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Irisin Promotes Cardiac Homing of Intravenously Delivered
MSCs and Protects against Ischemic Heart Injury

Wenjun Yan,* Youhu Chen, Yongzhen Guo, Yunlong Xia, Congye Li, Yunhui Du, Chen Lin,
Xiaoming Xu, Tingting Qi, Miaomiao Fan, Fuyang Zhang, Guangyu Hu, Erhe Gao,
Rui Liu, Chunxu Hai, and Ling Tao*

Few intravenously administered mesenchymal stromal cells (MSCs) engraft to
the injured myocardium, thereby limiting their therapeutic efficacy for the
treatment of ischemic heart injury. Here, it is found that irisin pretreatment
increases the cardiac homing of adipose tissue-derived MSCs (ADSCs)
administered by single and multiple intravenous injections to mice with MI/R
by more than fivefold, which subsequently increases their antiapoptotic,
proangiogenic, and antifibrotic effects in rats and mice that underwent MI/R.
RNA sequencing, Kyoto Encyclopedia of Genes and Genomes (KEGG)
signaling pathway analysis, and loss-of-function studies identified CSF2RB as
a cytokine receptor that facilitates the chemotaxis of irisin-treated ADSCs in
the presence of CSF2, a chemokine that is significantly upregulated in the
ischemic heart. Cardiac-specific CSF2 knockdown blocked the cardiac homing
and cardioprotection abilities of intravenously injected irisin-treated ADSCs in
mice subjected to MI/R. Moreover, irisin pretreatment reduced the apoptosis
of hydrogen peroxide-induced ADSCs and increased the paracrine
proangiogenic effect of ADSCs. ERK1/2-SOD2, and ERK1/2-ANGPTL4 are
responsible for the antiapoptotic and paracrine angiogenic effects of
irisin-treated ADSCs, respectively. Integrin 𝜶V/𝜷5 is identified as the irisin
receptor in ADSCs. These results provide compelling evidence that irisin
pretreatment can be an effective means to optimize intravenously delivered
MSCs as therapy for ischemic heart injury.
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1. Introduction

Mesenchymal stromal cell (MSC) therapy
has been developed as a treatment option
for acute myocardial infarction (AMI) or
heart failure (HF) caused by ischemic or
nonischemic cardiomyopathy.[1] However, a
major factor limiting the benefits of cell
therapy is the poor engraftment of the cells,
which disappear rapidly after transplanta-
tion regardless of the cell type utilized. Sev-
eral strategies, such as gene modification,
hypoxic preconditioning, combined bioma-
terials, and simple repeated administration,
have been developed to overcome poor en-
graftment. Accumulating studies support
the concept that the repeated administra-
tion of cells can substantially increase their
efficacy for ischemic heart repair.[2,3] In-
tramyocardial, intravenous, and intracoro-
nary implantations are the most common
methods for cell delivery. However, the
safety and feasibility of repeated intramy-
ocardial injection and intracoronary injec-
tion are limited.

The intravenous delivery of MSCs to
patients recovering from MI is an attrac-
tive noninvasive strategy that allows for the

Y. Du
Beijing Anzhen Hospital
Capital Medical University
Beijing Institute of Heart, Lung and Blood Vessel Diseases
Beijing 100029, China
E. Gao
Center for Translational Medicine
Temple University
Philadelphia, PA 19104, USA
R. Liu, C. Hai
Department of Toxicology
Shanxi Key Lab of Free Radical Biology and Medicine
School of Public Health
The Fourth Military Medical University
Xi’an 710032, China

Adv. Sci. 2022, 9, 2103697 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2103697 (1 of 15)



www.advancedsciencenews.com www.advancedscience.com

repeated administration of large numbers of cells. Intravenous
MSC delivery has been investigated in small and large animal
models. With rare exceptions, modest beneficial effects of intra-
venous cell therapy on cardiac function have been observed in
a variety of experimental settings (AMI, chronic MI, and nonis-
chemic cardiomyopathy).[4] However, all available studies indi-
cate that after intravenous administration, the fraction of MSCs
that home to the heart is low (≤3% of the total number injected
within 24 h) and that this number becomes essentially zero by 7
days. Therefore, novel strategies that increase the cardiac homing
of intravenously delivered MSCs and elucidation of the underly-
ing mechanisms would obviate the need for the direct delivery of
cells to the heart, making cell therapy simpler, cheaper, safer, and
more broadly available.

Physical activity, widely used as a key component of strate-
gies aimed at reducing post-MI remodeling and attenuating HF
progression in experimental animals, is recommended for pa-
tients who survive MI.[5,6] Exercise training has been shown to
mobilize endogenous stem/progenitor cells for heart repair, but
the mechanisms are still unclear.[7–9] Physical activity stimulates
the production of several hormone-like molecules from skele-
tal muscle, termed “myokines”.[10,11] Irisin was identified as a
myokine released into the circulation upon physical exercise that
can stimulate adipocyte browning and thermogenesis in mice
and humans.[12,13] Irisin is produced after the exercise-induced
promotion of the splicing or cleaving of the myocyte extracel-
lular domain fibronectin type III domain-containing protein 5
(FNDC5), a membrane integrated precursor protein controlled
by myocyte peroxisome proliferator-activated receptor-𝛾 coactiva-
tor 1𝛼.[14] However, whether irisin affects MSC-based therapy for
myocardial repair is largely unknown.

