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Abstract

Background: Cell therapy remains the most promising approach against ischemic heart injury. However, poor
survival of engrafted cells in ischemic sites diminishes its therapeutic efficacy. Follistatin-like 1 (Fstl1) is documented
as a novel pro-survival cardiokine for cardiomyocytes, and it is protective during ischemic heart injury. In the
present study, we characterize the potential of Fstl1 as an effective strategy to enhance hypoxia resistance of donor
cells and optimize stem cell-based therapy.

Methods: Murine bone marrow-derived mesenchymal stem cells (MSCs) were expanded in monolayer culture and
characterized by flow cytometry. MSCs were subjected to hypoxia to mimic cardiac ischemic environment. Expression
of Fstl1 was monitored 0, 24, and 48 h following hypoxia. Constitutive expression of Fstl1 in MSCs was achieved by
lentivirus-mediated Fstl1 overexpression. Genetically modified MSCs were further collected for cell death and
proliferation assay following 48 h of hypoxic treatment. Acute myocardial infarction (MI) model was created by ligating
the left anterior descending coronary artery, while control MSCs (MSCs-mCherry) or Fstl1-overexpressing MSCs
(MSCs-Fstl1) were injected into the peri-infarct zone simultaneously. Subsequently, retention of the donor cells was
evaluated on post-therapy 1, 3, & 7 days. Finally, myocardial function, infarct size, inflammation, and neovascularization
of the infarcted hearts were calculated thereafter.

Results: Expression of Fstl1 in hypoxic MSCs declines dramatically in a time-dependent manner. In vitro study further
demonstrated that Fstl1 promotes survival and proliferation of hypoxic MSCs. Moreover, Fstl1 significantly prolongs
MSC survival/retention after implantation. Finally, transplantation with Fstl1-overexpressing MSCs significantly improves
post-MI cardiac function by limiting scar formation, reducing inflammatory response, and enhancing neovascularization.

Conclusions: Our results suggest Fstl1 is an intrinsic cardiokine promoting survival and proliferation of MSCs, thereby
optimizing their engraftment and therapeutic efficacy during cell therapy.
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Background
Myocardial infarction (MI) is the leading cause of mor-
bidity and mortality worldwide. In terms of current
therapeutic options for MI, stem cell-based therapies
hold great promise for heart regeneration [1]. Bone
marrow-derived mesenchymal stem cells (MSCs) have
unique properties that make them ideally suited for
off-shelf clinical cell transplantation; they are easily ex-
tractable and are immune-privileged with multilineage
potential [2]. Nevertheless, their therapeutic efficacy has
been hindered by poor survival, retention, and engraft-
ment of transplanted cells due to insufficient blood sup-
ply, poor nourishment of cells, and generation of free
radicals [3]. Thus, it is reasonable to search for novel
strategy promoting donor cell survival as well as opti-
mizing their therapeutic effects.
Follistatin-like 1 (Fstl1), also known as TSC-36, is a se-

creted glycoprotein induced by transforming growth
factor-β1 (TGF-β1) [4]. Previous literature has demon-
strated that Fstl1 exerts cardiovascular-protective activities
in ischemia and pathological cardiac hypertrophy models
[5–7]. Recently, we reported that Fstl1 protects cardio-
myoblasts from cell death through Akt and Smad1/5/9
signaling [8]. It is worthy of note that although cardiac
Fstl1 level is markedly elevated in post-MI myocardium
[6], retention and engraftment of donor cells in ischemic
border zone are still very low [3]. We therefore propose
that supplementation of intrinsic Fstl1 may further im-
prove survival and engraftment of donor MSCs.
In the present study, we demonstrated that Fstl1 is a

critical molecule determining the fate of implanted
MSCs. Overexpression of Fstl1 in MSCs enhances their
resistance to hypoxia and hence their potential in vivo
lifespan. It is worthy of note that Fstl1-overexpressing
MSCs improve post-MI cardiac function more effect-
ively, with reduced fibrosis, inflammatory cell infiltra-
tion, and enhanced neovascularization in peri-infarct
zones. In summary, our results support the promise of
Fstl1 as an effective strategy to optimize stem cell-based
therapy in tissue injury.

Materials and methods
Animals
C57BL/6J mice were obtained from the Experimental
Animal Center of the Chinese Academy of Medicine Sci-
ences of Soochow University. All animal protocols were
approved based on the local ethics legislation with re-
spect to animal experimentation.

Culture and characterization of bone marrow MSCs
Bone marrow-derived MSCs from C57BL/6J mice
(Cyagen Biosciences) were expanded in monolayer
culture with mesenchymal stem cell growth medium
(Cyagen Biosciences) supplemented with 10% fetal

bovine serum at 37 °C until the cells reached 80% con-
fluence as described previously [9]. The cells were then
trypsinized and frozen in liquid nitrogen for later use.
The enriched MSC population was characterized with
antibodies against CD29, CD44, CD45, CD90, CD117,
Sca-1, and their relative isotype controls on a flow cy-
tometry (Millipore Guava easyCyte) as previously de-
scribed [10].

Lentivirus transduction of MSCs
The recombinant lentivirus for Fstl1 was purchased from
GeneChem (GV320, China) and designated as LV-Fstl1.
Order of the vector elements is Ubi-MCS-
3FLAG-SV40-mCherry. The mCherry empty vector was
used as a control and designated as LV-mCherry. MSCs
infected with LV-Fstl1 or LV-mCherry at a multiplicity
of infection of 10 were designated as MSCs-Fstl1 and
MSCs-mCherry, respectively. Transduction efficiency
was determined based on observation under fluorescent
microscope 72 h after infection. Overexpression of Fstl1
in MSCs-Fstl1 was further confirmed by qRT-RCR and
western blot analysis.

Annexin V analysis and EdU incorporation assay
MSCs-mCherry and MSCs-Fstl1 were seeded in 6-well
plates and incubated under hypoxic condition (94% N2,
5% CO2, and 1% O2) for 48 h. Cell death was measured
by Annexin V-PE/7-AAD dead cell apoptosis kit (BD
Pharmingen), and Annexin V-positive cells were quanti-
fied on a flow cytometry (Millipore Guava easyCyte) as
described previously [11, 12]. Cells treated with 25 μM
etoposide for 24 h were used as positive controls for
apoptosis assay. Cell proliferation was assessed by
click-it EdU flow cytometry kit (Life Technologies) ac-
cording to the manufacturer’s instructions. Briefly, cells
were incubated with 10 μM ethynyldeoxyuridine (EdU)
for 2 h immediately after hypoxic treatment. Nuclear
EdU was further marked by binding of azide group of
click-it®Alexa Fluor 647 fluorophore to alkyne group of
EdU. EdU incorporation was finally analyzed on a flow
cytometry (Millipore Guava easyCyte).

Tube formation assay
For the in vitro tube formation assay, 100 μL thawed
Matrigel (BD Biosciences) was coated on 96-well plates
at 37 °C for 1 h to allow the matrix to polymerize. Next,
2 × 104 human umbilical vein endothelial cells
(HUVECs) suspended in 50 μL endothelial growth
medium-2 (EGM-2, Lonza) plus 50 μL MSC conditioned
medium were seeded on the Matrigel and incubated at
37 °C for 12 h. Tube structures were inspected under an
inverted light microscope. Tube length and branching
per well were analyzed by ImageJ software as described
previously [13, 14].
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MI and implantation of MSCs
Permanent MI was established by ligation of the left an-
terior descending coronary artery (LAD) in male C57BL/
6J mice as previously described [15]. Briefly, animals
were put under general anesthesia and ventilated by a
rodent respirator. After a left thoracotomy between the
third and fourth intercostal space, the left ventricle was
exposed satisfactorily and LAD was ligated. Successful
induction of MI was verified by a color change in the in-
farct region after ligation. Immediately after MI, 5 × 105

cells suspended in 20 μL PBS were intramyocardially
injected surrounding the infarct zones at two different
sites. Finally, a thoracic incision was carefully closed,
and the mice were allowed to recover. Whereas in the
sham-operated group, the needle was passed around the
artery without ligation.

Animal study design
Mice were randomized into four groups: (1) sham, (2)
MI/PBS, (3) MI/MSCs-mCherry, and (4) MI/
MSCs-Fstl1. MSC engraftment was monitored by
mCherry signal on post-therapy 1 day and by CM-DiI la-
beling on post-therapy 3 and 7 days (n = 3–10). More-
over, cardiac function was assessed by echocardiography
on post-therapy 7 and 14 days (n = 6–10). Masson’s tri-
chrome and immunofluorescent staining for vimentin,
CD68, BS1 lectin, CD31, and α-SMA was performed on
post-therapy 7 days to evaluate fibrosis, inflammatory
cell infiltration, and neovascularization. Finally, total
RNA from host myocardium proximal to transplanted
cells was used to analyze the expression of fibrotic and
inflammatory genes after cell transplantation (n = 3–4).

Detection of MSCs recruitment
For detection of engrafted cells, MSCs were pre-labeled
with 1 μg/mL chloromethylbenzamido (CM-DiI, Invitro-
gen) before cell therapy as described previously [16]. Al-
ternate sets of serial vertical sections around the
injection site were prepared and further monitored by
fluorescent microscopy. Engrafted MSCs were also iden-
tified by co-localization of mCherry fluorescence (red)
and immunofluorescent signal from anti-mCherry
(green). Briefly, serial slides were sequentially incubated
with rabbit anti-mCherry primary antibody (Abcam),
FITC-conjugated anti-rabbit IgG (Senta Cruz), and
DAPI-containing anti-fade medium and imaged under a
fluorescent microscope.

Echocardiographic measurements
Cardiac function of mice was evaluated by transthoracic
echocardiography on Vevo 2100 system (VisualSonics,
Canada) equipped with an 80-MHz probe as described
previously [17]. All parameters were measured from
M-mode recoding. Left ventricle ejection fraction (EF) and

fractional shortening (FS) were automatically calculated by
the echocardiography software using the following formu-
las: EF (%) = (LVID;d3 − LVID;s3)/LVID;d3 × 100% and FS
(%) = (LVID;d − LVID;s)/LVID;d × 100%, respectively.

Assessment of infarct size
Scar formation was analyzed using a Masson’s Trichrome
Stain Kit (Sigma) as described previously [18]. In brief,
hearts were collected and cut into frozen sections of 7 μm.
Stained slides were photographed and quantified with
ImageJ software. The percentage of infarct size was calcu-
lated as (fibrosis area/total LV area) × 100%.

Immunofluorescent staining
Immunofluorescent staining was performed according to
the standard protocol as previously reported [19].
Briefly, the heart sections were incubated with
anti-vimentin, anti-CD68, anti-CD31 (Abcam), and
anti-α-SMA (Santa Cruz) to detect fibroblasts, macro-
phages, and blood vessels. Then, FITC-conjugated
anti-mouse IgG or anti-rabbit IgG was added and incu-
bated for 1 h before observation. For detection of neo-
vascularization, 1 mg/mL Griffonia (Bandeiraea)
simplicifolia lectin 1 (BS1 lectin; Vector) was injected into
the left ventricle via direct cardiac puncture 15min before
the sacrifice of mice. Slides were sequentially stained with
goat anti-BS1 lectin antibody (Vector) and Alexa Fluor
488-conjugated anti-goat IgG (Jackson ImmunoResearch).
Finally, the heart sections were mounted with
DAPI-containing anti-fade medium and imaged.

Reverse transcription PCR and quantitative RT-PCR
Total RNA was reverse transcribed to cDNA using the
PrimeScript RT reagent Kit (Takara, Japan). qRT-PCR
was performed using the SYBR Premix Ex Taq reaction
mix (Takara, Japan) on a StepOne Plus real-time PCR
system (Applied Biosystems) as previously reported [20].
The reaction conditions included 95 °C for 10 min and
then 40 cycles of 95 °C for 15 s, 65 °C for 30 s, and 72 °C
for 10 s. Expression of target genes was determined by
comparative ΔΔCt method and GAPDH or 18S was used
as an internal control gene. The sequences of specific
primer pairs are described below: Fstl1, 5′-TTAT
GATGGGCACTGCAA-3′ and 5′-ACTGCCTTTAGAG
AACCAG-3′; Fsp1, 5′-AGGAGCTACTGACCAGGGA
GCT-3′ and 5′-TCATTGTCCCTGTTGCTGTCC-3′;
α-SMA, 5′-GCTGGTGATGATGCTCCCA-3′ and 5′
-GCCCATTCCAACCATTACTCC-3′; CTGF, 5′-GGCC
TCTTCTGCGATTTCG-3′ and 5′-GCAGCTTGACCC
TTCTCGG-3′; Col1a1, 5′-CCAAGAAGACATCCCTG
AAGTCA-3′ and 5′-TGCACGTCATCGCACACA-3′;
Fn1, 5′-GTGTAGCACAACTTCCAATTACGAA-3′ and
5′-GGAATTTCCGCCTCGAGTCT-3′; TNF-α, 5′-AAA
CCACCAAGTGGAGGAGC-3′ and 5′-ACAAGGTAC
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AACCCATCGGC-3′; IL-6, 5′-CGTGGACCTTCCAG
GATGAG-3′ and 5′-CATCTCGGAGCCTGTAGTG
C-3′; IL-1β, 5′-TGTAATGAAAGACGGCACAC-3′ and
5′-CTCCACTTTGCTCTTGACTTC-3′; VEGF, 5′-GCA
CATAGAGAGAATGAGCTT-3′ and 5′-CCCTCCGCT
CTGAACAAGGCT-3′; PDGF-BB, 5′-TCCGGCTGCTG
CAATAACC-3′ and 5′-GGCTTCTTTCGCACAATCT
CAAT-3′; IGF-1, 5′-TCTGAGGAGGCTGGAGATG
T-3′ and 5′-GTTCCGATGTTTTGCAGGTT-3′; Ang-1,
5′-ATCTTGATAACCGCAGCCAC-3′ and 5′-TGTCGG
CACATACCTCTTGT-3′; bFGF, 5′-CCAGTTGGTATG
TGGCACTG-3′ and 5′-CAGGGAAGGGTTTGACAA
GA-3′; GAPDH, 5′-TGCCCAGAACATCATCCCT-3′
and 5′-GGTCCTCAGTGTAGCCCAAG-3′; and 18S,
5′-GTAACCCGTTGAACCCCATT-3′ and 5′-CCAT
CCAATCGGTAGTAGCG-3′.

Western blot analysis
Protein lysates were processed for western blot analysis
following the standard protocol [21, 22]. The following
primary antibodies were used to recognize the proteins:
p-Akt (Ser473), Akt, p-GSK-3β (Ser9), GSK-3β (Cell Sig-
naling Technology), Fstl1 (R&D), Vimentin (Abcam),
α-SMA, and GAPDH (Santa Cruz). Immunoreactivity
was detected by routine enzymatic chemiluminescence.

Statistical analysis
Data were expressed as mean ± SEM. Statistical analysis
was performed using ANOVA for multiple comparisons
and two-tailed Student’s t test for comparisons between the
two groups. P < 0.05 was considered statistically significant.

