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Pretreatment with growth differentiation G

factor 15 augments cardioprotection
by mesenchymal stem cells in myocardial
infarction by improving their survival
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Yimei Hong', Fang Lin“ Weifeng Li"", Xin Li'"" and Yuelin Zhang'"

Abstract

Background The clinical application of mesenchymal stem cells (MSCs) in myocardial infarction (MI) is severely
hampered by their poor survival. Pretreatment is a key strategy that has been adopted to promote their therapeutic
efficacy. This study aimed to investigate the benefit of growth differentiation factor 15-pretreated MSCs (GDF15-MSCs)
in enhancing cardiac repair following Ml and to determine the underlying mechanisms.

Methods MSCs with or without GDF15 pretreatment were exposed to serum deprivation and hypoxia (SD/H) chal-
lenge. Apoptosis of MSCs was assessed by TUNEL staining. The conditioned media (CM) of MSCs and GDF15-MSCs
was collected by centrifugation. MSCs and GDF15-MSCs were transplanted into the peri-infarct region in a mouse
model of MI. Cardiac function, fibrosis and MSC survival were examined 4 weeks after MSC transplantation.

Results Pretreatment with GDF15 greatly reduced SD/H-induced apoptosis of MSCs via inhibition of reactive oxygen
species (ROS) generation by attenuating mitochondrial fission. Mechanistically, GDF15 pretreatment ameliorated mito-
chondrial fission of MSCs under SD/H challenge by activating the AMPK pathway. These effects were partially abrogated

by AMPK inhibitor. Pretreatment with GDF15 also promoted paracrine effects of MSCs in vitro, evidenced by improving tube
formation of HUVECs, and inhibited the apoptosis of cardiomyocytes induced by SD/H. At 4 weeks after transplantation,
compared with MSCs, GDF15 pretreatment strongly promoted the survival of MSCs in the ischemic heart with consequent
enhanced cardiac function, reduced cardiac fibrosis and increased angiogenesis.

Conclusions Our study showed that pretreatment with GDF15 promoted the cardioprotective effects of MSCs
in Ml via regulation of pro-survival signaling and paracrine actions. GDF15 pretreatment is an effective approach
to enhance the therapeutic efficacy of MSCs in ischemic heart disease.
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Introduction

Myocardial infarction (MI) is one of the major causes
of morbidity and mortality worldwide with millions of
patients affected each year. Although advanced therapies
including pharmacotherapy and surgical interventions
significantly reduce MI mortality, they are ineffective for
myocardial regeneration to compensate for the lost car-
diomyocytes [1]. Over the past decades, numerous ani-
mal and clinical studies have shown that therapy with
mesenchymal stem cells (MSCs) is a promising strategy
to treat MI due to their unique properties of easy isola-
tion, immunomodulatory ability and multipotency [2—4].
Nevertheless poor survival of engrafted MSCs in the hos-
tile microenvironment of the infarcted heart has limited
their cardioprotective benefits. It has been reported that
more than 90% of MSCs disappear in the first 24 h post
transplantation into ischemic heart tissue and fewer than
2% survive 4 weeks post transplantation [5-7]. It has
been reported that only 6% and 3% respectively of MSCs
survived 14 days after transplantation via intracoronary
infusion or endocardial injection into ischemic female
swine hearts [8]. Therefore, exploring a novel approach
to promote MSC survival may improve the effectiveness
of cell therapy for MI. There is accumulating evidence,
including that from our group, that pretreatment with
pharmacologic agents can prime MSCs into a pro-sur-
vival state, leading to improved cardioprotective effects
for MI [9-13].

Growth differentiation factor 15 (GDF15), also known
as macrophage inhibitory cytokine 1, is a member of the
transforming growth factor-p (TGF-f) super family that
regulates a variety of biological processes [14]. It is estab-
lished that GDF15 plays a protective role in cell viabil-
ity under various stress conditions. GDF15 treatment
inhibits rotenone-induced mitochondrial apoptosis in
SH-SY5Y (human neuroblastoma cell line) cells via reg-
ulation of the PI3K/Akt/mTOR signaling pathway [15].
GDF15 loss promotes oxidative stress and decreases cel-
lular viability in hyperoxia-treated pulmonary endothelial
and epithelial cells [16]. In addition, GDF15 has recently
been reported to stimulate the proliferation of human
umbilical vein endothelial cells (HUVECs), and thus
promote blood vessel growth [17]. More importantly, as
a cardiac-derived endocrine hormone, GDF15 plays an
important role in mediating cardioprotective effects by
inhibiting cardiomyocyte apoptosis, hypertrophy and
cardiac fibrosis [18-20]. Administration of recombi-
nant GDF15 has been shown to improve heart function

following infarction in mice by repressing polymorpho-
nuclear leukocytes [21]. Nonetheless whether GDF15
pretreatment improves MSC survival in the ischemic
heart has not been determined. We hypothesized that
GDF15 pretreatment can promote the survival of MSCs
in the ischemic heart and enhance their therapeutic
potential for MI. We show that GDF15 promoted the car-
dioprotective effects of MSCs in MI by improving their
survival and paracrine actions.

Materials and methods

Cell culture

MSCs were routinely cultured in DMEM-high glucose
(Gibco, 11965084) supplemented 10% fetal bovine serum
(FBS, Life Technologies, 16000) with 5 ng/mL endothe-
lial growth factor (EGF, PeproTech, AF-100-15) and 5 ng/
mL basic fibroblast growth factor (bFGF, PeproTech, 100-
18B) as described previously [9]. All cell cultures in this
study were reviewed and approved by the Ethics Com-
mittees of Tongji University (Approved project: mesen-
chymal stem cell-based therapy for myocardial infarction,
Approval No. 2016-050, Date of approval: Sep 18, 2016).
Written informed consent was obtained from patients
and their family for participation in the study and the
use of samples. MSCs at passage 3 to 5 were used in the
current study. Neonatal mice cardiomyocytes (NCMs)
were isolated from heart tissue of 0- to 1-day-old neo-
natal mice and routinely cultured at 37 °C on Claycomb
Medium (51800, Sigma) containing 10% FBS.

GDF15 pretreatment

For GDF15 (MedChemExpress, HY-P75170) pretreat-
ment, MSCs were cultured on fresh completed medium
supplemented with GDF15 (10, 20, 50 and 100 ng/mL)
under normoxia (95% air and 5% CO,) for 24 h and then
exposed to serum deprivation and hypoxia (SD/H, 1%
oxygen, 5% carbon dioxide and 94% nitrogen) for 48 h to
mimic the ischemic conditions in vitro.

