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Background: The poor engraftment ofmesenchymal stem cells (MSCs) in the ischemic heart post transplantation heavily restricts
their cardioprotective benefits in myocardial infarction (MI). Pretreatment has emerged as a novel approach to enhance the
biological properties of MSCs and enhance their therapeutic efficacy. This study aimed to determine whether pretreatment of
MSCs with fibroblast growth factor 21 (FGF21) could promote their cardioprotective effects in mice with MI and illustrate the
potential mechanisms.
Methods: FGF21-pretreated MSCs (FGF21-MSCs) or MSCs were subjected to serum deprivation and hypoxia (SD/H) for 48 h.
Apoptosis and proliferation of MSCs or FGF21-MSCs under SD/H were assessed using Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay and Ki67 staining, respectively. The conditioned medium (CdM) of MSCs and FGF21-
MSCs was harvested by centrifugation. Left anterior descending coronary artery (LAD) ligation served to establish anMImodel
in mice and thenMSCs or FGF21-MSCs intramyocardially injected into the peri-infarct area. Four weeks later, cardiac function,
fibrosis andMSC engraftment in ischemic heart tissue were determined by echocardiography,Masson’s and immunofluorescence
staining, respectively.
Results: FGF21 pretreatment greatly inhibited apoptosis (p < 0.001) and elevated the proliferation (p < 0.05) of MSCs sub-
jected to SD/H. Pretreatment with FGF21 enhanced the paracrine activity of MSCs, as evidenced by increased tube formation in
HUVECs (human umbilical vein endothelial cells) (p < 0.001). Moreover, treatment with FGF21-MSC-CdM further alleviated
SD/H-induced cardiomyocyte apoptosis (p < 0.05). Mechanistically, FGF21 pretreatment enhanced MSC survival under SD/H
via activation of the AMPK signaling pathway by enhancing liver kinase B1 (LKB1) stability, an effect that was largely reversed
by AMPK inhibitor Compound C. In the murineMI model, transplantation of FGF21-preconditionedMSCs resulted in superior
cardiac recovery, accompanied by enhanced neovascularization (p < 0.001) and decreased cardiac apoptosis (p < 0.001). Impor-
tantly, FGF21 pretreatment significantly increased the persistence of human mitochondrial signaling in the infarcted heart (p <
0.001).
Conclusions: FGF21 pretreatment significantly improved the cardioprotective efficacy of MSCs on MI via elevation of their
survival and paracrine effects, providing a novel therapeutic approach to improve MSC therapy for heart repair following in-
farction.
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Introduction

Myocardial infarction (MI) due to coronary artery oc-
clusion is the predominant cause of severe morbidity and
mortality globally [1]. Following infarction, substantial
cardiomyocytes are lost due to the absence of oxygen in the
infarcted heart, leading to pathological ventricular remodel-
ing and ultimately heart failure [2]. Although considerable
pharmacological and surgical interventions have been ex-
plored for MI treatment, including angiotensin-converting
enzyme inhibitors and percutaneous coronary intervention,
the prognosis for MI patients has shown limited improve-
ment [3]. It is vital to develop innovative and effective
strategies for MI treatment.

Mesenchymal stem cell (MSC)-therapy has become
an innovative strategy for MI treatment because of its
unique advantages that include low immunogenicity, low
risk of teratoma formation and differential capacity [4,5].
Nonetheless despite promising results, there remain obsta-
cles such as their poor survival following transplantation.
After MI, the presence of ischemia creates a hostile mi-
croenvironment that comprises low oxygenation, high ox-
idative stress and inflammation. These strongly inhibit
MSC survival and their subsequent cardioprotective effects
on the infarcted myocardium [6,7]. Novel strategies to
enhance MSC survival post transplantation are urgently
needed. There is recent accumulating evidence that phar-
macological pretreatment can substantially enhance the sur-
vival and paracrine function of transplanted MSCs, thereby
ameliorating cardiomyocyte apoptosis, enhancing angio-
genesis, and eventually improving the therapeutic efficacy
of MSCs for MI [8,9,10]. Therefore, identifying a novel
pharmacologic agent to pretreat MSCs and promote their
survival in the infarcted heart is vital.