Results
Fstl1 expression declines dramatically in hypoxic MSCs
MSCs were isolated from the bone marrow of C57BL/
6J mice. They are typically either spindle-shaped or tri-
angular and adherent to plastic dishes (Fig. 1a). Cell
surface markers of MSCs were further identified by
flow cytometry (Fig. 1b–g). As expected, nearly all of
the cells acquired in our study express typical mesen-
chymal stem cell markers: CD29 (92.52%), CD44
(98.44%), CD90 (92.86%), and Sca-1 (97.86%). More-
over, they are devoid of hematopoietic lineage marker
CD45 (3.82%) and progenitor marker CD117 (11.98%),
indicating characteristics of undifferentiated MSCs [23].
To unveil the potential role of Fstl1 in hypoxic

MSCs, a time-course study was conducted on 0, 24,
and 48 h to quantify its expression pattern. Notably, a
rather dramatic decline of Fstl1 expression was ob-
served in a time-dependent manner. As illustrated in
Fig. 1h, Fstl1 expression in hypoxic MSCs is

Fig. 1 Characterization of bone marrow-derived MSCs and Fstl1 expression under hypoxic condition. a Morphology of murine bone marrow-derived
MSCs in culture. These cells are adherent to bottom of plastic dishes. The majority of MSCs exhibit spindle or triangular shapes. Scale bar = 50 μm.
b–g Most MSCs express mesenchymal stem cell marker CD29 (b), CD44 (c), CD90 (d), and Sca-1 (e), whereas most MSCs do not express hematopoietic
marker CD45 (f) and progenitor marker CD117 (g). Unstained and isotype controls are indicated by red and green spectra, respectively. h qRT-PCR
analysis of Fstl1 mRNA levels in hypoxic MSCs (n = 5). ***P < 0.001, HP24 and HP48 versus HP0. HP, hypoxia
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decreased to 23.71% at 24 h (P < 0.001 vs 0 h) and to
8.04% at 48 h (P < 0.001 vs 0 h).

Efficient transduction of functionally active Fstl1 in MSCs
To further identify whether restoration of intrinsic Fstl1
is able to exert potential benefits on MSCs behavior
against hypoxic challenge, we overexpressed Fstl1 by
gene modification. A recombinant lentiviral vector ex-
pressing the transgene Fstl1 (LV-Fstl1) was constructed,
and a blank vector containing no transgene (LV-
mCherry) was used as a control. All lentiviral vectors
were designed to carry a mCherry reporter. For lentiviral
infection, MSCs were exposed to viral supernatant at a
multiplicity of infection (MOI) of 10 for 24 h. After in-
fection, most MSCs express mCherry fluorescence (red),
suggesting successful lentiviral packaging and infection
(Fig. 2a). Cell morphology remains unchanged following
lentiviral transduction; therefore, infected MSCs
(MSCs-mCherry and MSCs-Fstl1) were used in future
experiments. Efficient transduction of MSCs was further
confirmed by qRT-PCR and western blot, showing in-
creased mRNA and protein level of Fstl1 in MSCs-Fstl1
(Fig. 2b, c). Besides, to mimic the ischemic microenvir-
onment of infarcted hearts, both MSCs were maintained
under hypoxic conditions for 48 h. Though Fstl1 expres-
sion in both MSCs declines dramatically following hyp-
oxic treatment, its level in MSCs-Fstl1 remains higher
than that of MSCs-mCherry (Fig. 2b, c). Finally,
MSCs-Fstl1 showed similar mesenchymal marker ex-
pression pattern with MSCs-mCherry. They are both
positive for CD29, CD44, CD90, and Sca-1 and negative
for CD45 and CD117 (Fig. 2d).

Fstl1 enhances survival and proliferation of MSCs against
hypoxic challenge
To investigate the potential role of Fstl1 on MSCs be-
havior, we examined in vitro survival and proliferation of
MSCs-Fstl1 against hypoxic challenge. We first per-
formed flow cytometry of Annexin V-PE/7-AAD to
evaluate cell death of these genetically modified MSCs
under both normoxic and hypoxic conditions. As shown
in Fig. 3a, hypoxia triggers an elevation in early
(Annexin V+ 7-AAD−) and late (Annexin V+ 7-AAD+)
apoptosis in both cells. Importantly, the percentage of
both early and late apoptotic cells in MSCs-Fstl1 is
much lower compared to that in MSCs-mCherry under
both conditions, suggesting that MSCs-Fstl1 has super-
ior resistance to hypoxia-induced cell death. In addition,
we also performed flow cytometry of ethynyldeoxyuri-
dine (EdU) to examine the proliferation of these genetic-
ally modified MSCs under both normoxic and hypoxic
conditions. Specifically, both MSCs exhibit attenuated
proliferative ability after hypoxic treatment. Nonetheless,
the percentage of EdU-positive proliferating cells in
MSCs-Fstl1 is still higher than that in MSCs-mCherry
under both conditions, indicating intrinsic Fstl1 benefits
MSCs proliferation (Fig. 3b). We and other scholars have
provided evidence that the pro-survival Akt signaling
pathway is directly regulated by Fstl1 [8]. To further elu-
cidate how intrinsic Fstl1 rescues hypoxic MSCs dys-
function, we collected both MSCs 48 h after hypoxia and
measured phosphorylation of Akt-Ser473 (p-Akt) and its
downstream target GSK3β-Ser9 (p-GSK3β). As expected,
both p-Akt and p-GSK3β are elevated in hypoxic
MSCs-Fstl1, indicating activation of Akt/GSK-3β

Fig. 2 Construction of Fstl1-overexpressing MSCs. a Transduction efficiency of engineered MSCs evidenced by mCherry reporter expression. Scale
bar = 50 μm. b Fstl1 transcription in engineered MSCs was assessed by qRT-PCR (n = 4). c Protein level of Fstl1 in engineered MSCs was
determined by western blot analysis. d Flow cytometry analysis of cell surface antigens of genetically modified MSCs. Unstained and isotype
controls are indicated by red and green spectra, respectively. **P < 0.01; ***P < 0.001
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signaling may be responsible for its cell death resistance
(Fig. 3c). These in vitro results demonstrate that intrinsic
Fstl1 directly alters MSCs behavior, and MSCs-Fstl1 are
more tolerant than MSCs-mCherry to the hypoxia-in-
duced challenge.