Cell viability analysis

A total of 5x10° cells per well was cultured on 96-well
plates, with or without GDF15. At indicative time points,
cell viability was evaluated using a Cell Counting Kit-8
(CCK-8) assay kit (APExBIO, K1018) according to the
protocol. After incubation with CCK-8 reagent for 1-4 h
in a cell incubator, the absorbance was determined at
450 nm by a microplate reader (Tecan, Austria).
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Table 1 Antibody information

No. Name Catalogue/product Supplier Dilution Reference

1 Anti-GDF15 ab180929 Abcam 1/1000 https://doi.org/10.1186/512959-023-00547-7

2 Anti-p-Drpl-ser616 3455 Cell signaling  1/1000 https://doi.org/10.1007/500395-024-01072-y

3 Anti-Drp1 ab184247 Abcam 1/1000 https://doi.org/10.1038/541380-023-02372-w

4 Anti-Mfn1 ab221661 Abcam 1/1000 https://doi.org/10.1111/febs.16793

5 Anti-Mfn2 ab124773 Abcam 1/1000 https://doi.org/10.3390/ijms241512148

6 Anti-p-AMPK AF3423 Affinity 1/500 https://doi.org/10.1016/j.redox.2021.101856

7 Anti-AMPK 10929-2-AP Proteintech 1/2000 https://doi.org/10.1038/541586-020-2928-y

8 Anti-GFRAL CSB-PA751020LA0THU  Cusabio 1/500 https://doi.org/10.1016/j.peptides.2023.171112
9 Anti-GAPDH 60004-1-lg Proteintech 1/10000 https://doi.org/10.1038/541586-019-1722-1

10 Anti-human mitochondrion ab92824 Abcam 1/800 https://doi.org/10.1038/541698-023-00466-w

11 Anti-Troponin ab209813 Abcam 0.5-5pg/mL  https://doi.org/10.1038/541598-023-32941-6

12 Anti-CD31 77699 Cell Signaling ~ 1/50 https://doi.org/10.1172/jciinsight.171371

13 Anti-a-smooth muscle actin (a-SMA)  ab5694 Abcam 1/50 https://doi.org/10.1016/j.bioactmat.2023.09.019
14 Anti-COXIV ab202554 Abcam 1/2000 https://doi.org/10.1161/JAHA.122.026160

15 Anti-CD45 GB113886 Servicebio 1/500 https://doi.org/10.1186/512964-024-01554-5

TUNEL staining

A total of 5% 10* cells per well was seeded on 96-well
plates and cultured for 24 h with or without GDF15,
then exposed to SD/H for 48 h. Next, a TUNEL Kit
(RIBOBIO, C11026-1) was used to assess apoptotic
cells following the manufacturer’s protocol. Finally,
cells were mounted with DAPI and randomly photo-
graphed and the percentage of TUNEL positive MSCs
counted. The experiments were repeated at least three
times.

Measurement of reactive oxygen species (ROS) generation
The intracellular level of ROS and mitochondrial ROS
in MSCs with or without GDF15 treatment under SD/H
challenge was determined by 2",7"-dichlorodihydroflu-
orescein diacetate (DCFH-DA) (Invitrogen, C369) and
a Mito-Sox staining kit (Invitrogen, M36008), respec-
tively. Briefly, MSCs were cultured on a 24-well dish
with glass cover slips and different treatments applied.
Next, MSCs from different groups were incubated with
10 uM DCFH-DA solution or 5 pM Mito-Sox solution
for 15 min at 37 °C in the dark. Finally, the sample was
randomly captured and fluorescence intensity analyzed
for five different view fields of each group using Image]
software. Experiments were repeated at least three
times.

Mitochondrial membrane potential measurement

The TMRM staining was carried out to evaluate mito-
chondrial membrane potential (MMP) following the
protocol (Invitrogen, T668). Briefly, MSCs with differ-
ent treatments were cultured on 24-well plates with glass
cover slips and stained with 50 nM TMRM solution for

15 min at 37 °C in the dark. Next, the sample was imaged
randomly and fluorescence intensity analyzed from five
view fields of each group by Image] software.

RNA sequencing and bioinformatics analysis

RNA sequencing (RNA-seq) was performed for MSCs
with or without GDF15 pretreatment under SD/H chal-
lenge. Total RNA from each group was extracted in Tri-
zol (ThermoFisher Scientific) and the purity, quantity,
and integrity of RNA determined. Next, the sequenc-
ing was carried out by the BGISEQ-500 platform (BGI,
Guangzhou, China). The differentially expressed genes
(DEGs) between any two groups were evaluated using
linear models with absolute fold change >1.5 and
adjusted p value <0.05 as a threshold.

Preparation of conditioned medium (CM)

The CM from MSCs was prepared as described pre-
viously [19]. Briefly, 3x 10° MSCs were cultured in a
15-cm culture dish with or without GDF15 for 24 h.
Next, the medium was replaced with 15 mL serum- and
antibiotic-free DMEM and cultured for a further 48 h.
Finally, the CM from MSCs or GDF15-MSCs was har-
vested, centrifuged, and concentrated 20-fold using
ultrafiltration tubes (Millipore, UFC9050). The concen-
trated CM was subsequently quantified using a BCA
protein assay and stored at — 80 °C for future use.

Tube formation assay

The angiogenic effects of MSC-CM or GDF15-MSC-
CM were determined by capillary tube formation assays.
Briefly, 3x10* HUVECs were cultured on 96-well
plates coated with growth-factor-reduced Matrigel
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Fig. 1 GDF15 pretreatment protected MSCs against SD/H-induced injury. A Western blotting and quantitative analysis of the protein level

of GDF15 in MSCs under normoxic and SD/H conditions at specified times. Full-length blots/gels are presented in Supplementary Fig. 3A.B

CCK-8 assay showed the cell viability of MSCs with or without GDF15 (10, 20, 50 and 100 ng/mL) pretreatment for 24 h under normoxic or SD/H
conditions. C Representative images of TUNEL staining and quantitative analysis of apoptosis in MSCs and GDF15-pretreated MSCs under normoxic
or SD/H conditions. D Representative images of Ki67 staining and quantitative analysis of Ki67 positive cells in MSCs and GDF15-pretreated MSCs
under normoxic or SD/H conditions. Scale bar=200 um. N=3 biological replicates for each group. Data are expressed as mean +SEM. *p < 0.05,
**p<0.01, **p <0.001. ns, not significant
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(CORNING, 354234). Next, cells were treated with MSC-
CM or GDF15-MSC-CM for 6 h and capillary-like tube
formation randomly captured. Tube length was analyzed
by Image] software.

ELISA

The concentration of EGF, VEGF and bFGF in the MSC-
CM and GDF15-MSC-CM was examined using a human
EGF ELSIA kit (CUSABIO, CSB-E08027h), human VEGF
ELSIA kit (CUSABIO, CSB-E11718h), and a human
bFGF ELSIA kit (CUSABIO, CSB-E08000h), respectively.

Seahorse assay

The mitochondrial function of MSCs with or without
GDF15 pretreatment under SD/H conditions was deter-
mined using a Seahorse Extracellular Flux Analyzer XF96
(Seahorse Bioscience, USA) according to the protocol.

Western blotting

The protein of MSCs with different treatments was
extracted using RIPA buffer (Beyotime, PO013B) and the
concentration measured. A total of 25 pg protein was
separated on SDS-PAGE gel and transferred to PVDF
membranes. Next, the membranes were washed with
tris-buffered saline with 0.1% Tween-20 and blocked with
5% fat-free milk in TBS. Subsequently, the membranes
were incubated at 4 °C overnight with primary antibodies
(see Table 1). After washing with TBS with 0.1% Tween-
20 three times, the membranes were incubated with
secondary antibodies for 1 h at room temperature and
exposed using enhanced chemiluminescence (ECL plus)
(Amersham).

Establishment of an Ml model and MSC transplantation

All animal procedures were performed in accordance
with the ARRIVE guidelines and approved by the Com-
mittee on the Use of Live Animals in Teaching and
Research of Tongji University for Laboratory Animal
Medicine (Approved project: The therapeutic effects of

(See figure on next page.)
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growth differentiation factor 15 pretreated mesenchy-
mal Stem Cells on myocardial infarction, Approval No.
TJBB04724101, Date of approval: Feb 28, 2024). C57/
B6] mice (6—8 weeks old, 25-30 g weight) were used to
establish a model of MI by ligation of the left anterior
descendent coronary artery (LAD) with an 8—0 Prolene
suture as described previously [22]. All mice were housed
in a controlled environment with a 12/12 h light/dark
cycle and provided with food and water. To create the
MI model, mice were anesthetized by 1.5% isoflurane/air
mixture inhalation. Mice who underwent surgery with-
out LAD ligation served as a sham group (Sham group,
n=6). Following LAD ligation, all MI mice received an
intramuscular injection at four sites around the bor-
der zone of the infarcted heart of one of the following
treatments: (1) PBS (MI group, n=12); (2) 3x 10> MSCs
(MSCs group, n=10); (3) 3x 10° GDF15-MSCs (GDF15-
MSCs group, n=12). The animal experiment utilized
block randomization to allocate mice to the sham, MI
or treatment groups. All procedures were performed by
a skilled researcher who was blinded to treatment allo-
cation and unable to influence whether an animal would
receive PBS, MSCs or GDF15-MSC treatment. The ani-
mal temperature during surgery was maintained using
a heat pad. After surgery, carprofen was administered
immediately and daily for three days to relieve inflamma-
tion and pain. Heart function in the different groups was
examined by transthoracic echocardiography (Ultramark
9; Soma Technology) at baseline (before MI) and 28 days
following MI under anesthesia with 1.5% isoflurane and
heart rate maintained at 400-500 bpm. Left ventricle
fractional shortening (LVES) and ejection fraction (LVEF)
were calculated.

Masson’s staining

After echocardiographic assessment at 4 weeks following
MSC transplantation, all mice were euthanized by intra-
peritoneal administration of 2 mL pentobarbital (200 mg/
mL, Vetoquinol, UK) and heart tissue harvested. Hearts

Fig. 2 GDF15 pretreatment protects MSCs against SD/H-induced injury via attenuation of ROS generation. A Volcano plots illustrating differentially
expressed genes identified in SD/H versus normoxia group and SD/H+GDF15 versus SD/H group. B The upper Venn diagram showing

the overlap between significantly upregulated genes in SD/H versus normoxia groups and significantly downregulated genes in SD/H+GDF15
versus SD/H groups. The lower Venn diagram showing the overlap between significantly downregulated genes in SD/H versus normoxia groups
and significantly upregulated genes in SD/H+GDF15 versus SD/H groups. C The top enriched terms of the genes that were upregulated in SD/H
versus normoxia and downregulated in SD/H+GDF15 versus SD/H analyzed by Gene Ontology biological processes (GO-BP) (left). The top enriched
terms of the genes that were downregulated in SD/H versus normoxia and upregulated in SD/H+GDF15 versus SD/H (right). D Representative
images of DCFH-DA staining and quantitative analysis of intracellular ROS in MSCs and GDF15-pretreated MSCs under normoxic or SD/H
conditions. E Representative images of Mito-Sox staining and quantitative analysis of mitochondria ROS in MSCs and GDF 15-pretreated MSCs
under normoxic or SD/H conditions. F Representative images of TMRM staining and quantitative analysis of MMP in MSCs and GDF15-pretreated
MSCs under normoxic or SD/H conditions. MFI, mean fluorescence intensity. Scale bar=200 um. N = 3 biological replicates for each group. Data are

expressed as mean + SEM. ***p < 0.001
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were fixed, embedded with paraffin and cut into 5 um
sections. Masson’s staining was performed according to
the manufacturer’s protocol to detect fibrosis (Sigma,
HT15). The percentage infarct size was evaluated as the
ratio of fibrotic area to total left ventricular area x 100%.

Immunofluorescence staining

After hydration and retrieval with antigens, heart tis-
sue slices from different groups were permeabilized for
30 min with PBS containing 0.1% Triton X-100. Next, the
slices were blocked with 5% bovine serum albumin (BSA,
Sigma, B2064) for 1 h and incubated overnight at 4 °C
with primary antibodies (see Table 1). After washing with
TBS and 0.1% Tween-20 three times, the sections were
incubated for 30 min at room temperature with fluores-
cent secondary antibodies. Subsequently, the slices were
mounted with DAPI and randomly photographed. The
capillary or arteriolar density was analyzed by the aver-
age number of CD31- or a-SMA-positive blood vessels
per field, and immune cells quantified by counting CD45-
positive cells.

Statistical analysis

Data are expressed as mean+SEM. Statistical analy-
ses were performed by GraphPad Prism. Comparison
between two groups was analyzed by unpaired Student’s
t-test and among more than two groups by one-way-
ANOVA followed by the Bonferroni test. A p value <0.05
was considered statistically significant.

Results

GDF15 pretreatment protected MSCs

against SD/H-induced apoptosis

To evaluate the protective effect of GDF15 on MSCs, we
first examined the expression of GDF15 in MSCs under
SD/H challenge. As shown in Fig. 1A, the protein level
of GDF15 was significantly up-regulated in the first 24 h
but significantly down-regulated at 48 h under SD/H
(Fig. 1A). Next, to determine whether GDF15 pretreat-
ment could protect MSCs under SD/H challenge, we
pretreated MSCs with different concentrations of GDF15

(See figure on next page.)
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(10, 20, 50 and 100 ng/mL) for 24 h and then exposed
cells to SD/H for 48 h. The CCK-8 assay demonstrated
that GDF15 pretreatment had a dose-dependent protec-
tive effect on MSCs under SD/H challenge, with the high-
est cell viability reached at a concentration of 50 ng/mL
(Fig. 1B). Therefore, we used 50 ng/mL GDF15 to pre-
treat MSCs for 24 h in subsequent studies. More impor-
tantly, we found that GDF15 pretreatment significantly
inhibited apoptosis (Fig. 1C) and improved the prolifera-
tive capacity of MSCs under SD/H challenge (Fig. 1D).
We also examined the expression of GDF15 recep-
tor GFRAL in MSCs with or without GDF15 pretreat-
ment under SD/H challenge. The expression of GFRAL
was increased in MSCs under SD/H challenge and fur-
ther enhanced by GDF15 pretreatment (Supplemen-
tary Fig. 1). Collectively, these data revealed that GDF15
pretreatment exerted protective effects on MSCs under
SD/H conditions.

GDF15 pretreatment protected MSCs

against SD/H-induced injury via attenuation of ROS
generation

To explore the potential mechanisms whereby GDF15
pretreatment protected MSCs against SD/H-induced
injury, we collected MSCs from the SD/H group and
SD/H +GDF15 group, as well the normoxia group, and
performed RNA-seq analysis. Compared with the nor-
moxia group, 7192 upregulated genes and 3963 down-
regulated genes were identified in the SD/H group
(Fig. 2A). Meanwhile, 2199 genes were upregulated and
1774 genes were downregulated in the SD/H+GDF15
group compared with the SD/H group (Fig. 2A). Impor-
tantly, 906 upregulated genes and 517 downregulated
genes in the SD/H group were reversed by GDF15 pre-
treatment (Fig. 2B). Next, we performed gene ontol-
ogy (GO) enrichment analysis of the genes rescued by
GDF15 pretreatment using gene ontology biological
processes (GO-BP). The upregulated pathways in the
SD/H+GDF15 group were primarily associated with
DNA repair, regulation of cell cycle and mitochondrial
translation (Fig. 2C). The downregulated pathways were
closely related to cellular response to oxidative stress, and
negative regulation of cell growth and cell proliferation

Fig. 3 GDF15 pretreatment downregulates ROS generation via inhibition of mitochondrial fission in MSCs under SD/H challenge. A Representative
images and quantitative measurement of the fragmented mitochondria in normoxia, SD/H, SD/H+GDF15 and SD/H+ GDF15 +FCCP-treated

MSCs. B Western blotting and quantitative analysis of the protein level of p-Drp1, Mfn1 and Mfn2 in normoxia, SD/H, SD/H+GDF15

and SD/H +GDF15 + FCCP-treated MSCs. Full-length blots/gels are presented in Supplementary Fig. 3B. C Western blotting and quantitative
analysis of the protein level of p-AMPK, p-Drp1, Mfn1 and Mfn2 in normoxia, SD/H, SD/H+GDF15 and SD/H + GDF 15 +Compound C-treated

MSCs. Full-length blots/gels are presented in Supplementary Fig. 3C. D Representative images and quantitative measurement of the fragmented
mitochondria in normoxia, SD/H, SD/H+GDF15 and SD/H+ GDF15 + Compound C-treated MSCs. Scale bar=10 um. N=3 biological replicates

for each group. Data are expressed as mean +SEM. *p < 0.05, **p < 0.01, ***p <0.001
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(Fig. 2C). To verify these findings, we examined the total
cellular superoxide and mitochondrial ROS level among
the different groups using DCFH-DA and Mito-SOX
staining, respectively. The level of intracellular and mito-
chondrial ROS was greatly increased under SD/H chal-
lenge but reduced by GDF15 pretreatment (Fig. 2D, E).
Moreover, TMRM staining revealed that GDF15 pre-
treatment significantly upregulated the MMP in SD/H-
treated MSCs (Fig. 2F). More importantly, it has been
reported that mitochondria can release GDF15 [23]. We
first examined the expression of GDF15 in mitochon-
dria of MSCs. We found that GDF15 was expressed in
mitochondria in MSCs as well as in the cytoplasm (Sup-
plementary Fig. 2A). Therefore, we examined the mito-
chondrial function of MSCs under SD/H challenge,
with or without GDF15 pretreatment. The level of basal
mitochondrial OCR, ATP production, and maximum
mitochondrial respiratory function was greatly downreg-
ulated in MSCs under SD/H challenge but upregulated
by GDF15 pretreatment (Supplementary Fig. 2B). These
results suggested that GDF15 pretreatment improved
mitochondrial function of MSCs under SD/H conditions.
Increased mitochondrial function of MSCs may lead to
GDF15 secretion, causing further upregulation of mito-
chondrial function, thus forming positive feedback loop.
These results suggested that GDF15 pretreatment largely
reversed ROS generation in MSCs under SD/H challenge.

GDF15 pretreatment downregulates ROS generation

in MSCs under SD/H challenge via inhibition

of mitochondrial fission by regulating the AMPK pathway
Accumulating evidence has shown that excessive mito-
chondrial fission contributes to ROS generation with
consequent cell injury [24, 25]. Mito-tracker staining
showed that GDF15 pretreatment significantly ame-
liorated SD/H-induced mitochondrial fragmentation
in MSCs (Fig. 3A). Western blotting also revealed that
GDF15 pretreatment downregulated the protein level of
p-Drp1/Drpl and upregulated that of Mfnl and Mfn2 in
SD/H-treated MSCs (Fig. 3B). Nevertheless the suppres-
sive effects of GDF15 pretreatment on SD/H-induced
MSC mitochondrial fragmentation were partially abro-
gated by FCCP, a mitochondrial fission activator (Fig. 3A,

(See figure on next page.)
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B). Our previous study showed that the AMPK path-
way is involved in regulating mitochondrial dynamics
in MSCs. We aimed to determine whether GDF15 pre-
treatment could inhibit SD/H-induced MSC mitochon-
drial fragmentation via regulation of the AMPK pathway.
Western blotting analysis showed that GDF15 pretreat-
ment greatly increased the downregulated expression
of p-AMPK in SD/H-treated MSCs (Fig. 3C). Nonethe-
less the AMPK inhibitor, Compound C, reduced the
enhanced p-AMPK, Mfnl and Mfn2 and enhanced
the reduced p-Drpl in GDF15 pretreated-MSCs under
SD/H challenge (Fig. 3C). More importantly, Compound
C treatment partially abrogated the inhibitory effect of
GDF15 pretreatment on mitochondrial fragmentation in
SD/H-treated MSCs (Fig. 3D). These results showed that
GDF15 pretreatment downregulated ROS generation in
MSCs under SD/H challenge via inhibition of mitochon-
drial fission by regulating the AMPK pathway.

GDF15 pretreatment augments the paracrine effects

of MSCs in vitro

To determine whether GDF15 pretreatment could
improve the paracrine effects of MSCs, isolated MSC-CM
and GDF15-MSC-CM was co-cultured with HUVECs or
NCMs under SD/H, respectively (Fig. 4A). Compared
with DMEM treatment, tube formation of HUVECs
was greatly increased in those with MSC-CM treatment
and further increased by GDF15-MSC-CM treatment
(Fig. 4B, C). To further examine the angiogenic capacity
of MSCs and GDF15-MSCs, the concentration of VEGF
and EGF, and bFGF in MSC-CM and GDF15-MSC-CM
was determined by ELISA assay. As shown in Fig. 4D,
the concentration of VEGF and EGEF, and bFGF was sig-
nificantly increased in GDF15-MSC-CM compared with
MSC-CM (Fig. 4D). When NCMs were co-cultured with
MSC-CM or GDF15-MSC-CM under SD/H for 48 h, the
number of apoptotic NCMs was significantly reduced
compared with DMEM (Fig. 4E, F). More importantly,
compared with MSC-CM treatment, GDF15-MSC-CM
treatment further inhibited NCM apoptosis induced by
SD/H (Fig. 4E, F). These data showed that GDF15 pre-
treatment improved the paracrine effects of MSCs.

Fig. 4 GDF15 pretreatment augmented paracrine effects of MSCs. A Schematic showing the experiments for assaying the paracrine effect

of MSCs with or without GDF15. B Representative images of tube formation in HUVECs treated with DMEM, MSC-CM or GDF15-MSC-CM. Scale

bar= 100 um. C Quantification of tube formation in HUVECs treated with DMEM, MSC-CM or GDF15-MSC-CM. D The concentration of VEGF, EGF
and bFGF in MSC-CM and GDF15-MSC-CM was determined by ELISA assay. E Representative images of the apoptotic NCMs treated with DMEM,
MSC-CM or GDF15-MSC-CM under SD/H condition. Scale bar=200 um. F Quantification of the apoptotic rate of NCMs treated with DMEM, MSC-CM
or GDF15-MSC-CM under SD/H condition. Data are expressed as the mean £ SEM. N =3 biological replicates for each group. *p <0.05; **p <0.01;

%) < 0,001
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Transplantation of GDF15-MSCs improved cardiac function
following infarction in mice

To determine whether GDF15 pretreatment could
enhance the therapeutic effects of MSCs in MI, we
transplanted MSCs and GDF15-MSCs into infarcted
mouse hearts. Echocardiography was performed to
examine cardiac function at baseline (before MI) and
28 days after MI. Representative echocardiographic
images 28 days after MI in mice from different experi-
mental groups are shown in Fig. 5A. Before MI, the
LVEF and LVFS among the different groups were com-
parable (Fig. 5B). At 28 days after MI, compared with
the sham group, LVEF and LVFS was greatly reduced
in the MI group but significantly increased in the
MSCs and GDF15-MSCs group, to a greater extent
in the latter, suggesting that GDF15-MSCs exerted a
more beneficial effect on MI (Fig. 5B). Cardiac fibro-
sis was examined by Masson’s trichrome staining at
28 days after MI among the different groups (Fig. 5C).
Compared with the sham group, the myocardial
fibrotic area was severely enhanced in the MI group
(Fig. 5D). Nonetheless MSC transplantation greatly
reduced the myocardial fibrotic area in mice follow-
ing infarction compared with the MI group (Fig. 5D).
More importantly, GDF15-MSC treatment more sig-
nificantly ameliorated the myocardial fibrotic area
than MSC transplantation (Fig. 5D). The survival of
MSCs in the ischemic hearts was examined by anti-
human mitochondria at 28 days post-transplantation
(Fig. 5E). Human mitochondria were detected in the
MSCs and GDF15-MSCs group but not in sham or MI
group (Fig. 5E). Moreover, compared with the MSC
group, MSC survival was dramatically increased in the
GDF15-MSC group, suggesting that GDF15 pretreat-
ment notably improved MSC survival (Fig. 5F). Collec-
tively, these results showed that GDF15 pretreatment
robustly improved the cardioprotective effects of MSCs
on MI in mice.