Thus, the aims of this study were to determine whether the
myokine irisin regulates the cardiac homing and survival of in-
travenously infused adipose tissue-derived MSCs (ADSCs) and
their cardioprotective effects and to determine the mechanisms
underlying this phenomenon, including the specific receptor(s)
and intracellular signaling pathways involved.

2. Results

2.1. Exogenous Irisin Pretreatment Increases the Cardiac
Engraftment of Intravenously Delivered ADSCs

The surface marker expression and differentiation potential of
passage 2 ADSCs were assessed,[15,16] and these cells were used
for subsequent experiments. To determine whether irisin affects
the cardiac homing of intravenously injected ADSCs, we pre-
treated mouse ADSCs (mADSCs) with irisin or vehicle for 2 days.
ADSCs were labeled with the lipophilic dye CM-DiI immediately
before intravenous injection.[16]

C57BL/6J mice were subjected to myocardial ischemia-
reperfusion (MI/R) and then administered either vehicle-treated
ADSCs (ADSC-vehicle, intravenous injection of 5 × 105 ADSC-
vehicle at 1, 8, 15, 22, and 29 days after the MI/R operation) or
irisin-treated ADSCs (ADSC-irisin). Immunostaining and flow
cytometry assays were performed to detect CM-DiI-labeled AD-
SCs in the heart, lung, spleen, and liver at 30 days after MI/R (Fig-
ure 1A; Figure S1A, Supporting Information). The immunoflu-
orescence staining of tissue sections showed that vehicle-treated

ADSCs were mainly localized in the lung and spleen tissues and
rarely localized in the heart and liver (Figure 1B; Figure S1B–E,
Supporting Information). However, the cardiac engraftment of
irisin-treated ADSCs into mice post MI/R was significantly en-
hanced compared to that of vehicle-treated ADSCs, while CM-
DiI-labeled ADSCs predominantly engrafted in the ischemic (tro-
ponin T negative) region (Figure 1B). To better quantify the hom-
ing/retention of transplanted ADSCs, we digested the hearts after
MI/R. Consistently, flow cytometric analyses of single-cell non-
myocyte suspensions (Figure 1C) showed significantly more CM-
DiI+/CD29+ double-positive cells in the ischemic myocardia of
the MI/R+ADSC-irisin group than in those of the MI/R+ADSC-
vehicle group. However, irisin pretreatment did not significantly
alter the lung, spleen, or liver distribution of intravenously in-
jected ADSCs (Figure S1B–E, Supporting Information).

To further examine whether irisin increases the cardiac hom-
ing of intravenously injected ADSCs, we isolated ADSCs from
transgenic mice expressing enhanced green fluorescent protein
(EGFP), treated them with vehicle or irisin for 2 days (ADSC-
GFP-vehicle or ADSC-GFP-irisin), and then directly injected the
cells 1 day after the MI/R operation (Figure 1D). Immunostain-
ing was used to assess ADSC-GFP in the heart at 2 days after
MI/R. As shown in Figure 1E,F, irisin significantly increased the
cardiac homing of ADSC-GFP administered by a single injec-
tion. Next, we performed the in vivo competitive homing assay
in mice 1 day post-MI/R. Vehicle-treated ADSCs (ADSC-vehicle)
were labeled with DiO (a green dye), and irisin-treated ADSCs
(ADSC-irisin) were labeled with CM-DiI (a red dye). An equal
number of ADSC-vehicle-DiO and ADSC-irisin-DiI were then
mixed before they were intravenously injected into the post-MI/R
mice. An aliquot of the cell mixture was kept and analyzed by
flow cytometry (Figure S2A, Supporting Information). Flow cy-
tometry assays were performed to detect ADSC-vehicle-DiO and
ADSC-irisin-DiI in the “myocyte-depleted” cardiac cell popula-
tion and single-cell suspensions of lung and spleen. Consistent
with the data of the immunofluorescence staining of tissue sec-
tions, the intravenously injected ADSC-vehicle-DiO were mainly
localized in the lung. The engraftment of ADSC-irisin-DiI in
the lung and spleen was comparable to that of ADSC-vehicle-
DiO (Figure S2B–E, Supporting Information). However, the car-
diac homing of ADSC-irisin-DiI was increased fivefold over that
of ADSC-vehicle-DiO (Figure S2F,G, Supporting Information).
Taken together, these results demonstrated that exogenous irisin
pretreatment specifically increased the cardiac engraftment of in-
travenously delivered ADSCs.