Fstl1 promotes retention of engrafted MSCs in ischemic
myocardium
One of the challenging barriers against MSCs therapy in
MI is low engraftment of donor cells due to limited sur-
vival rate in the hypoxic environment [24]. We therefore
assessed survival and retention of either MSCs-mCherry
or MSCs-Fstl1 in ischemic myocardium (Fig. 4a). Trans-
planted MSCs were identified by co-localization of
mCherry fluorescence (red) and immunofluorescent sig-
nal with anti-mCherry plus FITC-conjugated anti-IgG
(green) on post-therapy 1d. As indicated in Fig. 4b, most

mCherry and FITC fluorescence are co-localized, and a
large number of mCherry-positive cells were found dis-
persed in the injection region. It is important to note,
compared to MI/MSCs-mCherry hearts, obviously, more
mCherry-positive cells are present in MI/MSCs-Fstl1
hearts (P < 0.05, Fig. 4c). Moreover, to further track the
injected cells in vivo, both MSCs were pre-labeled with
CM-DiI before subjected for transplantation. As
illustrated in Fig. 4d, clusters of CM-DiI signals were ob-
served in the ischemic border zone after cell transplant-
ation. More importantly, MI/MSCs-Fstl1 group
possesses even more CM-Dil signals compared with MI/
MSCs-mCherry group on post-therapy 7 days (P < 0.05,
Fig. 4e). Finally, although MSCs-Fstl1 exhibit better re-
tention, total Fstl1 level in MSCs-Fstl1-treated ischemic
myocardium remains similar to that in MSCs-mCher-
ry-treated tissue (Additional file 1: Figure S1).

Fig. 3 Fstl1 facilitates survival and proliferation of MSCs under hypoxic condition. Engineered MSCs were challenged with hypoxia for 48 h.
a Flow cytometry of Annexin V-PE/7-AAD staining. Etoposide-treated cells were used as positive controls. b Cell proliferation detected using EdU
incorporation assay. Unstained control is indicated by red spectra. c Western blot analysis of p-Akt (Ser473), Akt, p-GSK-3β (Ser9), and GSK-3β in
hypoxic MSCs
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Collectively, these results indicate that Fstl1-overex
pressing MSCs exhibit better retention in ischemic
myocardium.

MSCs-Fstl1 implantation preserves post-MI heart function
more effectively
We assessed in vivo therapeutic effects of MSCs-Fstl1 on
a mouse MI model by echocardiography (Fig. 5a). As illus-
trated in Fig. 5b, ejection fraction (EF) following MI de-
clines dramatically (14.18 ± 1.12% versus 67.88 ± 2.78% in
the sham group, P < 0.001). Importantly, MI-induced re-
duction in EF is partially reversed by MSCs-mCherry
treatment (22.73 ± 2.07% versus 14.18 ± 1.12% in the MI/
PBS group, P < 0.05) and is further recovered with greater
significance following MSCs-Fstl1 transplantation (35.55
± 3.00% versus 22.73 ± 2.07% in the MI/MSCs-mCherry
group, P < 0.05). Moreover, fractional shortening (FS, %)
confirms a similar tendency to EF (Fig. 5c). Additionally,

compared to the sham group, left ventricular dimensions
and volumes are all enlarged following MI (0.42-, 1.12-,
1.36-, and 5.24-fold enlargement in LVID;d, LVID;s, LV
vol;d, and LV vol;s, respectively), exhibiting characteristics
of MI (Fig. 5d–g). Nonetheless, wall thickness and LV
mass remain unchanged by MSCs-Fstl1 treatment
(Additional file 2: Figure S2). Importantly, improved
post-MI EF and FS by MSCs-Fstl1 treatment can also be
long-term monitored (Additional file 3: Figure S3). Finally,
the infarct area was assessed using Masson trichrome
staining (Fig. 5h–i). MI-induced scar formation is partially
reversed by MSCs-mCherry treatment (34.04 ± 3.42% ver-
sus 44.50 ± 2.16% in the MI/PBS group, P < 0.05) and is
further recovered with greater significance following
MSCs-Fstl1 transplantation (23.71 ± 2.62% versus 34.04 ±
3.42% in the MI/MSCs-mCherry group, P < 0.05). Collect-
ively, MSCs-Fstl1 implantation effectively ameliorates
post-MI cardiac dysfunction and scar formation.

Fig. 4 Localization of engrafted MSCs in infarcted hearts. a Heart schematic pinpointing the location of ligation (cross), injection (arrow), and
sampling (dashed line). b Engraftment of genetically modified MSCs indicated by co-localization of mCherry fluorescence (red) and
immunofluorescent signal against mCherry (green) on post-injection 1 day. Scale bar = 50 μm. c Quantification of cell engraftment by mCherry
fluorescence (red) (n = 3–4). d Representative images of surviving MSCs indicated by CM-Dil staining on post-therapy 3 and 7 days.
Scale bar = 200 μm. e Quantification of cell engraftment by CM-Dil signal (n = 5–10). *P < 0.05. CM-Dil, chloromethylbenzamido
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MSCs-Fstl1 ameliorates fibroblasts accumulation and ECM
production in ischemic myocardium
During the late phase of MI, damaged tissue is replaced
with a fibrotic scar with cross-linked collagen produced
by fibroblasts and myofibroblasts. During this process,
the healing heart undergoes profound changes in ven-
tricular geometry, biomechanics, and function. Although

the initial reparative fibrosis is beneficial for preventing
rupture of the ventricular wall, an exaggerated fibrotic
response outside the injured area is detrimental as it
leads to cardiac remodeling and eventually heart failure
[25]. Immunostaining for vimentin (a fibroblast marker)
exhibited least fibroblasts accumulation in MSCs-
Fstl1-treated peri-infarct zone (Fig. 6a). Moreover, MI

Fig. 5 Enhanced post-MI cardiac function and limited scar formation after MSCs-Fstl1 transplantation. a Representative echocardiographic images
on post-therapy 7 days. EF (b), FS (c), LVID;d (d), LVID;s (e), LV vol;d (f), and LV vol;s (g) were analyzed, respectively (n = 7–10). Macroscopic view
(h) and statistical analysis (i) of Masson’s trichrome staining on post-therapy 7 days. Scale bar = 1 mm. (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001. EF,
ejection fraction; FS, fractional shortening; ns, not significant
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markedly elevates mRNA levels of fibroblast-specific
protein-1 (Fsp-1, a marker for fibroblasts) and α-smooth
muscle actin (α-SMA, a marker for myofibroblasts). In
contrast, MSCs-mCherry administration significantly at-
tenuates MI-increased levels of cardiac Fsp-1 by 58.39%
(P < 0.001) and α-SMA by 59.16% (P < 0.001). Notably,
MSCs-Fstl1 transplantation further diminishes Fsp-1 and
α-SMA levels by 33.63% (P < 0.05) and 40.27% (P < 0.05),
respectively (Fig. 6b, c). Western blot analysis confirmed a
similar tendency of these two fibrotic markers (Fig. 6d).
Additionally, subsequent ECM production is also attenu-
ated by MSCs-Fstl1 treatment, as evidenced by lowest
transcription for type I collagen (Col1a1) and fibronectin
(Fn1) in peri-infarcted zones (Fig. 6e, f ). Finally, both
MSCs-mCherry and MSCs-Fstl1 treatment dramatically
abolish expression of connective tissue growth factor
(CTGF, a pro-fibrogenic cytokine) in ischemic

myocardium (Additional file 4: Figure S4). In summary,
we observed attenuated fibroblasts accumulation and
subsequent ECM deposition in MSCs-Fstl1-treated
myocardium.

MSCs-Fstl1 treatment reduces myocardial infiltration of
inflammatory cells in peri-infarct zones
Acute MI elicits a robust innate immune response [26]
and mobilizes a large population of macrophages to the
myocardium [27]. As a central cellular protagonist in in-
nate immunity, excessive inflammation triggered by
macrophages can exacerbate post-MI cardiac dysfunc-
tion [28]. To evaluate the extent and severity of myocar-
dial inflammation, the heart sections were stained with
anti-CD68 antibody to identify infiltrated macrophages
in peri-infarct myocardium 7 days post-therapy. As
shown in Fig. 7a, transplantation of MSCs-Fstl1 impairs

Fig. 6 Fibroblast accumulation and ECM deposition are ameliorated in MSCs-Fstl1-treated ischemic myocardium. a Representative images of
vimentin staining within the infarct border zone on post-therapy 7 days. Scale bar = 50 μm. qRT-PCR analysis of Fsp-1 (b), α-SMA (c), Col1a1 (e),
and Fn1 (f) in peri-infarct myocardium on post-therapy 7 days (n = 3–4). d Western blot analysis of vimentin and α-SMA in ischemic myocardium
on post-therapy 7 days. *P < 0.05; **P < 0.01; ***P < 0.001. MI, myocardial infarction; Fsp-1, fibroblast-specific protein-1; α-SMA, α-smooth muscle
actin; Col1a1, type I collagen; Fn1, fibronectin; ns, not significant
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CD68-positive macrophage infiltration in peri-infarct
zones most effectively. Similar results were further con-
firmed by measurement of cardiac TNF-α, IL-6, and IL-1β
in different groups. As illustrated in Fig. 7b–d, MI signifi-
cantly increases cardiac TNF-α by 7.66-fold (P < 0.001),
IL-6 by 3.88-fold (P < 0.001), and IL-1β by 2.18-fold
(P < 0.001) compared with that in sham control.
Nonetheless, MSCs-Fstl1 implantation diminishes car-
diac TNF-α by 76.87% (P < 0.001) and IL-1β by
69.65% (P < 0.001), compared with that in the MI/
MSCs-mCherry group. Though local inflammation extent
differs among four groups, serum levels of TNF-α and
IL-1β remain unexpectedly similar on post-therapy 7 days
(Additional file 5: Figure S5). In summary, we observed at-
tenuated macrophage infiltration and inflammatory re-
sponse in MSCs-Fstl1-treated ischemic hearts.
Macrophages play both beneficial and detrimental

roles in the wound healing process after MI [29, 30]. It
is well documented that polarized macrophages can be
classified mainly into two different phenotypes: proin-
flammatory (M1) and anti-inflammatory (M2). To fur-
ther validate whether altered macrophage polarization is
involved in MSCs-Fstl1-treated ischemic myocardium,
we measured mRNA levels of both M1 (iNOS, CD80)

and M2 (Argnase-1, CD206) markers on post-therapy 7
days. As illustrated in Additional file 6: Figure S6, ex-
pression of iNOS, CD80, Argnase-1, and CD206 all re-
main unchanged between MI/MSCs-mCherry and MI/
MSCs-Fstl1, suggesting that MSCs-Fstl1 regulates
post-MI cardiac remodeling via a mechanism that may
be distinct from macrophage polarization.