Transplantation of GDF15-MSCs inhibited cardiomyocyte
apoptosis and enhanced angiogenesis in infarcted hearts
Cardiomyocyte apoptosis among the different groups
was evaluated by TUNEL staining. Compared with the

(See figure on next page.)
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MI group, cardiomyocyte apoptosis was dramatically
reduced in the MSC and GDF15-MSC group, to a further
extent in the latter (Fig. 6A, B). We also assessed immune
cell infiltration in ischemic heart tissue from the differ-
ent groups using CD45 staining. In comparison to the
sham group, the MI group displayed an increased degree
of immune cell infiltration, a trend that was decreased
in the MSC group and to an even greater extent in the
GDF15-MSC group (Fig. 6C, D). To determine whether
GDF15-MSC transplantation could improve angiogenesis
in the ischemic mouse heart, we performed CD31 stain-
ing and a-SMA staining to determine the capillary and
arteriolar density respectively in heart tissue from differ-
ent groups. Compared with the MI group, the capillary
density was greatly increased in all MSC-treated groups
and further enhanced in the GDF15-MSC group (Fig. 6E,
F). Similarly, transplantation of MSCs or GDF15-MSCs
significantly increased the density of arterioles compared
with that in MI hearts (Fig. 6E, G). The density of arte-
rioles was much higher in the GDF15-MSC group than
the MSC group (Fig. 6E, G). These data indicated that
GDF15-MSC transplantation reduced cardiomyocyte
apoptosis and enhanced angiogenesis in the ischemic
heart of mice.

Discussion

This study highlighted several major findings. First,
GDF15 pretreatment greatly reduced SD/H-induced
MSC apoptosis via inhibition of reactive oxygen species
(ROS) generation by attenuating mitochondrial fission.
Second, GDF15 pretreatment ameliorated mitochondrial
fission of MSCs under SD/H challenge by activating the
AMPK pathway. Third, GDF15 pretreatment improved
the paracrine effects of MSCs in vitro as manifested by
increased tube formation of HUVECs and inhibition
of cardiomyocyte apoptosis induced by SD/H. Fourth,
compared with the MSCs, GDF15 pretreatment greatly
promoted the survival of MSCs in ischemic heart tissue,
leading to enhanced angiogenesis, decreased infarct size
and improved heart function. Our study showed that
pretreatment with GDF15 may be a promising strategy to
enhance MSC-based therapy for MI.

Fig. 5 Transplantation of GDF15-MSCs improved cardiac function following infarction in mice. A Representative images of echocardiography taken
at 28 days in Sham or mice with MI that received transplantation of PBS, MSCs, or GDF15-MSCs. B Quantitative analysis of LVEF and LVFS at baseline
(before MI) and 28 days later in Sham or mice with Ml that received transplantation of PBS, MSCs or GDF15-MSCs. C Representative Masson's
trichrome staining images of hearts of Sham mice or mice with Ml that received transplantation of PBS, MSCs or GDF15-MSCs. Scale bar=2 mm.

D Quantitative analysis of infarct size of heart from Sham mice or mice with Ml that received transplantation of PBS, MSCs or GDF15-MSCs. E
Representative images of anti-human mitochondria staining of heart tissue from mice with Ml that received PBS, MSCs or GDF15-MSCs treatment
and sham group. Scale bar=50 um. F Quantitative analysis of MSC survival in heart tissue of mice with Ml that received transplantation of MSCs

or GDF15-MSCs. Data are expressed as the mean £ SEM. N=6. *p < 0.05; **p < 0.01; ***p < 0.001
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MI, caused by insufficient blood flow to the heart,
results in an irreversible loss of one billion cardiomyo-
cytes in a short time, finally leading to heart failure [26].
Due to its limited regenerative ability, the heart cannot
replenish the lost cardiomyocytes. Therefore, MSC-based
therapy has been proposed as a promising approach for
MI treatment to replace the cardiomyocytes lost due
to ischemia [27, 28]. MSC transplantation significantly
reduces infarct size and improves cardiac function via
multiple potential mechanisms including their paracrine
effects, differentiation potential and immunomodula-
tion capacity [29, 30]. Nevertheless their low survival and
engraftment rates in the harsh and hostile environment
of ischemic heart tissue severely hamper their therapeu-
tic effects [31, 32]. Faced with this major limitation of
MSC-based therapy for MI, one potential strategy is to
pretreat MSCs before transplantation. Many pharma-
cological and biological substances have been shown to
be efficacious in regulating cell function and MI. This
prompted us to consider whether pretreatment of MSCs
with these factors could improve their therapeutic effi-
cacy for MI treatment. Many animal experiments have
proven that preconditioning MSCs with various drugs,
biological agents or growth factors greatly improves their
survival in the heart following infarction and ultimately
leads to improved cardiac function [9, 33, 34]. It has been
reported that GDF15 plays a critical role in the regula-
tion of various cellular processes including proliferation,
apoptosis and aging [35]. GDF15 treatment has been
shown to effectively ameliorate the ferroptosis of neurons
post spinal cord injury via mediation of the p62-Keapl-
Nrf2 signaling pathway [36]. Nonetheless the function
of GDF15 in regulating MSC survival under ischemic
conditions remains unclear. In the current study, we first
found that the protein level of GDF15 was significantly
increased during the first 24 h of SD/H challenge, and
then reduced at 48 h. These results showed that hypoxic
conditions can stimulate MSCs to release GDF15 and
hypoxic conditions continuously induced MSC death.
This led to downregulation of GDF15 secretion indicat-
ing that loss of GDF15 protein in hypoxic MSCs may be
secondary to cell death. We believe that the initial release
of GDF15 during the first 24 h remains therapeutically

(See figure on next page.)
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relevant. Upon MSC transplantation into the ischemic
heart following MI, the hypoxic environment will stimu-
late MSCs to release GDF15 and other beneficial factors
during the early stages. This early release may contrib-
ute to the observed improvement in heart function.
Moreover, these results also indicated the GDF15 regu-
lates MSC survival. Next, we used GDF15 to pretreat
MSCs and then expose them to SD/H. Pretreatment with
GDF15 significantly improved MSC survival in vitro.
In vivo, compared with control MSCs, GDF15 pretreat-
ment significantly enhanced the survival and engraftment
of MSCs in ischemic heart tissue and improved cardiac
function in a mouse model of MI. More importantly,
GDF15 pretreatment enhanced the paracrine effects
of MSCs as evidenced by improved tube formation of
HUVEC: in vitro and enhanced new blood vessel forma-
tion in vivo, as well as reduced cardiomyocyte apoptosis
in vitro and in vivo. Therefore, after MSC transplantation
into the heart following infarction, the ischemic environ-
ment stimulated MSCs to release some factors in the first
24 h, including GDF15, that contributed to heart func-
tion improvement. Nonetheless the mechanisms under-
lying these benefits have not been explored.