Fibroblast growth factor 21 (FGF21) functions as a
unique metabolic hormone that regulates the viability of
multiple types of cells under stress conditions [11,12,13].
It has been reported that FGF21 treatment significantly en-
hances the cell viability of PC12 cells under H2O2 challenge
via inhibition of mitochondrial apoptosis and reduced reac-
tive oxygen species production [14]. FGF21 treatment has
been shown to inhibit apoptosis of HK2 cells, induced by
hypoxia/reoxygenation, viamediation of the PPARγ/NF-κB
signaling pathway [15]. More importantly, several stud-
ies have revealed that FGF21 serves as a therapeutic target
for cardiac repair [16]. Administration of FGF21 has been
shown to attenuate diabetic cardiomyopathy via inhibition
of cardiomyocyte ferroptosis by regulating the ferritin path-
way [17]. Whether FGF21 pretreatment can enhance the
cardioprotection afforded by MSC transplantation follow-
ingMI by improving their survival has nonetheless not been
investigated. We examined the effects of FGF21 pretreat-
ment on the survival and paracrine function of MSCs and
explored the potential mechanisms. We also investigated

the role of FGF21 pretreatment in enhancing the protective
effects ofMSC transplantation in the heart following infarc-
tion.

Materials and Methods

Cell Culture
Human bone marrow–derived mesenchymal stem

cells (BM-MSCs) were purchased from Lonza Bioscience
(PT-2501, Walkersville, MD, USA) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
11965084, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; Life
Technologies, 16000, Carlsbad, CA, USA), 5 ng/mL epi-
dermal growth factor (EGF; PeproTech, AF-10-15, Rocky
Hill, NJ, USA), and 5 ng/mL basic fibroblast growth factor
(bFGF; PeproTech, 100-18B, Rocky Hill, NJ, USA) at 37
°C in a humidified incubator with 5% CO2. MSCs at pas-
sages 4–6 were maintained at 37 °C under standard culture
conditions and used for the study. Human umbilical vein
endothelial cells (HUVECs) were obtained from Servicebio
(STCC12103P, Wuhan, China) and cultured in RPMI 1640
medium (Gibco, C11875500BT, Thermo Fisher Scientific,
Waltham, MA, USA) containing 10% FBS. Both BM-
MSCs and HUVECs were authenticated by short tandem
repeat (STR) profiling. Neonatal mouse cardiomyocytes
(NCMs) were isolated from 0–1-day-old mouse hearts ac-
cording to a previously established protocol [18] and main-
tained at 37 °C in Claycomb medium (Sigma, 51800, St.
Louis, MO, USA) supplemented with 10% FBS. The iden-
tity of isolated NCMs had previously been validated by im-
munofluorescence staining for α-actinin, as reported in our
earlier study [18]. All cell types used in this study, includ-
ing BM-MSCs, HUVECs, and NCMs, were screened for
mycoplasma contamination prior to use, and all results were
negative.

CCK-8 Assay
5 × 103 MSCs were plated on 96-well plates main-

tained with or without different concentrations of fibroblast
growth factor 21 (FGF21; Thermo Fisher Scientific, 100-
42-25UG, Waltham, MA, USA) in a regular culture incu-
bator at 37 °C (normoxia, 21% O2 and 5% CO2) for 24 h
and then exposed for 48 h to serum deprivation and hypoxia
(SD/H, 1% O2 and 5% CO2) in a hypoxic incubator. Via-
bility of MSCs was evaluated using a Cell Counting Kit-8
(CCK-8; APExBIO, K1018, Houston, TX, USA) according
to the protocol.

TUNEL Staining
MSCs were plated on 24-well plates and incubated

with or without FGF21 for 24 h, then exposed to SD/H for
48 h. After treatment, cells were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for
30 min at room temperature, and permeabilized with 0.1%
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Triton X-100 for 10 min. Apoptotic cells were detected us-
ing a TUNEL assay kit (RiboBio, C11026-1, Guangzhou,
China) according to the manufacturer’s instructions. Nuclei
were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI). Fluorescence image were captured under a fluo-
rescence microscope, and the apoptotic rate of MSCs was
quantified as the percentage of TUNEL-positive cells rela-
tive to the total number of DAPI-stained nuclei.

Ki-67 Staining
MSCs were seeded in 24-well plates and incubated

with or without FGF21 for 24 h, followed by exposure
to SD/H for 48 h. Cells were washed with PBS, fixed
with 4% paraformaldehyde for 30 min at room tempera-
ture, permeabilized with 0.1% Triton X-100 for 10 min,
and blocked with 5% bovine serum albumin (BSA) for 1 h.
Cells were then incubated overnight at 4 °C with anti-Ki-
67 primary antibody (Abcam, ab15580, Cambridge, UK),
followed by incubation with the appropriate fluorescence-
conjugated secondary antibody (1:1000, Abcam, ab150079,
Cambridge, UK) for 1 h at room temperature. Nuclei were
counterstained with DAPI. Fluorescence images were cap-
tured under a fluorescencemicroscope, and the proliferative
rate was quantified as the percentage of Ki-67-positive cells
relative to the total number of DAPI-stained nuclei.