MSCs-Fstl1 transplantation accelerates neovascularization
in peri-infarct region
Development of great vessels and capillaries, referred to
as neovascularization, is a crucial process in post-MI re-
covery [31]. More importantly, an increasing volume of
literature has reported that Fstl1 participates in the de-
termination of vessel fate [5, 32]. We therefore hypothe-
sized that forced secretion of Fstl1 by its gene-modified
MSCs may help accelerate neovascularization during
post-MI recovery. For detection of capillaries, BS1 lectin
was infused into the left ventricle via direct cardiac
puncture before mice were sacrificed. Capillary density
was revealed through subsequent immunofluorescent
staining with anti-BS1 lectin (Fig. 8a). Compared with
MI/PBS group, transplantation of MSCs-mCherry or
MSCs-Fstl1 achieves obviously richer capillary network

Fig. 7 MSCs-Fstl1 treatment abrogates myocardial infiltration of inflammatory cells in peri-infarct zones. a Representative images of CD68-positive
macrophage infiltration within the infarct border zone on post-therapy 7 days. Scale bar = 20 μm. b–d qRT-PCR analysis of TNF-α (b), IL-6 (c), and
IL-1β (d) in ischemic myocardium on post-therapy 7 days (n = 3–4). **P < 0.01; ***P < 0.001. TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; IL-1β,
interleukin-1β; ns, not significant
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in the peri-infarct region, and even more condensed ca-
pillaries are observed after MSCs-Fstl1 implantation
(Fig. 8c). A similar tendency of neovascularization was
also observed with CD31 immunofluorescent signal
(Additional file 7: Figure S7). Additionally, the blood
vessels in the peri-infarct area were also evaluated by
α-SMA (a marker for smooth muscle cells) staining. As
illustrated in Fig. 8b, blood vessel density is greatly in-
creased in the MI/MSCs-mCherry and MI/MSCs-Fstl1

groups compared to that in the MI/PBS group on
post-therapy 7 days. In order to evaluate the paracrine
angiogenic potential of MSCs-Fstl1, HUVECs were incu-
bated with a mixture of EGM-2 and conditioned
medium from indicated MSCs on Matrigel-precoated
wells. As illustrated in Fig. 8d, HUVECs maintained in
conditioned medium from MSCs-mCherry exhibit some
tube-like structures and half-full cellular networks. Intri-
guingly, MSCs-Fstl1 culture medium facilitates HUVECs

Fig. 8 Enhanced neovascularization in MSCs-Fstl1-treated peri-infarct zones. Representative images of BS1 lectin (a) and α-SMA (b) staining within
the infarct border zone on post-therapy 7 days. Scale bar = 50 μm. c Vascular density determined by BS1 lectin signal (n = 4). d–f HUVECs were
incubated with a mixture of EGM-2 and MSCs conditioned medium as illustrated (1:1) for 12 h on Matrigel. d Representative images of the
capillary network are shown. Scale bar = 100 μm. Quantification of tube length (e) and vascular branching (f) per high-power fields (HPF) were
performed (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. α-SMA, α-smooth muscle actin; HPF, high-power fields
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to form full and much denser cellular networks. The
cumulative capillary tube length and branching in
MSCs-Fstl1 supernatant group increased by 30.31%
and 34.33% compared to that with MSCs-mCherry cul-
ture medium (Fig. 8e, f ). Finally, the expression of sev-
eral pro-angiogenic paracrine cytokines, including
VEGF, PDGF-BB, IGF-1, Ang-1, and bFGF, remain un-
changed between MSCs-mCherry and MSCs-Fstl1
under hypoxic conditions, indicating genetic overex-
pression of Fstl1 in MSCs does not alter the expression
pattern of most pro-angiogenic paracrine factors
(Additional file 8: Figure S8). In summary, we observed
richest network of capillaries and blood vessels in
MSCs-Fstl1-treated host myocardium and the
pro-angiogenetic potential of MSCs-Fstl1 is probably
mediated through a paracrine mechanism.

Discussion
Stem cell therapy for the repair of damaged myocardium
has evolved into a promising treatment for ischemic
heart diseases. MSC-based therapy, originating from
BM-, adipose tissue-, or umbilical cord-cells, continues
to gain consent and appeal, because of the large body of
preclinical evidence supporting higher paracrine
cardio-reparative potential [33]. MSC-mediated tissue
repair has been reported to dampen inflammation as
well as promote neovascularization in ischemic myocar-
dium through paracrine mechanisms [34, 35]. However,
poor survival of donor cells and failure of their subse-
quent engraftment occur within the first days after deliv-
ery, posing a significant challenge in the field [36].
Finding a new method to improve survival and engraft-
ment of MSCs in the injured myocardium is therefore
imperative to optimize their therapeutic application.
There are several major findings in this study. First, in-