To gain further insight into the protective effects
of GDF15 pretreatment on MSCs under SD/H chal-
lenge, we performed RNA-seq analysis of MSCs from
SD/H + GDF15 group and SD/H group as well as the nor-
moxia group. GO enrichment analysis revealed that the
downregulated pathways in the SD/H+GDF15 group
compared with the SD/H group were involved mainly in
cellular response to oxidative stress. Indeed, DCFH-DA
and Mito-SOX staining revealed that GDF15 pretreat-
ment significantly downregulated ROS generation in
SD/H-treated MSCs. Increasing evidence emphasizes
that dysregulation of mitochondrial dynamics induces
mitochondrial dysfunction, thereby causing overproduc-
tion of ROS with consequent cellular injury including
senescence or apoptosis [37, 38]. It has been reported
that lipopolysaccharide-induced mitochondrial fission
mediated by Drpl significantly enhanced the apoptosis
of airway epithelial cells via upregulation of ROS genera-
tion. Inhibition of Drpl-mediated mitochondrial fission
attenuated airway epithelial cell apoptosis [39]. In the

Fig. 6 Transplantation of GDF15-MSCs inhibited cardiomyocyte apoptosis and enhanced angiogenesis in a mouse model of M. A Representative
images of TUNEL and Troponin double staining of heart tissue from Sham mice or mice with Ml that received transplantation of PBS, MSCs,

or GDF15-MSCs. Scale bar= 100 pm. B Quantitative analysis of cardiomyocyte apoptosis in heart tissue from the different groups. C Representative
images of CD45 staining of heart tissue from Sham mice or mice with Ml that received transplantation of PBS, MSCs, or GDF15-MSCs. Scale
bar=100 um. D Quantitative analysis of CD45 density in heart tissue from the different groups. E Representative images of CD31 and a-SMA
staining of heart tissue from Sham mice or mice with Ml that received transplantation of PBS, MSCs or GDF15-MSCs. Scale bar=200 um.

F Quantitative analysis of CD31 density in heart tissue from the different groups. G Quantitative analysis of a-SMA density in heart tissue

from the different groups. Data are expressed as the mean+SEM. N=6. **p < 0.01; ***p <0.001
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current study, we also found that GDF15 pretreatment
dramatically alleviated mitochondrial fission in SD/H-
treated MSCs as manifested by decreased mitochondrial
fragmentation and protein level of p-Drp1*™!6, These
effects were largely reversed by mitochondrial fission
activator, indicating that GDF15 pretreatment protects
against MSC apoptosis under SD/H challenge via inhi-
bition of mitochondrial fission. There is accumulating
evidence that the AMPK signaling plays an important
role in maintaining mitochondrial dynamics and func-
tion [40, 41]. Previous study has shown that activation
of AMPK attenuated hypoxia/reoxygenation-induced
cardiomyocyte injury via inhibition of Drpl-mediated
mitochondrial fission [42]. Here, we also found that
GDF15 pretreatment significantly improved AMPK
activation and reduced mitochondrial fission in SD/H-
treated MSCs. In contrast, treatment with AMPK inhibi-
tor Compound C partially abrogated these effects. These
results showed that GDF15 pretreatment inhibited mito-
chondrial fission in MSCs under SD/H challenge via reg-
ulation of the AMPK pathway.

There are some limitations in the current study that
we need to acknowledge. First, in addition to apoptosis,
whether GDF15 pretreatment improves MSC survival
under ischemic conditions by regulating other types of
cell injury including ferroptosis or pyroptosis warrants
exploration. Second, despite increased cardiac function
in GDF15-MSC-treated mice following infarction at
28 days post-transplantation, whether GDF15 pretreat-
ment can improve the long-term cardioprotective effects
of MSCs was not determined. Third, although GDF15
pretreatment resulted in superior paracrine effects of
MSCs, whether GDF15 pretreatment can also promote
the therapeutic effects of MSC-derived extracellular
vesicles on MI requires further investigation. Fourth, to
the best of our knowledge, cardiovascular disease, espe-
cially MI, predominantly affects older individuals, so the
cardioprotective effects of GDF15-MSCs on MI should
be determined in a model of MI in aged mice to pro-
vide more clinically relevant insight. Finally, in addition
to angiogenic cytokines, the important paracrine fac-
tors that contribute to the increased paracrine effects of
GDF15 pretreated MSCs remain unclear. Future stud-
ies using protein arrays to identify potential factors are
warranted.

Conclusions

These results revealed a crucial role of GDF15 in protect-
ing MSCs against apoptosis under ischemic conditions
via inhibition of mitochondrial fission by regulating the
AMPK pathway and enhancing the paracrine function of
MSCs. Our study identifies a pharmacological approach
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that may improve the cardioprotective efficacy of stem
cell-based therapy for cardiovascular disease.
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ROS Reactive oxygen species
SD/H Serum deprivation and hypoxia

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-024-04030-6.

[ Additional file 1. }

Acknowledgements
The authors declare that they have not used Al-generated work in this manu-
script. The authors thank Ms. Sarah Aglionby for editing the manuscript.

Author contributions

Y. Zhang, X. Li and W. Li designed the research, analyzed the data and wrote
the manuscript. X. Huang, X. Liang and Q. Han performed the research, ana-
lyzed the data and wrote the manuscript. Y. Shen, J. Chen, Z. Li, Q. Jie, X. Gao, Y.
Hong and F. Lin contributed to the collection of the data and the discussion.
All authors have read and approved the manuscript for publication.

Funding

This research was in part supported by the National Natural Science Grant of
China (No. 82270253 to Y. Zhang, 82170073 to Q. Han, 82072225 to X. Li), Natu-
ral Science Foundation for Distinguished Scholars of Guangdong Province
(20022B1515020104 to Y. Zhang), Natural Science Foundation of Guangdong
Province (20022A1515012501 to Q. Han), Foundation for Distinguished Schol-
ars of Guangdong Provincial People’s Hospital (KY0120220132 to Y. Zhang) and
the National key research and development program intergovernmental key
projects (2023YFE0114300).

Availability of data and materials

The datasets generated during the current study in regard to the bulk RNA-
Sequencing is available in the figshare repository. Bulk RNA-Sequencing data:
https://figshare.com/articles/dataset/Bulk-RNA-sequence_total_count_txt/
26860873file=48845077. Other data are included in the paper and supple-
ment. Other datasets used in this study are available from the corresponding
author on reasonable request.

Declarations

Ethics approval and consent to participate

All cell cultures in this study were reviewed and approved by the Ethics Com-
mittees of Tongji University (Approved project: mesenchymal stem cell-based
therapy for myocardial infarction, Approval No. 2016-050, Date of approval:
Sep 18, 2016). Written informed consents were obtained from patients and
their families for participation in the study and the use of samples. All animal
procedures were performed in accordance with the ARRIVE guidelines and
approved by approved by the Committee on the Use of Live Animals in
Teaching and Research of Tongji University for Laboratory Animal Medicine
(Approved project: The therapeutic effects of growth differentiation factor 15


https://doi.org/10.1186/s13287-024-04030-6
https://doi.org/10.1186/s13287-024-04030-6
https://figshare.com/articles/dataset/Bulk-RNA-sequence_total_count_txt/26860873?file=48845077
https://figshare.com/articles/dataset/Bulk-RNA-sequence_total_count_txt/26860873?file=48845077

Huang et al. Stem Cell Research & Therapy ~ (2024) 15:412

pretreated mesenchymal Stem Cells on myocardial infarction, Approval No.
TJBB04724101, Date of approval: Feb 28, 2024).

Consent for publication
All authors have read and approved the final version of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Emergency Medicine, Guangdong Provincial People’s
Hospital (Guangdong Academy of Medical Sciences), Southern Medical
University, Guangzhou, Guangdong, China. ?Translational Medical Center

for Stem Cell Therapy and Institute for Regenerative Medicine, Shanghai East
Hospital, Tongji University School of Medicine, Shanghai, China. *Department
of Respiratory Medicine, Guangzhou Institute of Respiratory Health, State Key
Laboratory of Respiratory Disease, The First Affiliated Hospital of Guangzhou
Medical University, Guangzhou, Guangdong, China. “Shanghai Heart Failure
Research Center, Shanghai East Hospital, Tongji University School of Medicine,
Shanghai, China.

Received: 28 August 2024 Accepted: 28 October 2024
Published online: 10 November 2024

References

1. LiZH,Wang YL, Wang HJ, Wu JH, Tan YZ. Rapamycin-preactivated
autophagy enhances survival and differentiation of mesenchymal stem
cells after transplantation into infarcted myocardium. Stem Cell Rev Rep.
2020;16(2):344-56.

2. Barrere-Lemaire S, Vincent A, Jorgensen C, Piot C, Nargeot J, Djouad
F. Mesenchymal stromal cells for improvement of cardiac function
following acute myocardial infarction: a matter of timing. Physiol Rev.
2024;104(2):659-725.

3. Ala M.The beneficial effects of mesenchymal stem cells and their
exosomes on myocardial infarction and critical considerations for
enhancing their efficacy. Ageing Res Rev. 2023;89: 101980.

4. Park BW, Jung SH, Das S, Lee SM, Park JH, Kim H, Hwang JW, Lee S, Kim HJ,
Kim HY, Jung S, Cho DW, Jang J, Ban K, Park HJ. In vivo priming of human
mesenchymal stem cells with hepatocyte growth factor-engineered
mesenchymal stem cells promotes therapeutic potential for cardiac
repair. Sci Adv. 2020;6(13): eaay6994.

5. Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human mesenchy-
mal stem cells differentiate to a cardiomyocyte phenotype in the adult
murine heart. Circulation. 2002;105(1):93-8.

6. ShanS, Liu Z, Guo T, Wang M, Tian S, Zhang Y, Wang K, Zheng H, Zhao X,
Zuo P,Wang Y, Li D, Liu C. Growth arrest-specific gene 6 transfer promotes
mesenchymal stem cell survival and cardiac repair under hypoxia and
ischemia via enhanced autocrine signaling and paracrine action. Arch
Biochem Biophys. 2018;660:108-20.

7. ZengL,HuQ Wang X, Mansoor A, Lee J, Feygin J, Zhang G, Suntharal-
ingam P, Boozer S, Mhashilkar A, Panetta CJ, Swingen C, Deans R,

From AH, Bache RJ, Verfaillie CM, Zhang J. Bioenergetic and functional
consequences of bone marrow-derived multipotent progenitor cell
transplantation in hearts with postinfarction left ventricular remodeling.
Circulation. 2007;115(14):1866-75.

8. FreymanT, Polin G, Osman H, Crary J, Lu M, Cheng L, Palasis M, Wilensky
RL. A quantitative, randomized study evaluating three methods of mes-
enchymal stem cell delivery following myocardial infarction. Eur Heart J.
2006;27(9):1114-22.

9. ChengG, Liang X, Han Q Mai C, Shi L, Shao Z, Hong Y, Lin F, Li M, Hu B, Li X,
Zhang Y. Apelin-13 pretreatment promotes the cardioprotective effect of
mesenchymal stem cells against myocardial infarction by improving their
survival. Stem Cells Int. 2022;2022:3742678.

10. LiH,HuD,Chen G, Zheng D, Li S, Lin Y, Hong H, Luo Y, Ke Y, Huang Y, Wu
L, Lan T, Wang W, Fang J. Adropin-based dual treatment enhances the
therapeutic potential of mesenchymal stem cells in rat myocardial infarc-
tion. Cell Death Dis. 2021;12(6):505.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 16 of 17

. Pittenger MF, Eghtesad S, Sanchez PG, Liu X, Wu Z, Chen L, Griffith

BP. MSC pretreatment for improved transplantation viability results
in improved ventricular function in infarcted hearts. Int J Mol Sci.
2022,23(2):694.

. Xiong Y, Tang R, Xu J, Jiang W, Gong Z, Zhang L, Ning Y, Huang P, Xu J,

Chen G, Li X, Hu M, Xu J,Wu C, Jin C, Li X, Qian H, Yang Y. Tongxinluo-
pretreated mesenchymal stem cells facilitate cardiac repair via exosomal
transfer of miR-146a-5p targeting IRAK1/NF-kB p65 pathway. Stem Cell
Res Ther. 2022;13(1):289.

. Deng R, LiuY,He H, Zhang H, Zhao C, Cui Z, Hong Y, Li X, Lin F, Yuan D,

Liang X, Zhang Y. Haemin pre-treatment augments the cardiac protec-
tion of mesenchymal stem cells by inhibiting mitochondrial fission and
improving survival. J Cell Mol Med. 2020;24(1):431-40.

. Unsicker K, Spittau B, Krieglstein K. The multiple facets of the TGF-

family cytokine growth/differentiation factor-15/macrophage inhibitory
cytokine-1. Cytokine Growth Factor Rev. 2013;24(4):373-84.

. LiP LvH, Zhang B, Duan R, Zhang X, Lin P, Song C, Liu Y. Growth differen-

tiation factor 15 protects SH-SY5Y cells from rotenone-induced toxicity
by suppressing mitochondrial apoptosis. Front Aging Neurosci. 2022;14:
869558.

. Tiwari KK, Moorthy B, Lingappan K. Role of GDF15 (growth and dif-

ferentiation factor 15) in pulmonary oxygen toxicity. Toxicol In Vitro.
2015;29(7):1369-76.

. Wang S, Li M, Zhang W, Hua H, Wang N, Zhao J, Ge J, Jiang X, Zhang Z, Ye

D, Yang C. Growth differentiation factor 15 promotes blood vessel growth
by stimulating cell cycle progression in repair of critical-sized calvarial
defect. Sci Rep. 2017;7(1):9027.

. Rochette L, Dogon G, Zeller M, Cottin Y, Vergely C. GDF15 and cardiac

cells: current concepts and new insights. Int J Mol Sci. 2021,22(16):8889.

. Zhang, Liang X, Liao S, Wang W, Wang J, Li X, Ding Y, Liang Y, Gao F, Yang

M, Fu Q, Xu A, Chai YH, He J, Tse HF, Lian Q. Potent paracrine effects of
human induced pluripotent stem cell-derived mesenchymal stem cells
attenuate doxorubicin-induced cardiomyopathy. Sci Rep. 2015;5:11235.
Xu J, Kimball TR, Lorenz JN, Brown DA, Bauskin AR, Klevitsky R, Hewett
TE, Breit SN, Molkentin JD. GDF15/MIC-1 functions as a protective and
antihypertrophic factor released from the myocardium in association
with SMAD protein activation. Circ Res. 2006;98(3):342-50.

KempfT, Zarbock A, Widera C, Butz S, Stadtmann A, Rossaint J, Bolomini-
Vittori M, Korf-Klingebiel M, Napp LC, Hansen B, Kanwischer A, Bavendiek
U, Beutel G, Hapke M, Sauer MG, Laudanna C, Hogg N, Vestweber D, Wol-
lert KC. GDF-15 is an inhibitor of leukocyte integrin activation required for
survival after myocardial infarction in mice. Nat Med. 2011;17(5):581-8.
Liang X, Ding Y, Lin F, Zhang Y, Zhou X, Meng Q, Lu X, Jiang G, Zhu H,
Chen'Y, Lian Q, Fan H, Liu Z. Overexpression of ERBB4 rejuvenates aged
mesenchymal stem cells and enhances angiogenesis via PI3K/AKT and
MAPK/ERK pathways. Faseb j. 2019;33(3):4559-70.

Amado CA, Martin-Audera P, Aglero J, Ferrer-Pargada D, Josa Laorden

B, Boucle D, Berja A, Lavin BA, Guerra AR, Ghadban C, Mufioz P,
Garcia-Unzueta M. Alterations in circulating mitochondrial signals

at hospital admission for COPD exacerbation. Chron Respir Dis.
2023;20:14799731231220058.

Yang W, Xia F, Mei F, Shi S, Robichaux WG 3rd, Lin W, Zhang W, Liu H,
Cheng X. Upregulation of Epac1 promotes pericyte loss by inducing
mitochondrial fission, reactive oxygen species production, and apoptosis.
Invest Ophthalmol Vis Sci. 2023;64(11):34.

Nishimura A, Zhou L, Kato Y, Mi X, Ito T, Ibuki Y, Kanda Y, Nishida M.
Supersulfide prevents cigarette smoke extract-induced mitochondria
hyperfission and cardiomyocyte early senescence by inhibiting Drp1-
filamin complex formation. J Pharmacol Sci. 2024;154(2):127-35.

Murry CE, Reinecke H, Pabon LM. Regeneration gaps: observations on
stem cells and cardiac repair. J Am Coll Cardiol. 2006;47(9):1777-85.
Clavellina D, Balkan W, Hare JM. Stem cell therapy for acute myocardial
infarction: mesenchymal stem cells and induced pluripotent stem cells.
Expert Opin Biol Ther. 2023;23(10):951-67.

Shafei AE, Ali MA, Ghanem HG, Shehata Al, Abdelgawad AA, Handal HR,
Talaat KA, Ashaal AE, EI-Shal AS. Mesenchymal stem cell therapy: a prom-
ising cell-based therapy for treatment of myocardial infarction. J Gene
Med. 2017;19(12): €2995.

Sid-Otmane C, Perrault LP, Ly HQ. Mesenchymal stem cell mediates car-
diac repair through autocrine, paracrine and endocrine axes. J Transl Med.
2020;18(1):336.



Huang et al. Stem Cell Research & Therapy ~ (2024) 15:412

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zhang Y, Chiu S, Liang X, Chai YH, Qin Y, Wang J, Li X, Qiu B, Tergaonkar

V, Tse HF, Lian Q. Absence of NUCKS augments paracrine effects of
mesenchymal stem cells-mediated cardiac protection. Exp Cell Res.
2017,356(1):74-84.

Zhang F, Hu G, Chen X, Zhang L, Guo L, Li C, Zhao H, Cui Z, Guo X, Sun

F, Song D, Yan W, Xia Y, Wang S, Fan M, Tao L. Excessive branched-chain
amino acid accumulation restricts mesenchymal stem cell-based
therapy efficacy in myocardial infarction. Signal Transduct Target Ther.
2022;7(1):171.

Peng H, Chelvarajan L, Donahue R, Gottipati A, Cahall CF, Davis KA,
Tripathi H, Al-Darraji A, Elsawalhy E, Dobrozsi N, Srinivasan A, Levitan

BM, Kong R, Gao E, Abdel-Latif A, Berron BJ. Polymer cell surface coating
enhances mesenchymal stem cell retention and cardiac protection. ACS
Appl Bio Mater. 2021;4(2):1655-67.

Raziyeva K, Smagulova A, Kim Y, Smagul S, Nurkesh A, Saparov A. Precon-
ditioned and genetically modified stem cells for myocardial infarction
treatment. Int J Mol Sci. 2020,21(19):7301.

Sarre C, Contreras-Lopez R, Nernpermpisooth N, Barrere C, Bahraoui S,
Terraza C, Tejedor G, Vincent A, Luz-Crawford P, Kongpol K, Kumphune

S, Piot C, Nargeot J, Jorgensen C, Djouad F, Barrere-Lemaire S. PPARB/S
priming enhances the anti-apoptotic and therapeutic properties of mes-
enchymal stromal cells in myocardial ischemia-reperfusion injury. Stem
Cell Res Ther. 2022;13(1):167.

Assadi A, Zahabi A, Hart RA. GDF15, an update of the physiological and
pathological roles it plays: a review. Pflugers Arch. 2020;472(11):1535-46.
Xia M, Zhang Q, Zhang Y, Li R, Zhao T, Chen L, Liu Q, Zheng S, Li H, Qian
Z,Yang L. Growth differentiation factor 15 regulates oxidative stress-
dependent ferroptosis post spinal cord injury by stabilizing the p62-
Keap1-Nrf2 signaling pathway. Front Aging Neurosci. 2022;14: 905115.
Uchikado Y, Ikeda Y, Ohishi M. Current understanding of the pivotal role of
mitochondrial dynamics in cardiovascular diseases and senescence. Front
Cardiovasc Med. 2022;9: 905072.

Liu L, Wu J, Lu C, Ma Y, Wang J, Xu J, Yang X, Zhang X, Wang H, Xu J,
Zhang J. WTAP-mediated m(6)A modification of INCRNA Snhg1 improves
myocardial ischemia-reperfusion injury via miR-361-5p/OPA1-dependent
mitochondrial fusion. J Transl Med. 2024;22(1):499.

Long Y, Ang Y, Chen W, Wang Y, Shi M, Hu F, Zhou Q, ShiY, Ge B, Peng

Y, YuW, Bao H, Li Q Duan M, Gao J. Hydrogen alleviates impaired lung
epithelial barrier in acute respiratory distress syndrome via inhibiting
Drp1-mediated mitochondrial fission through the Trx1 pathway. Free
Radic Biol Med. 2024;218:132-48.

Trewin AJ, Berry BJ, Wojtovich AP, Exercise and mitochondrial dynamics:
keeping in shape with ROS and AMPK. Antioxidants (Basel). 2018;7(1):7.
Li X, Hong Y, He H, Jiang G, You W, Liang X, Fu Q, Han S, Lian Q, Zhang Y.
FGF21 mediates mesenchymal stem cell senescence via regulation of
mitochondrial dynamics. Oxid Med Cell Longev. 2019;2019:4915149.

Du J, Li H, Song J,Wang T, Dong Y, Zhan A, Li Y, Liang G. AMPK activation
alleviates myocardial ischemia-reperfusion injury by regulating Drp1-
mediated mitochondrial dynamics. Front Pharmacol. 2022;13: 862204.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17



	Pretreatment with growth differentiation factor 15 augments cardioprotection by mesenchymal stem cells in myocardial infarction by improving their survival
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell culture
	GDF15 pretreatment
	Cell viability analysis
	TUNEL staining
	Measurement of reactive oxygen species (ROS) generation
	Mitochondrial membrane potential measurement
	RNA sequencing and bioinformatics analysis
	Preparation of conditioned medium (CM)
	Tube formation assay
	ELISA
	Seahorse assay
	Western blotting
	Establishment of an MI model and MSC transplantation
	Masson’s staining
	Immunofluorescence staining
	Statistical analysis


	Results
	GDF15 pretreatment protected MSCs against SDH-induced apoptosis
	GDF15 pretreatment protected MSCs against SDH-induced injury via attenuation of ROS generation
	GDF15 pretreatment downregulates ROS generation in MSCs under SDH challenge via inhibition of mitochondrial fission by regulating the AMPK pathway
	GDF15 pretreatment augments the paracrine effects of MSCs in vitro
	Transplantation of GDF15-MSCs improved cardiac function following infarction in mice
	Transplantation of GDF15-MSCs inhibited cardiomyocyte apoptosis and enhanced angiogenesis in infarcted hearts

	Discussion
	Conclusions
	Acknowledgements
	References