Conditioned Medium (CdM) Collection
The CdM was collected as previously reported [18].

MSCs were seeded on a 10-cm plate and cultured for 24 h
with or without FGF21. Subsequently, the mediumwas dis-
carded and changed to antibiotic - and serum-free DMEM
and culture continued for 48 h. Next, MSC-CdMor FGF21-
MSC-CdM underwent ultrafiltration (Millipore, UFC9050,
Billerica, MA, USA). Finally, the concentration of MSC-
CdM or FGF21-MSC-CdM was measured using a BCA
protein kit (Beyotime, P0010, Shanghai, China).

Tube Formation
Capillary tube formation assay was used to exam-

ine the angiogenic capacity of MSC-CdM or FGF21-
MSC-CdM. HUVECs were plated on 24-well plates pre-
coated with growth factor–reduced Matrigel (Corning,
354234, Corning, NY, USA) and cultured for 6 h in
the presence of MSC-conditioned medium (MSC-CdM)
or FGF21-pretreated MSC-conditioned medium (FGF21-
MSC-CdM). Capillary-like structures were imaged in five
randomly selected fields, and total tube length quantified
using ImageJ software (Version1.54, NIH, Bethesda, MD,
USA).

Western Blotting
Total proteins were extracted by RIPA buffer (Be-

yotime, P0013B, Shanghai, China). Protein concentra-
tion was determined using a BCA assay kit (Beyotime,
P0010, Shanghai, China). Equal amounts of protein were

separated by 10% SDS-PAGE gel and transferred onto a
PVDF membrane. Membranes were then blocked with
TBST supplemented with 5% fat-free milk and incubated
at 4 °C overnight with the following antibodies: FGF21
(Abcam, ab171941, Cambridge, UK), LKB1 (Immunoway,
YM8389, Plano, TX, USA), p-AMPK (Affinity, AF3423,
Cincinnati, OH, USA), AMPK (Proteintech, 10929-2-AP,
Wuhan, China) and GAPDH (Proteintech, 60004-1-Ig,
Wuhan, China). After three washes with TBST, the mem-
branes were incubated with appropriate secondary antibod-
ies (anti-rabbit IgG, Proteintech, SA00001-2; anti-mouse
IgG, Proteintech, SA00001-1, Wuhan, China) at room tem-
perature for 1 h. Protein bands were then visualized us-
ing an enhanced chemiluminescence (ECL) detection kit
(Thermo Fisher Scientific, 32106, Waltham, MA, USA)
and imaged using a chemiluminescence imaging system
(Tanon Science & Technology Co., Ltd., Shanghai, China).
Band intensities were quantified using ImageJ software
(NIH, Bethesda, MD, USA).

RNA Sequencing Analysis
Total RNAs from MSCs were extracted by Trizol

reagent (Thermo Fisher Scientific, 15596026, Waltham,
MA, USA). After assessing the quantity, purity and in-
tegrity of RNAs, sequencing was determined using the
BGISEQ-500 platform (BGI, Guangzhou, China) and then
bioinformatics analysis performed. The differentially ex-
pressed genes (DEGs) between any two groups were eval-
uated using linear models with absolute fold change ≥1.5
and adjusted p value < 0.05 as a threshold.

Co-immunoprecipitation (Co-IP) Assay
MSCs subjected to different treatments were lysed in

IP lysis buffer (Thermo Fisher Scientific, Waltham, MA,
USA). After protein quantification, equal amounts of pro-
tein (1000 μg) from each group were incubated overnight
at 4 °C with anti-FGF21 antibody (Abnova, H00026291-
PW3) or control IgG, followed by incubation with protein A
magnetic beads (Thermo Fisher Scientific, Waltham, MA,
USA) overnight at 4 °C. The beads were then collected us-
ing a magnetic rack and washed three times with IP lysis
buffer. Bound proteins were eluted by boiling the beads
in 1× SDS loading buffer at 100 °C for 5 min and subse-
quently subjected toWestern blot analysis using anti-LKB1
antibody (Immunoway, YM8389, Plano, TX, USA).

Establishment of an MI Model and MSC
Transplantation

All study involving animals was approved by the
Committee on the Use of Live Animals in Teaching and
Research of Tongji University for Laboratory Animal
Medicine (Approval No. TJBB04725103). Adult male
C57BL/6J mice (25–30 g) were obtained from Charles
River, Shanghai, China. Myocardial infarction was induced
by ligation of the left anterior descending coronary artery
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(LAD). Mice were anesthetized with 2% isoflurane (RWD
Life Science, Shenzhen, China) and connected to a small
rodent ventilator and surgical LAD ligation performed us-
ing an 8–0 Prolene suture. Following induction of MI, mice
were randomly assigned to one of three groups (n = 8 per
group) to receive intramyocardial injection of MSCs (3 ×
105 cells), FGF21-preconditioned MSCs (3 × 105 cells),
or vehicle control (30 μL PBS). Injections were adminis-
tered at four sites within the peri-infarct border zone. A
sham group (n = 6) underwent thoracotomy without LAD
ligation. Four weeks post-surgery, cardiac function was
evaluated by echocardiography (Vevo 2100, VisualSonics,
Toronto, ON, Canada) and left ventricular ejection fraction
(LVEF) and fractional shortening (LVFS) calculated.

Masson’s Trichrome Staining
At 4 weeks post-MI, and following echocardiographic

evaluation, mice were euthanized by intraperitoneal ad-
ministration of pentobarbital sodium (200 mg/kg), and
heart tissue harvested. Heart samples were fixed in 4%
paraformaldehyde (Servicebio, Wuhan, China), embedded
in paraffin, and sectioned. Masson’s trichrome staining was
performed using a staining kit (Sigma-Aldrich, HT15, St.
Louis, MO, USA). The percentage infarct area was calcu-
lated as the ratio of the fibrotic left ventricular area to total
area × 100%.

Immunofluorescence Staining
For immunofluorescence staining, heart tissue sec-

tions were incubated overnight at 4 °C with the pri-
mary antibodies: anti-CD31 (Abcam, ab7388, Cambridge,
UK), anti-α-smoothmuscle actin (α-SMA; Abcam, ab5694,
Cambridge, UK) and anti-human mitochondria (Abcam,
ab92824, Cambridge, UK). After washing with PBS, sec-
tions were incubated for 1 h at room temperature with
fluorescence-conjugated secondary antibodies (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). Nuclei
were counterstained with DAPI (Beyotime, C1002, Shang-
hai, China). Six randomly selected fields per mouse were
imaged, and the mean value from these fields used for
quantification. Capillary density, arteriolar density, and
human mitochondrial signals were expressed as the num-
ber of CD31+ vessels, α-SMA+ vessels, and mitochondria-
positive signals per field, respectively. Each mouse was
treated as one independent biological replicate.

Statistical Analysis
Data are presented as the mean ± SEM and ana-

lyzed by GraphPad Prism software (version 10.0, Graph-
Pad Software, San Diego, CA, USA). Data normality
was assessed using the Shapiro–Wilk test before statisti-
cal analysis. Comparisons between two groups were per-
formed using an unpaired Student’s t-test, and comparisons
among three or more groups were analyzed using one-way
ANOVA followed by Bonferroni’s post hoc correction. A
p value < 0.05 was considered statistically significant.

Results

FGF21 Pretreatment Promoted Survival of MSCs
When Subjected to SD/H Challenge

To determinewhether FGF21 regulatedMSC survival,
we evaluated the level of FGF21 in MSCs under SD/H.
The expression of FGF21 was gradually downregulated in
a time-dependent manner compared with the control group
(all p < 0.05), although no significant difference was ob-
served between the 48 h and 60 h time points (Fig. 1A).
To examine the role of FGF21 in protecting against MSC
injury under SD/H, MSCs were pretreated for 24 h with 10,
20, 40 and 60 ng/mL FGF21 and then subjected to SD/H for
48 h. CCK-8 assay revealed that FGF21 treatment signifi-
cantly improved MSC viability under SD/H conditions in a
dose-dependent manner compared with the untreated SD/H
group (all p < 0.01). Notably, no significant difference was
observed between the 40 and 60 ng/mL groups (Fig. 1B).
Therefore, 40 ng/mL FGF21 was used for further studies.
Subsequently, MSCs were pretreated with FGF21 for 24 h
and then subjected to SD/H for 48 h. FGF21 pretreatment
greatly ameliorated MSC apoptosis under SD/H conditions
(p < 0.001, Fig. 1C). Moreover, SD/H challenge signif-
icantly downregulated the proliferative capacity of MSCs
although this effect was largely reversed by FGF21 pretreat-
ment (p < 0.05, Fig. 1D). These data suggest that pretreat-
ment with FGF21 promoted MSC survival when subjected
to SD/H challenge.