2.2. Exogenous Irisin Pretreatment Enhances the
Cardioprotection of Intravenously Delivered ADSCs

Next, we assessed the cardioprotective effects of intravenously de-
livered ADSCs on mice post MI/R. ADSCs isolated from donor
C57BL/6J mice were treated with irisin or vehicle for 2 days. An-
other group of C57BL/6J mice was randomly subjected to the
following four treatments: Sham, MI/R+vehicle, MI/R+ADSC-
vehicle, or MI/R+ADSC-irisin. Cardiac function was determined
by consecutive echocardiography in both the long- and short-
axis M-modes. The initial cardiac dysfunction was similar in all
groups on day 1 after MI/R, as evidenced by the left ventricle ejec-
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Figure 1. Irisin increases the cardiac engraftment of intravenously delivered ADSCs. A) Experimental scheme and timeline for cardiac homing studies
using CM-DiI-labeled ADSC-vehicle and ADSC-irisin. At 1, 8, 15, 22, and 29 days after the MI/R operation, 5 × 105 CM-DiI+ ADSCs were infused
intravenously via the vena angularis. B1) Representative images of CM-DiI-labeled ADSCs in hearts 30 days after MI/R. Heart tissue was immunostained
for troponin T (green) and DAPI (blue). Engrafted ADSCs are CM-DiI positive (white triangles). B2) Quantification of CM-DiI-labeled ADSCs in the heart
sections (n = 5 mice per group). C1) Flow cytometric analysis of CM-DiI-labeled ADSCs in hearts. C2) Cardiac homing of ADSCs was quantified as the
ratio of CM-DiI+/CD29+ cells to the total number of nonmyocytes (n = 5 mice). D) Experimental scheme and timeline for cardiac homing studies using
ADSCs isolated from EGFP transgenic mice (ADSC-GFP). At 1 day after MI/R operation, 5 × 105 ADSC-GFP-vehicle or ADSC-GFP-irisin were infused
intravenously via the vena angularis. E) Representative images of ADSC-GFP in hearts 2 days after MI/R. Heart tissue was immunostained for troponin
T (red) and DAPI (blue). Engrafted ADSCs are GFP positive (white triangles). F) Quantification of ADSCs in the peri-infarct area was determined by the
number of ADSC-GFP in a representative section (n = 5 mice per group). The data were analyzed by unpaired, 2-tailed Student’s t test. ADSC-vehicle,
ADSCs treated with vehicle; ADSC-irisin, ADSCs treated with irisin (100 ng mL−1) for 2 days. **p < 0.01, ***p < 0.001.

tion fraction (LVEF; Figure 2A–C). Multiple intravenous deliver-
ies of vehicle-treated ADSCs did not significantly improve the
cardiac function compared to that in the MI/R+vehicle group,
as evidenced by the LVEF values at 15 and 30 days after MI/R
(Figure 2A-C). In contrast, ADSC-irisin treatment significantly
increased the LVEF (at 30 days) compared with that in the
MI/R+ADSC-vehicle group (Figure 2A–C).

To investigate the therapeutic mechanism(s) by which ADSC-
irisin promotes cardiac repair, we measured the degrees of fi-
brosis, cardiomyocyte apoptosis, and vascular density in the in-
farct border area of the heart 30 days post MI/R. The mice in the
MI/R+ADSC-irisin group showed significantly reduced infarct
areas compared with those of MI/R+ADSC-vehicle group mice
(p < 0.05; Figure 2D,E). The vascular density in the infarct area

border zone was significantly higher in the MI/R+ADSC-irisin
group than in the MI/R+ADSC-vehicle group (Figure 2F,G).
Moreover, the number of apoptotic cardiomyocytes was signifi-
cantly decreased in the MI/R+ADSC-irisin group compared with
the MI/R+ADSC-vehicle group (Figure 2F,H).

To exclude the potential heterogeneity of ADSCs between mice
and rats, we next used a Sprague-Dawley rat MI/R model to as-
sess the cardiac homing and cardioprotective effects of rat AD-
SCs, which were isolated from transgenic rats expressing td-
Tomato (ADSC-Tomato) and then treated with irisin (ADSC-
Tomato-irisin) or vehicle (ADSC-Tomato-vehicle) for 2 days. The
rat experimental protocol was the same as that for mice except
that 5 × 106 cells were delivered each time (Figure S3A, Support-
ing Information). Irisin pretreatment significantly increased the
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Figure 2. Irisin enhances the post-MI/R cardioprotection of intravenously delivered ADSCs. A) Representative long-axis and short-axis M-mode echocar-
diographic images of mice 30 days after MI/R. B) LVEF evaluated by long-axis M-mode echocardiography. C) LVEF evaluated by short-axis M-mode
echocardiography. n = 10, 20, 22, and 24. The data were analyzed by 1-way ANOVA, followed by a Bonferroni post hoc test. ****p < 0.0001 versus the
Sham group, #p < 0.05 versus the MI/R+vehicle group, $p < 0.05 versus the MI/R+ADSC-vehicle group. D) Five sections of representative Masson
trichrome staining. E) Quantification of the fibrotic area 30 days after MI/R (n = 8 mice). The data were analyzed by Kruskal–Wallis tests, followed by
Dunn post hoc tests. F) Representative images of capillary density determined by CD31 immunofluorescence staining (left, green) and TUNEL-positive
cardiomyocytes (right, green, indicated by the white arrows) in the ischemic area 30 days after MI/R. Cell nuclei were stained with DAPI (blue). G)
Quantification of capillary density (n = 6 mice). The data were analyzed by 1-way ANOVA, followed by a Bonferroni post hoc test. H) Quantification
of TUNEL-positive cardiomyocytes (n = 6 mice). The data were analyzed by Kruskal–Wallis test followed by Dunn post hoc test. ADSC-vehicle, ADSCs
treated with vehicle; ADSC-irisin, ADSCs treated with irisin (100 ng mL−1) for 2 days. AutoFluo, autofluorescence. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns, not significant.

cardiac distribution of intravenously injected ADSC-Tomato (Fig-
ure S3B,C, Supporting Information). Multiple ADSC-Tomato-
vehicle administrations failed to significantly increase the LVEF
(p > 0.05) compared with that achieved with vehicle. However,
ADSC-Tomato-irisin significantly increased the LVEF at 30 days
post MI/R compared with ADSC-Tomato-vehicle (Figure S3D–
F, Supporting Information). Multiple intravenous injections of
ADSC-Tomato-irisin also exerted an antifibrotic effect in rats that
underwent MI/R (Figure S3G,H, Supporting Information).

Collectively, these in vivo studies provide clear evidence that
multiple intravenous deliveries of irisin-treated ADSCs promote

post-MI/R cardiac repair via antiapoptotic, proangiogenic, and
antifibrotic mechanisms.

2.3. Irisin Increases CSF2RB Protein Expression in ADSCs in
Response to the Chemokine CSF2

To explore the molecular mechanisms by which irisin pretreat-
ment increases the cardiac homing of ADSCs, we used the non-
biased RNA sequencing (RNAseq) approach to analyze vehicle-
and irisin-treated rADSCs. Up to 1155 genes in rADSCs showed
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significant upregulation after irisin treatment (Figure 3A,B). Ky-
oto Encyclopedia of Genes and Genomes (KEGG) signaling path-
way analysis identified cytokine-cytokine receptor interaction as
the most significantly enriched signaling pathway (Figure 3C).
Irisin significantly increased the expression of 26 cytokines and
19 cytokine receptors in the cytokine-cytokine receptor interac-
tion pathway (Table I, Supporting Information). These results
suggest that irisin promotes the cardiac homing of ADSCs by
classic cytokine-cytokine receptor-mediated chemotaxis.

Since MSCs express cytokine receptors in response to the cy-
tokine gradient in the ischemic heart,[17] we focused on cytokine
receptors. To identify the specific cytokine receptor(s) that con-
tribute to the cardiac homing of irisin-treated ADSCs, we in-
creased the endogenous irisin concentration in rADSCs via trans-
fection with an adenovirus harboring FNDC5 (Ad-FNDC5) (Fig-
ure S4, Supporting Information). Among the abovementioned 19
cytokine receptors that were significantly increased by exogenous
irisin in rADSCs (Table S1, Supporting Information), 14 genes in
rADSCs were detected by quantitative PCR (Figure 3D). FNDC5
overexpression significantly increased the mRNA expression of
Csf2rb but not that of the other 13 genes (Figure 3D). More im-
portantly, both irisin treatment and FNDC5 overexpression sig-
nificantly increased the protein expression of CSF2RB in rADSCs
(Figure 3E,F).

CSF2RB is a common subunit of CSF2R, the receptor for CSF2
(also named GM-CSF). CSF2 is a chemokine that plays an im-
portant role in the mobilization and homing of inflammatory
cells to infarcted heart tissue.[18,19] We performed an in vitro Tran-
swell migration assay to assess the effects of irisin on the chemo-
taxis of ADSCs toward a CSF2 gradient. The migration of AD-
SCs pretreated with irisin for 2 days toward CSF2 was signifi-
cantly enhanced (Figure 3G,H). However, irisin did not signifi-
cantly alter ADSC migration in the absence of a CSF2 gradient.
More importantly, CSF2RB knockdown in ADSCs largely blocked
the chemotactic movement of ADSC-irisin toward CSF2 (Figure
S5A,B, Supporting Information; Figure 3G,H).

Next, we performed an in vivo study to investigate whether
CSF2RB is essential for the irisin-increased cardiac homing of
intravenously delivered ADSCs. ADSCs were treated with irisin
after they were transfected with scRNA (ADSC-irisin-CSF2RBWT)
or siRNA against CSF2RB (ADSC-irisin-CSF2RBKD). Consistent
with the data in Figure 1E,F, irisin significantly increased the
cardiac homing of ADSCs administered by a single injection.
However, the loss of CSF2RB in ADSCs before irisin admin-
istration significantly reduced the number of CM-DiI+ ADSCs
in heart tissue (Figure S5C,D, Supporting Information). Collec-
tively, these results demonstrate that irisin increases the CSF2RB
protein expression in ADSCs, which facilitates their response to
the chemokine CSF2 and may increase their cardiac homing after
intravenous injection.

2.4. Myocardial CSF2 is Essential for the Cardiac Homing and
Cardioprotective Abilities of Intravenously Delivered ADSCs
Pretreated with irisin

Our in vitro studies showed that irisin enhanced the ability of
ADSCs to respond to CSF2-induced chemotaxis by upregulat-
ing CSF2RB expression, and the roles of CSF2/CSF2RB in the

homing and cardioprotection of MSCs have never been reported.
We found that CSF2 was upregulated in both the heart tissues
and plasma of mice subjected to MI/R at multiple time points,
peaking at 8 days (Figure 4A–C). To determine whether the up-
regulated protein expression of CSF2RB contributed to the en-
hanced cardiac homing ability of ADSC-irisin, we performed a
CSF2 loss-of-function study. We designed three short hairpin
RNAs (shRNAs) targeting CSF2 and found that one of them effi-
ciently inhibited CSF2 mRNA and protein expression in cardiac
fibroblasts (Figure S6A–C, Supporting Information), the heart
cell type expressing the highest levels of CSF2.[18] We then packed
the CSF2 shRNA into adeno-associated virus serotype-9 (AAV9-
CSF2-shRNA) and intramyocardially injected mice with AAV9-
CSF2-shRNA (CSF2KD mice) or AAV9-control (CSF2WT mice).
After 30 days, both the CSF2WT and CSF2KD mice were sub-
jected to MI/R. Cardiac tissue and plasma CSF2 expression was
significantly inhibited in the CSF2KD+MI/R group at 8 days
post MI/R compared to that in the CSF2WT+MI/R group (Fig-
ure 4D–F). We then delivered irisin-treated ADSCs to mice in the
CSF2WT+MI/R and CSF2KD+MI/R groups intravenously mul-
tiple times (Figure 4G). The ability of irisin-treated ADSCs to
home to the hearts of CSF2KD+MI/R mice was significantly re-
duced compared to that of the cells homing to the CSF2WT+MI/R
mouse hearts at 30 days after MI/R (Figure 4H,I). Consistent with
the reduced ADSC homing, the CSF2KD+MI/R mice showed
significantly lower LVEF values (Figure 4J–L) and significantly
higher infarcted areas (Figure 4M,N) than the CSF2WT+MI/R
controls after ADSC-irisin injection. Next, we intravenously in-
jected ADSC-irisin with IgG or a blocking antibody (BA) against
CSF2 in an in vivo study and tested CM-DiI-labeled ADSCs in
the heart 1 day after intravenous injection (2 days after MI/R).
Compared with IgG, CSF2-BA significantly inhibited the car-
diac homing of ADSC-irisin (Figure S5C,D, Supporting Informa-
tion). Collectively, these studies demonstrate that irisin facilitates
the cardiac homing of intravenously transplanted ADSCs via a
CSF2/CSF2RB axis.

2.5. Irisin Pretreatment Protects ADSCs against Apoptosis and
Enhances Their Ability to Increase Angiogenesis

To better understand the cardioprotective effects of irisin-treated
ADSCs after they enter ischemic heart tissue, we performed
in vitro studies. Cell Counting Kit-8 assays demonstrated that
irisin did not significantly alter the ADSC growth rate (Figure
S6D, Supporting Information). However, irisin pretreatment sig-
nificantly decreased ADSC apoptosis upon exposure to hydro-
gen peroxide (H2O2), as shown by the quantification of cleaved
caspase-3 (Figure 5A,B) and TdT-mediated dUTP nick-end label-
ing (TUNEL) (Figure 5C,D). Quantitative PCR demonstrated that
irisin treatment for 7 days failed to affect the cardiogenic, vascu-
logenic, or fibrogenic differentiation of ADSCs (Figure S6E, Sup-
porting Information).

Having demonstrated that the administration of irisin-treated
ADSCs significantly reduced cardiomyocyte apoptosis and in-
creased angiogenesis in vivo, we next determined whether
irisin could improve the paracrine functions of ADSCs. The ef-
fects of fresh medium (FM), conditioned medium (CM) from
vehicle-treated ADSCs (ADSC-vehicle-CM), and CM from irisin-
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Figure 3. Irisin increases CSF2RB protein expression in ADSCs in response to the chemokine CSF2. A) Cluster analysis of differentially expressed genes
determined by RNAseq of ADSCs treated with irisin (100 ng mL−1) and vehicle for 24 h. B) Volcano plot of RNAseq of ADSCs with irisin and vehicle
treatments. The blue dots represent genes with downregulated expression induced by irisin with a value of log2FoldChange<-1. The yellow dots represent
genes with upregulated expression induced by irisin with a value of log2FoldChange>1. C) The top 15 KEGG pathways in ADSCs that were significantly
affected by irisin. D) Real-time PCR analysis of mRNA expression of cytokine receptors (14 in total) in the cytokine-cytokine receptor pathway (n = 3). E)
Western blots and quantification of CSF2RB protein expression in ADSC cell lysates (n = 4). ADSCs were treated with irisin (100 ng mL−1) or vehicle for
48 h. F) Western blots and quantification of FNDC5 and CSF2RB protein expression in ADSC lysates (n = 4). ADSCs were transfected with adenovirus-
FNDC5 (Ad-FNDC5) or ADSC-control (Ad-control) for 48 h. G) Matrigel-coated Transwell assay of ADSC chemotaxis to CSF2. H) The number of cells
that had migrated to the lower chamber. ADSCs were transfected with scRNA or siRNA against CSF2RB (siCSF2RB) for 36 h and were treated with or
without irisin for another 48 h. ADSCs were seeded in the upper chamber of the Transwell system. The Transwell system was placed in medium with or
with CSF2 (100 ng mL−1) for 24 h. The data in (D), (E), and (F) were analyzed by unpaired, 2-tailed Student’s t test. The data in (H) were analyzed by
1-way ANOVA, followed by Bonferroni post hoc test. **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Figure 4. Myocardial CSF2 is essential for cardiac homing and cardioprotection of intravenously delivered irisin-pretreated ADSCs. A,B). Western blots
(A) and quantification (B) of CSF2 protein expression in the mouse infarct border zone 1, 8, 15, 22, and 29 days after MI/R. n = 4–5 mice. C) Plasma
CSF2 was determined by ELISAs of mice in the Sham and MI/R groups. n = 4–8 mice. *p < 0.05, ***p < 0.001, ****p < 0.0001 vs the Sham group. ns,
not significant. D,E) Western blots (D) and quantification (E) of CSF2 protein expression in the mouse infarct border zone 8 days after MI/R. Mice were
intramyocardially injected with AAV9-control and AAV9-CSF2-shRNA 1 month before MI/R. n = 4 mice. F) Plasma CSF2 was determined by ELISAs 8
days after MI/R. n = 4 mice. **p < 0.01, ***p < 0.001. ns, not significant. G) Experimental scheme and timeline for cardiac CSF2 loss-of-function studies.
AAV9-CSF2-shRNA or AAV9-control were intramyocardially (I.M.) injected into three sites in the left ventricle. At 1, 8, 15, 22, and 29 days after the MI/R
operation, 5 × 105 CM-DiI+ ADSC-irisin were infused intravenously via the vena angularis. ADSC-irisin, ADSCs treated with irisin (100 ng mL−1) for 48
h. H) Representative images of CM-DiI-labeled ADSCs in hearts 30 days after MI/R. Heart tissue was immunostained for troponin T (green) and DAPI
(blue). Engrafted ADSCs are CM-DiI positive (red). I) Quantification of CM-DiI-labeled ADSCs in the peri-infarct area was determined by the percentage
of red area in a representative section (n = 5 mice per group). **p < 0.01. J) Representative long-axis and short-axis M-mode echocardiographic images
30 days after MI/R. K) LVEF evaluated by long-axis M-mode echocardiography. L) LVEF evaluated by short-axis M-mode echocardiography. n = 12, 10.
*p < 0.05. M) Five sections of representative Masson trichrome staining. N) Quantification of the fibrotic area 30 days after MI/R (n = 6 mice). *P < 0.05.
The data in (B) and (C) were analyzed by 1-way ANOVA, followed by a Bonferroni post hoc test. Others were analyzed by unpaired, 2-tailed Student’s t
test.

treated ADSCs (ADSC-irisin-CM) on H2O2-induced cardiomy-
ocyte apoptosis was determined. We used both primary neona-
tal rat ventricular cardiomyocytes (NRVCs) and human-induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). Com-
pared with FM, ADSC-vehicle-CM significantly decreased the
apoptosis of NRVCs and iPSC-CMs (Figure 5E–G). However,
ADSC-irisin-CM did not further reduce the apoptosis of NRVCs
or iPSC-CMs compared with that with ADSC-vehicle-CM. We
then determined the effects of irisin on the paracrine proangio-

genic effect of ADSCs. After the resuspension of rat coronary
artery endothelial cells (rCAECs) in FM, ADSC-vehicle-CM, or
ADSC-irisin-CM, tube formation assays were performed. Com-
pared with ADSC-vehicle-CM, ADSC-irisin-CM significantly in-
creased the tube formation ability of the cells (Figure 5H,I).
Taken together, these in vitro studies demonstrated that irisin
pretreatment improves the survival of ADSCs and enhances their
paracrine proangiogenic effects but not their paracrine antiapop-
totic effects.
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Figure 5. Irisin pretreatment protects ADSCs against apoptosis and enhances their ability to increase angiogenesis. A,B) Western blots and quantification
of cleaved caspase-3 protein expression in ADSCs. ADSCs were pretreated with or without irisin (100 ng mL−1, 48 h), washed to remove irisin, and then
subjected to H2O2 (200 μm, 6 h). C) Representative images of TUNEL-positive ADSCs (red) with or without H2O2 (200 μm, 6 h). Cell nuclei were stained
with DAPI (blue). D) Quantification of TUNEL positive ADSCs (n = 5). E–G) Representative images of TUNEL-positive (red) NRVCs and iPSC-CMs.
NRVCs and iPSC-CMs were treated with FM, ADSC-vehicle-CM, or ADSC-irisin-CM 15 min before H2O2 (200 μm, 6 h) administration. NRVCs and
iPSC-CMs are TNNT2 positive (green). n = 4. H,I) The paracrine angiogenesis of ADSC-vehicle-CM and ADSC-irisin-CM was evaluated by rCAEC tube
formation assays. n = 4. The data were analyzed by 1-way ANOVA, followed by a Bonferroni post hoc test. *p < 0.05, **p < 0.01, ****p < 0.0001; ns,
not significant.
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Figure 6. Irisin increases ANGPTL4 and SOD2 expression in ADSCs via ERK1/2 activation. A) Quantitative PCR analysis of mRNA expression for genes
of interest (35 in total) in rat ADSCs transfected with adenovirus-control (Ad-control) or adenovirus-FNDC5 (Ad-FNDC5). These 35 genes were increased
>2-fold by FNDC5 overexpression. n = 3. B) Statistical significance of mRNA expression for the top ten genes of interest among the 35 genes in (A). C)
Quantitative PCR analysis of mRNA expression for the ten genes in (B) in mouse ADSCs transfected with Ad-control or Ad-FNDC5 for 48 h. n = 4. D,E)
Western blots and quantification of protein expression for genes of interest (6 in total) in ADSC lysates. ADSCs were treated with 100 ng mL−1 irisin or
vehicle for 48 h. n = 4. F,G) Western blots and quantification of ANGPTL4 and SOD2 protein expression in rat ADSCs transfected with Ad-control or
Ad-FNDC5 for 48 h. n = 4. H,I) Western blots and quantification of phosphorylated ERK1/2 and AKT in ADSCs after 100 ng mL−1 irisin treatment for 5,
15, 30, and 60 min (n = 3). *p < 0.05. J,K) Western blots and quantification of ANGPTL4 and SOD2 in ADSC cell lysates demonstrated that U0126 (an
ERK1/2 activation inhibitor) blocked irisin-induced increases in ANGPTL4 and SOD2 protein expression (U0126: 10 μm, 2 h before irisin treatment). n =
4. L,M) Western blots and quantification of FNDC5, ANGPTL4, and SOD2 in rat ADSCs transfected with Ad-con or Ad-F5 with or without U0216 for 48
h. n = 4. The data in (I), (K), and (M) were analyzed by 1-way ANOVA, followed by Bonferroni post hoc test. Others were analyzed by unpaired, 2-tailed
Student’s t test.

2.6. Irisin Increases the ANGPTL4 and SOD2 Expression in
ADSCs via Activating ERK1/2

To identify the molecular mechanisms by which irisin af-
fects ADSC survival and paracrine function, we reanalyzed the
RNAseq data (Figure 3A,B). The ADSC-irisin profile revealed that
1155 genes were significantly upregulated (Figure 3A,B), among
which 141 genes in the ADSC-vehicle group had a mean count
of >1000 (Table S2, Supporting Information). We then narrowed
down these genes in rADSCs overexpressing FNDC5. Among

these 141 genes, 132 were detectable in rADSCs by quantita-
tive PCR (Figure S7A, Supporting Information), and 35 were in-
creased by >2-fold upon FNDC5 overexpression (Figure 6A). We
focused on the top 10 of these 35 genes (Angptl4, Ccl2 (Mcp1),
Il1b (IL1𝛽), Lcn2, Mmp9, Ptx3, Sod2, Stat2, Tfpi2, and Tnipl) (Fig-
ure 6B). However, Tnipl was not detectable in mADSCs, while
Mmp9, Ptx3, and Stat2 were not significantly altered by FNDC5
overexpression (Figure 6C). Western blot analysis confirmed that
irisin significantly increased the protein expression of SOD2 and
ANGPTL4 but not that of MCP1, IL1𝛽, LCN2, or TFPI2 in rAD-
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SCs (Figure 6D,E). FNDC5 overexpression also significantly in-
creased the SOD2 and ANGPTL4 expression in rADSCs (Fig-
ure 6F,G).

We next aimed to identify the signaling molecules up-
stream of the ANGPTL4 and SOD2 proteins in the presence of
FNDC5/irisin. Because the activation of AKT and ERK1/2 was
shown to be involved in the effects of irisin on downstream
signaling,[11,20] we quantified both AKT and ERK1/2 phospho-
rylation after irisin treatment for different amounts of time.
ERK1/2 phosphorylation was initially increased after 5 min and
was significantly increased after 15–30 min of incubation with
irisin (Figure 6H–I). AKT phosphorylation was not altered dur-
ing 60 min of irisin stimulation. To identify a cause-effect rela-
tionship between ERK1/2 activation and ANGPTL4/SOD2 pro-
tein expression after irisin treatment, we administered U0126 (an
ERK1/2 activation inhibitor, 10 μm) 2 h before irisin treatment.
Irisin failed to increase ERK1/2 phosphorylation in the pres-
ence of U0126 (Figure S7B,C, Supporting Information). Impor-
tantly, the irisin-induced upregulation of ANGPTL4 and SOD2
protein expression in rADSCs was almost completely blocked by
U0126 (Figure 6J,K). U0126 also abolished the upregulation of
ANGPTL4 and SOD2 protein expression in ADSCs overexpress-
ing FNDC5 (Figure 6L,M). These results demonstrate that irisin
upregulates ANGPTL4/SOD2 expression via ERK1/2 activation.

2.7. ERK1/2-SOD2 and ERK1/2-ANGPTL4 are Responsible for
the Irisin-Induced ADSC Antiapoptotic and Paracrine Angiogenic
Effects, Respectively

SOD2 is a mitochondrial antioxidant gene that has been shown
to protect human MSCs from oxidative stress-induced mitochon-
drial dysfunction.[21] ANGPTL4, a secreted protein, has been im-
plicated in mediating the paracrine function of MSCs.[22] We
next aimed to investigate the possible roles of ERK1/2-SOD2 and
ERK1/2-ANGPTL4 in irisin-mediated ADSC behaviors. The an-
tiapoptotic effect of irisin on ADSCs was almost completely abol-
ished by U0126, as evidenced by the quantification of cleaved
caspase-3 (Figure 7A,B) and TUNEL staining (Figure 7C,D). Ge-
netic knockdown of SOD2 by siRNA also significantly abolished
the antiapoptotic effects of irisin on ADSCs (Figure S8A, Sup-
porting Information; Figure 7A–D). However, siRNA-mediated
ANGPTL4 knockdown did not significantly alter the antiapop-
totic effect of irisin on ADSCs (Figure S8B, Supporting Informa-
tion; Figure 7A–D).

Because irisin increased ANGPTL4 expression, we treated
NRVCs and rCAECs with recombinant ANGPTL4. ANGPTL4
did not significantly reduce H2O2-induced NRVC apoptosis (Fig-
ure S8C,D, Supporting Information). However, ANGPTL4 signif-
icantly increased the tube formation ability of rCAECs compared
with that induced by F12 (Figure 7E,F). Moreover, ANGPTL4
knockdown (ANGPTL4KD), but not SOD2 knockdown (SOD2 KD),
substantially inhibited the paracrine angiogenic effect of irisin-
treated ADSCs (Figure 7E,F; Figure S8E,F, Supporting Informa-
tion). Collectively, these data demonstrate that the antiapoptotic
effect of irisin is mediated by SOD2 upregulation and that the
paracrine proangiogenic function of irisin-treated ADSCs is me-
diated by ANGPTL4 release, followed by ERK1/2 activation.

2.8. Irisin Increases the ANGPTL4, CSF2RB, and SOD2
Expression in ADSCs via Integrin 𝜶V/𝜷5

A previous study reported that lipid raft–mediated endocytosis
plays an important role in facilitating the entry of irisin into
mouse lung epithelial cells under I/R stress conditions.[23] Our
results showed that the increased mRNA expression of Angptl4,
Csf2rb, and Sod2 induced by irisin was further increased instead
of being blocked by nystatin, a known inhibitor of lipid raft–
mediated endocytosis (Figure S9A–C, Supporting Information),
suggesting that irisin activates its downstream signals by binding
to its membrane receptor. Kim et al. first identified a subset of
integrins, especially those associated with 𝛼V integrin, that func-
tion as irisin receptors in mouse osteocytes and fat tissues.[11]

These researchers found that integrin 𝛼V/𝛽5 has the highest
affinity for irisin and is required for the cellular response to irisin.
Oguri et al. recently reported that the 𝛼V/𝛽1 and 𝛼V/𝛽5 integrins
mediate the activation of integrin-FAK signaling in response to
irisin in a subset of mouse adipocyte progenitor cells.[24]

We analyzed the expression profiles of all integrins in both
rADSCs and mADSCs, revealing the expression of 17 𝛼 sub-
units and 8 𝛽 subunits of the integrin family (Table S3, Sup-
porting Information). Among the integrin 𝛼 subunits, 𝛼V was
expressed at relatively high levels in both rADSCs (ranked fifth)
and mADSCs (ranked second). Integrin 𝛽1 showed the highest
expression among all 𝛽 subunits in both rADSCs and mADSCs.
Integrin 𝛽5 ranked third in rADSCs and second in mADSCs.
Based upon these data and previous reports,[11,24] we analyzed
the involvement of the 𝛼V/𝛽1 and 𝛼V/𝛽5 integrins in the roles of
irisin in rADSCs. We simultaneously knocked down integrin 𝛼V
and integrin 𝛽5 in rADSCs using appropriate siRNAs (𝛼V/𝛽5KD)
(Figure 8A). The upregulated mRNA and protein expression of
ANGPTL4, CSF2RB, and SOD2 by irisin was largely blocked in
ADSCs with 𝛼V/𝛽5KD (Figure 8B–D). Irisin did not increase the
ERK1/2 phosphorylation in ADSCs with 𝛼V/𝛽5KD (Figure S9D,E,
Supporting Information). However, simultaneous knockdown of
integrin 𝛼V/𝛽1 (𝛼V/𝛽1KD) did not significantly alter the increased
mRNA and protein expression of ANGPTL4, CSF2RB, and SOD2
induced by irisin (Figure 8A–D). Finally, we performed an inte-
grin 𝛼V/𝛽5 loss-of-function study in mADSCs. When integrin
𝛼V/𝛽5 was knocked down in mADSCs, irisin did not increase
the protein expression of ANGPTL4, CSF2RB, or SOD2 (Fig-
ure 8E,F). Taken together, these data identify integrin 𝛼V/𝛽5, but
not 𝛼V/𝛽1, as a specific irisin receptor in ADSCs.

3. Discussion

Increasing preclinical evidence suggests that the intravenous ad-
ministration of MSCs is effective for the structural and functional
recovery of the infarcted heart.[25–27] Accordingly, clinical trials
are underway to determine the benefits of intravenous MSC-
based therapies.[28] MSCs can migrate through the bloodstream
to different organs under the guidance of chemical signaling-
related navigation, which facilitates their migration and engraft-
ment to the ischemic myocardium and mediates repair. Al-
though MSCs trapped in other organs (such as the lung and
spleen) enhance cardiac repair by releasing anti-inflammatory
proteins,[29,30] active cell homing to the site of injury represents a
critical step to the successful clinical use of intravenously deliv-

Adv. Sci. 2022, 9, 2103697 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2103697 (10 of 15)



www.advancedsciencenews.com www.advancedscience.com

Figure 7. ERK1/2-SOD2 and ERK1/2-ANGPTL4 are responsible for the antiapoptotic and paracrine angiogenic effects of irisin-induced ADSCs, respec-
tively. A,B) Western blots and quantification of cleaved caspase-3 protein expression in ADSCs. C) Representative images of TUNEL-positive ADSCs (red)
with or without H2O2 (200 μm, 6 h). Cell nuclei were stained with DAPI (blue). D) Quantification of TUNEL-positive ADSCs. ADSCs were transfected
with siRNA against SOD2 (siSOD2) or siRNA against ANGPTL4 (siANGPTL4) 36 h before irisin treatment (100 ng mL−1, 24 h). U0126: 10 μm, 2 h before
irisin treatment. n = 4. E,F) Tube formation of rCAECs treated with F12, F12+ANGPTL4 (2 μg mL−1), ADSC-vehicle-CM, ADSC-irisin-ANGPTL4WT-CM, or
ADSC-irisin-ANGPTL4KD-CM. n = 4. ANGPTL4WT, ANGPTL4 scRNA; ANGPTL4KD, ANGPTL4 siRNA. The data were analyzed by 1-way ANOVA, followed
by a Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. ns, not significant.

ered MSCs for myocardial repair.[31] