCs achieve superior cardiac
functional recovery.

In the hostile ischemic microenvironment during MI,
most cardiac cells, including cardiomyocytes, endothe-
lial cells and macrophages, undergo apoptosis. Apoptosis
began in infarcted hearts within 3 h, reaching its maxi-
mum value at 1-2 days, and was still apparent on day 10
after myocardial infarction [47]. According to previous
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results that MSCs prevented ventricular remodeling and
restored cardiac function within 72 h [48], the extent of
cardiomyocyte loss in the early stages of MI directly cor-
related with subsequent cardiac dysfunction. Dead car-
diomyocytes are subsequently replaced by fibroblasts,
leading to ventricular remodeling, wall thinning, scar
formation, and ultimately heart failure. Several stud-
ies have demonstrated that inhibition of cardiomyocyte
apoptosis results in reduced infarct size after MI. There-
fore, cardiomyocyte apoptosis significantly contributes
to adverse cardiac remodeling and subsequent cardiac
dysfunction post-AMI [49-52]. Therefore, diminution
of cardiomyocyte apoptosis was of extreme importance
for cardiac functional recovery, which were extensively
explored both in vitro and in vivo studies in treating
ischemia-induced heart injury [53-57]. Apoptosis could
be assessed by some indicators, such as TUNEL stain-
ing and Caspase-3 detection. Studies have indicated that
the Caspase family was the promoter and executioner
of apoptosis in mammals, among which Caspase-3 was
the most critical downstream apoptotic protease. Bax, a
pro-apoptotic protein, promoted apoptosis by activating
Caspase-3. In this study, we found that both UCMSCs
and ADMSCs reduced the apoptosis rate and decreased
levels of apoptosis-related protein such as cleaved Cas-
pase-3 and Bax in infarcted tissue after acute MI. Nota-
bly, ADMSCs exhibited better anti-apoptotic effects
compared with UCMSCs in infarcted heart, which was
further confirmed in H9C2 and HL-1 cells under hypoxic
conditions.

These findings, along with the improvements in LVFS
and LVEF and the reduction in scar size, confirmed that
ADMSCs protected the heart against MI injury mainly
through inhibiting apoptosis in residual cells. Since apop-
tosis accounted for 86% of total cardiomyocytes loss and
was the major determinant of infarct size, therapies that
able to limit myocardial infarct size can alleviate cardiac
dysfunction and inhibit the development of adverse myo-
cardial remodeling [57]. Notably, transcriptome sequenc-
ing analysis and our mRNA quantification reveals that
ADMSCs exhibit higher expression levels of IGF-1, a
potent cardioprotective cytokine known to mediate
anti-apoptotic effects. Thus, we concluded that protect-
ing residual cells played a more prominent role than
vascular regeneration or angiogenesis in MSCs-based
therapy after acute MI. Collectively, our results suggest
that ADMSCs are more suitable than UCMSC:s for treat-
ing acute MI in mice, holding great potential for clinical
research.

There are still some limitations in current study. First,
this study only investigated acute MI model and con-
cluded that anti-apoptosis of residual cells was more
crucial than neovascularization in MSCs-based therapy.
We did not compare the therapeutic efficacy of UCMSCs
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and ADMSCs in chronic MI models. Second, the exact
mechanism by which UCMSCs and ADMSCs had supe-
rior neovascularization and anti-apoptosis, respectively,
remained to be elucidated. Third, only UCMSCs and
ADMSCs were examined in this study. There are also
kinds of MSCs derived from many other adult tissues,
such as bone marrow, peripheral blood, dental pulp, pla-
centa, and endometrial tissues etc. To select the best suit-
able cells for the therapy of MI, more candidate MSCs
should be included.

Conclusions

In this study, we applied two kinds of MSCs with dif-
ferent angiogenic potential and anti-apoptosis to com-
pare their cardiac function recovery in therapy of acute
MI. Results showed survival protection of residual cells
played a more prominent role than angiogenesis in car-
diac repair after acute MI in MSCs-based therapy. Our
study provided new insight into therapeutic strategy of
acute MI and we could screen the optimal type of MSCs
based on their tissue heterogeneity for superior clinical
applications in acute MIL.
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