FGF21 Pretreatment Promoted MSC Survival via
Activation of the AMPK Pathway Under SD/H
Challenge

To determine the cellular mechanisms underlying
FGF21 pretreatment-enhanced MSC survival under SD/H
challenge, we harvested MSCs from the normoxia, SD/H
and SD/H + FGF21 group and then performed Bulk-RNA-
seq analysis. As shown in Fig. 2A, the level of 2273
genes increased, and that of 1892 genes decreased in the
SD/H group compared with the normoxia group. Com-
pared with the SD/H group, the level of 529 genes was en-
hanced and that of 878 were reduced in the SD/H + FGF21
group (Fig. 2A). Moreover, downregulation of 427 genes in
MSCs subjected to SD/H was reversed by FGF21 pretreat-
ment (Fig. 2B). KEGG enrichment analyses revealed that
the genes reversed by FGF21 pretreatment were closely as-
sociated with the HIF-, VEGF- and AMPK signaling path-
ways (Fig. 2C) that are known to play critical roles in
cellular responses to hypoxia, angiogenesis, and metabolic
stress [19,20]. Given its key role in energy homeostasis
and stress adaptation, as well as its established association
with FGF21 signaling [21,22], the AMPK pathway was se-
lected for further investigation. To validate its involvement,
we determined whether FGF21-mediated protection under
SD/H conditions depended on AMPK activation. TUNEL
staining revealed that AMPK inhibitor Compound C greatly
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Fig. 1. FGF21 pretreatment promotedMSC survival under SD/H challenge. (A)Western blotting assay measured the level of FGF21
in MSCs under SD/H challenge at different timepoints. (B) CCK-8 assessed MSC viability with or without different concentrations of
FGF21 pre-treatment under normoxic or SD/H conditions for 24 h. (C) TUNEL staining assessed the apoptotic rate of MSCs with or
without FGF21 treatment under normoxic or SD/H. (D) Ki-67 staining assessed the proliferative capacity of MSCs with or without
FGF21 treatment under normoxic or SD/H challenge. n = 3. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. FGF21, fibroblast
growth factor 21; MSC, mesenchymal stem cell; SD/H, serum deprivation and hypoxia; CCK-8, Cell Counting Kit-8; TUNEL, Terminal
deoxynucleotidyl transferase dUTP nick end labeling.
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Fig. 2. FGF21 pretreatment promoted MSC survival via activation of the AMPK pathway under SD/H challenge. (A) Differen-
tially expressed genes in SD/H vs. normoxia group and SD/H + FGF21 versus SD/H group. (B) The overlap between the downregulated
genes in SD/H group vs. normoxia group and upregulated genes in SD/H + FGF21 group vs. SD/H group. (C) KEGG pathway enrich-
ment of the overlap between downregulated genes in the SD/H group vs. normoxia group and upregulated genes in the SD/H + dFGF21
group vs. SD/H group. (D) The apoptosis of MSCs under normoxia, SD/H, SD/H + FGF21 and SD/H + FGF21 + Compound C treatment.
(E) Western blotting determined the protein level of LKB1, p-AMPK, and AMPK in MSCs under normoxia, SD/H, SD/H + FGF21 and
SD/H + FGF21 + Compound C treatment. n = 3. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. AMPK, AMP-activated protein
kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes; LKB1, liver kinase B1.

mitigated the protective effect of FGF21 against SD/H-
induced MSC apoptosis (p < 0.05, Fig. 2D). Western blot-
ting demonstrated that FGF21 pretreatment significantly re-
stored the decreased expression of LKB1, a key upstream
kinase responsible for AMPK activation, as well as the level
of p-AMPK in MSCs under SD/H (p < 0.001, Fig. 2E).
Nonetheless Compound C co-treatment significantly down-

regulated the increased p-AMPK in FGF21-treated MSCs
under SD/H (p < 0.05) but had no impact on LKB1 ex-
pression (Fig. 2E). These data collectively highlighted that
FGF21 pretreatment promoted survival of MSCs subjected
to SD/H via activation of the AMPK pathway and regula-
tion of LKB1.
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Fig. 3. FGF21 treatment stabilized LKB1 in MSCs. (A) Predicted binding interface between FGF21 and LKB1 based on molecular
docking analysis. (B) Co-IP assay suggested an association between FGF21 and LKB1 in MSCs. (C) Immunofluorescence staining
detected colocalization of FGF21 and LKB1 in MSCs. (D) Western blot analysis of LKB1 protein level in MSCs treated with FGF21 in
the presence or absence of cycloheximide (CHX). n = 3. **p < 0.01; ***p < 0.001 for the comparison between MSCs and FGF21-MSCs
at the same time point. Co-IP, co-immunoprecipitation.

FGF21 Treatment Stabilizes LKB1 in MSCs

Subsequently, we aimed to investigate how FGF21
regulated LKB1 expression. Molecular docking analy-
sis predicted potential binding interfaces between FGF21
and LKB1 (Fig. 3A). Co-IP assay suggested an in-

teraction between FGF21 and LKB1 (Fig. 3B). Dou-
ble immunofluorescence staining demonstrated that FGF21
was co-localized with LKB1 in MSCs, suggesting spa-
tial proximity between the two proteins (Fig. 3C). Since
FGF21 treatment could enhance the protein level of LKB1
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Fig. 4. FGF21 pretreatment enhancedMSC paracrine actions. (A) Representative images and quantification of HUVEC tube forma-
tion in DMEM, MSC-CdM or FGF21-MSC-CdM. (B) The apoptosis of NCMs treated with DMEM, MSC-CdM or FGF21-MSC-CdM
under SD/H challenge. n = 3. *p < 0.05; ***p < 0.001. HUVEC, human umbilical vein endothelial cell; DMEM, Dulbecco’s modified
Eagle’s medium; CdM, conditioned media; NCMs, Neonatal mouse cardiomyocytes.

in MSCs, we treated FGF21-MSCs with cycloheximide
(CHX), a protein synthesis inhibitor. Results showed that
FGF21 treatment prolonged the half-life of LKB1 protein
under CHX challenge, indicating that FGF21 contributed
to the stabilization of LKB1 (p < 0.01, Fig. 3D). Collec-
tively, FGF21 treatment stabilized LKB1 in MSCs, thereby
activating the AMPK pathway.

FGF21 Pretreatment Enhanced the Paracrine
Actions of MSCs

To examine whether pretreatment of FGF21 could
enhance MSC paracrine actions, we isolated CdM from
MSCs with or without FGF21 pretreatment and incubated
them with HUVECs to determine their angiogenic capac-
ity. Compared with the DMEM control, both MSC-CdM
and FGF21-MSC-CdM significantly increased tube forma-
tion in HUVECs, with the FGF21-MSC-CdM group ex-
hibiting a markedly greater effect than MSC-CdM alone (p
< 0.001, Fig. 4A). Under SD/H conditions, NCMs treated
with MSC-CdM exhibited significantly reduced apoptosis
compared with the DMEM group, and this protective effect
was further enhanced by FGF21-MSC-CdM (p < 0.05, Fig.
4B). Taken together, these data revealed that pretreatment
with FGF21 enhanced MSC paracrine actions.

FGF21-MSC Transplantation Enhanced Heart
Function in Mice Following Infarction

We next investigated whether FGF21 pretreatment
could enhance the reparative potential of MSCs in MI by
delivering MSCs or FGF21-MSCs into the infarcted heart,
followed by echocardiographic evaluation of cardiac per-
formance (Fig. 5A). At 4 weeks post transplantation, LVEF
and LVFSwere greatly decreased in theMI group compared
with the sham group but significantly enhanced in the MSC
group and further improved in the FGF21-MSC group, in-
dicating superior therapeutic effects of FGF21-MSC trans-
plantation for MI (p < 0.001, Fig. 5B). Consistent with
MI-induced remodeling, the infarcted myocardium exhib-
ited extensive fibrosis compared with sham-operated mice;
this pathological change was attenuated by MSC transplan-
tation and further alleviated by FGF21-pretreated MSCs (p
< 0.001, Fig. 5C). To evaluate the persistence of trans-
planted cell-derived signals in the infarcted myocardium,
immunostaining for human mitochondria was performed 4
weeks after transplantation. Human mitochondrial signals
were significantly greater in the FGF21-MSC group than
in the MSC group (p < 0.001, Fig. 5D), suggesting en-
hanced persistence of transplanted cell-derived material in
the infarcted heart. Collectively, these findings indicated
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Fig. 5. Transplantation of FGF21-MSCs improved heart function in mice following infarction. (A) Echocardiographic images
captured at 4 weeks in mice from different groups. (B) Quantitative analysis of LVEF and LVFS at 4 weeks in mice from different
groups. (C) Masson’s trichrome staining of heart tissue and measurement of infarct size at 4 weeks in mice from different groups. (D)
Anti-human mitochondrial staining and measurement of the number of human mitochondria in the heart tissue from MSC group or
FGF21-MSC group. n = 6. ***p < 0.001. LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening.

that pretreatment with FGF21 pretreatment augmented the
therapeutic effects of MSC transplantation for cardiac re-
pair following MI.

Transplantation of FGF21-MSCs Enhanced
Angiogenesis and Inhibited Cardiac Apoptosis
Following Infarction

As shown in Fig. 6A, cardiac apoptosis was markedly
increased in MI mice compared with the sham group,
whereas both MSC and FGF21-MSC treatments signifi-
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Fig. 6. Transplantation of FGF21-MSCs enhanced angiogenesis and inhibited apoptosis in the ischemic heart of mice. (A) TUNEL
staining images and quantitative analysis of the degree of apoptosis in heart tissue from mice with different treatments. (B) CD31 or
α-SMA staining images of the heart tissue from mice with different treatments. (C) Measurement of the capillary density and arteriolar
density in heart tissue from mice with different treatments. n = 6. ***p < 0.001. CD31, cluster of differentiation 31; α-SMA, α-smooth
muscle actin.

cantly attenuated apoptosis, with a more pronounced reduc-
tion observed in the FGF21-MSC group (p < 0.001, Fig.
6A). We next assessed vascular remodeling in the infarcted
hearts. CD31 immunostaining demonstrated that bothMSC
and FGF21-MSC treatments significantly increased capil-
lary density compared with the MI group, with a more pro-
nounced effect observed in the FGF21-MSC group (p <
0.001, Fig. 6B,C). Consistently, α-SMA staining showed
that MSC or FGF21-MSC transplantation greatly elevated
arteriolar density in the ischemic heart tissue of mice (p <
0.001, Fig. 6B,C). Moreover, arteriolar density was greatly
up-regulated in the FGF21-MSC group compared with the
MSC group (p < 0.001, Fig. 6B,C). These results showed
that FGF21-MSC transplantation enhanced angiogenesis
and attenuated cardiac apoptosis in the heart of mice fol-
lowing infarction.

Discussion

This current study offers several major findings. First,
FGF21 pretreatment greatly improved MSC survival via
activation of the AMPK pathway under SD/H conditions.
Second, FGF21 treatment activated the AMPK pathway
in SD/H-treated MSCs, at least in part, by enhancing
LKB1 stability. Third, FGF21 pretreatment enhanced the
paracrine activity of MSCs, as evidenced by augmented
angiogenesis and reduced SD/H-induced cardiomyocyte
apoptosis. Fourth, FGF21-MSC transplantation greatly im-
proved heart function in mice post infarction via both en-
hanced survival of MSCs and angiogenesis. Our study re-
veals that FGF21 pretreatment can serve as a novel means
to enhance MSC-based therapy for the infarcted heart.
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There is a growing body of evidence that MSC trans-
plantation exerts beneficial effects on MI through multiple
molecular mechanisms including differentiation capacity,
transferred mitochondria and immunomodulation capac-
ity [23,24]. Nevertheless their cardioprotective effects are
largely restricted by the poor viability of transplantedMSCs
due to the challenging microenvironment post-infarction
[25,26,27]. Fewer than 2% of MSCs survive at 4 weeks af-
ter transplantation in the infarcted heart tissue of rats [28].
Similarly, only 3% of MSCs could be detected at 14 days
post-transplantation in a porcinemodel ofMI [29]. To over-
come this obstacle, several approaches including genetic
modification, pharmacologic pretreatment and biological
patches have been explored to enhance MSC viability post
transplantation in the infarcted heart [30,31,32]. Among
these approaches, pretreatment has been widely used be-
cause it is an easy and economical strategy [10]. It has
been reported that MSCs pretreated with haemin, a potent
haem oxygenase 1 inducer, prior to transplantation exhib-
ited significantly improved survival and thereby enhanced
the cardiac function of mice with MI [33]. It is vital to
identify critical biological agents to pretreat MSCs prior
to transplantation. It has been reported that FGF21 treat-
ment remarkably enhanced the viability of epidermal cells
under ultraviolet B irradiation via regulation of AMPK-
mediated autophagy [34]. Furthermore, FGF21 treatment
was reported to alleviate hypoxia/regeneration-induced fer-
roptosis of pulmonary epithelial cells via activation of the
FGFR1/PPARδ pathway [35]. These results encouraged
us to examine whether FGF21 pretreatment could improve
survival ofMSCs in the infarcted heart. We first determined
that FGF21 pretreatment significantly improved MSC sur-
vival as shown by decreased apoptosis under SD/H chal-
lenge in vitro. Treatment of CdM derived from FGF21-
pretreated MSCs greatly improved endothelial tube length
of HUVECs and inhibited SD/H-induced cardiomyocyte
apoptosis, suggesting FGF21 pretreatment enhanced the
paracrine actions of MSCs. Furthermore, in comparison to
MSCs, FGF21 pretreatment greatly enhanced MSC viabil-
ity in the infarcted region and improved the repair efficacy
in mice with MI via promotion of angiogenesis and inhibi-
tion of apoptosis.