trinsic Fstl1 expression in MSCs declines dramatically
following hypoxia. Second, MSCs-Fstl1 is more tolerant
than MSCs-mCherry to the hypoxic challenge. Third,
compared with MSCs-mCherry, MSCs-Fstl1 exhibits
better retention and pro-angiogenic capacity following
MI. Finally, MSCs-Fstl1-mediated cardiac repair is asso-
ciated with reduced post-MI fibroblasts accumulation,
ECM deposition, and inflammatory cell infiltration.
As a pro-survival cellular factor, we and others have

demonstrated that Fstl1 inhibits cell death of cardiomyo-
cytes [6], H9c2 [8], and endothelial cells [5] under vari-
ous conditions. We validated here that restoration of
intrinsic Fstl1 in MSCs improves their behavior and sub-
sequent in vivo engraftment. In accordance with our ob-
servations, Holmfeldt et al. identified Fstl1 as one of the
17 novel regulators of hematopoietic stem cell repopula-
tion [37]. Additionally, periodic secretion of Fstl1 by
feeder cells also facilitates telomere maintenance and
long-term self-renewal of mESCs by enhancing sporadic

Zscan4 expression [38]. Importantly, we also validated
activation of the pro-survival Akt/GSK-3β signaling in
hypoxic MSCs-Fstl1, consistent with the previous report
that retroviral-mediated overexpression of Akt1 also en-
hances survival of MSCs in an ischemic setting [39].
Various, seemingly contradictory effects of Fstl1 on

cell proliferation and growth have been reported. On
one hand, the results of our study demonstrated that
Fstl1 promotes MSCs proliferation under hypoxic condi-
tions (12.30% versus 3.00% in MSCs-mCherry). Simi-
larly, restoration of the epicardial Fstl1 also enhances
proliferation of immature cardiomyocytes, and conse-
quently, activates regeneration of the adult mammalian
heart, and reverses post-MI remodeling [40]. On the
other hand, Fstl1 seems to inhibit pathological cell pro-
liferation and therefore benefit proliferative diseases. For
example, Fstl1 inhibits proliferation and migration of
vascular smooth muscle cells [41] and, consequently, at-
tenuates neointimal formation in response to arterial in-
jury through an AMPK-dependent mechanism [42].
Moreover, Fstl1 has also been identified as a tumor sup-
pressor in ovarian and endometrial tumors partially
through inhibition of cell proliferation, migration, and
invasion [43].

Conclusions
In conclusion, our current data demonstrated a favorable
role of Fstl1 in stem cell-based therapy for experimental
myocardial infarction. Fstl1 enhances survival and
engraftment of transplanted cells, thereby promoting
neovascularization as well as alleviating myocardial ECM
deposition and inflammatory cell infiltration in ischemic
hearts. Our data support the promise of Fstl1-overex-
pressing MSCs as a novel strategy to improve
MSCs-based therapy for ischemic diseases.

Additional files

Additional file 1: Figure S1. Murine heart tissue around the injection
site was collected 1 day after myocardial delivery of indicated MSCs and
expression of Fstl1 was determined by qRT-PCR (n = 4). ns not significant.
(PDF 115 kb)

Additional file 2: Figure S2. Echocardiographic parameters regarding
wall thickness and LV mass of post-MI hearts. IVS;d (a), IVS;s (b), LVPW;d
(c), LVPW;s (d), and LV mass (e) were analyzed on post-therapy 7 days
respectively (n = 7–10). **P < 0.01. IVS;d interventricular septum in diastole,
IVS;s interventricular septum in systole, LVPW;d left ventricular posterior
wall in diastole, LVPW;s left ventricular posterior wall in systole, LV mass
left ventricular mass, ns not significant. (PDF 197 kb)

Additional file 3: Figure S3. Changing tendency of post-MI EF (a) and FS
(b) on indicated time points were determined (n = 6–7). *MI/MSCs-Fstl1 vs
MI/MSCs-mCherry, P < 0.05; **MI/MSCs-Fstl1 vs MI/MSCs-mCherry, P < 0.01;
&&&MI/PBS vs sham, P < 0.001. EF ejection fraction, FS fractional shortening.
(PDF 164 kb)

Additional file 4: Figure S4. qRT-PCR analysis of CTGF in peri-infarct
myocardium on post-therapy 7 days (n = 4). ***P < 0.001. CTGF connective
tissue growth factor, ns not significant. (PDF 115 kb)
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Additional file 5: Figure S5. Serum TNF-α (a) and IL-1β (b) on
post-therapy 7 days was determined by ELISA (n = 4). TNF-α tumor
necrosis factor-α, IL-1β interleukin-1β, ns not significant. (PDF 131 kb)

Additional file 6: Figure S6. qRT-PCR analysis of M1 (iNOS, CD80) and
M2 markers (Argnase-1, CD206) in peri-infarct myocardium on post-
therapy 7 days (n = 3–4). (PDF 128 kb)

Additional file 7: Figure S7. Representative images (a) and
quantification (b) of CD31 staining within the infarct border zone on
post-therapy 7 days. Scale bar = 50 μm. (n = 4–5). (PDF 142 kb)

Additional file 8: Figure S8. qRT-PCR analysis of VEGF, PDGF-BB, IGF-1,
Ang-1, and bFGF in hypoxic MSCs (n = 3–4). **P < 0.01. VEGF vascular
endothelial growth factor, PDGF-BB platelet-derived growth factor-BB,
IGF-1 insulin-like growth factor 1, Ang-1 angiopoietin-1, bFGF fibroblast
growth factor-basic, ns not significant. (PDF 133 kb)
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