To address the potential cellular mechanisms un-
derlying this protection afforded by FGF21 pretreatment
against SD/H-induced MSC injury, we harvested MSCs
from the normoxia, SD/H and SD/H + FGF21 group and
then performed RNA-seq analysis. In comparison with
the normoxia group, downregulation of 427 genes in the
SD/H group was partially reversed by FGF21 pretreatment.
KEGG enrichment analysis revealed these genes were pri-
marily involved in the AMPK signaling pathway. The
AMPK signaling pathway regulates cell viability under var-
ious stress conditions [36,37]. It has been reported that
FOXO3 overexpression increases cell viability of human
lens epithelial cells under ultraviolet B radiation via acti-

vation of the AMPK pathway [38]. Hypericin treatment
has been shown to increase cardiomyocyte viability un-
der hypoxia/reoxygenation conditions via upregulation of
the AMPK/PGC-1α pathway [39]. In this study, FGF21
pretreatment significantly inhibited MSC apoptosis under
SD/H challenge via upregulation of p-AMPK expression,
an effect that was partially reversed by an AMPK inhibitor.
This suggested that FGF21 regulatedMSC viability via me-
diation of the AMPK pathway. To further explore how
FGF21 activates the AMPK pathway, we performed molec-
ular docking analysis that predicted a potential interaction
interface between FGF21 and LKB1. Together with the
Co-IP results, these findings suggest a possible associa-
tion of FGF21 with LKB1. Nonetheless considering the
canonical receptor-mediated mode of FGF21 signaling, it is
more likely that FGF21 regulates LKB1 stability indirectly
rather than through direct intracellular binding. LKB1 is an
upstream kinase that phosphorylates and activates AMPK,
thereby regulating diverse cellular processes [40,41]. It
has been reported that liraglutide mediates lipid metabolism
via regulation of the FGF21- LKB1- and AMPK pathways
in white adipose tissue [42]. Nevertheless the molecular
mechanisms underlying this FGF21-LKB1 interaction re-
main unclear. In our study, FGF21 treatment significantly
increased the protein level of LKB1 in MSCs. Under CHX
treatment, FGF21 prolonged the half-life of LKB1 protein,
indicating that FGF21 contributed to the stabilization of
LKB1.

Some limitations in the current study need to be high-
lighted. First, whether FGF21 pretreatment promotes MSC
survival in the infarcted heart via regulation of other path-
ways warrants investigation. Second, MSC transplanta-
tion promoted cardiac repair following infarction via secre-
tion of exosomes [43,44]. Whether FGF21 pretreatment
improves the therapeutic efficacy of MSC-secreted exo-
somes for infarcted hearts has not been assessed. Third,
although FGF21 pretreatment enhanced MSC paracrine
effects, the critical cytokines in the CdM derived from
FGF21-MSCs remain to be determined. Fourth, in addition
to FGF21-MSCs, whether MSC transplantation combined
with FGF21 treatment can further promote cardioprotective
effects for MI was not determined.

Conclusions

Our results show that FGF21 pretreatment greatly im-
proved the survival of MSCs under ischemic conditions as
well as their paracrine effects, thus facilitating cardiac re-
pair following infarction. Our study highlighted FGF21
pretreatment as an effective means to improve the therapeu-
tic effects of MSCs for cardiovascular diseases and holds
great potential for clinical translation.
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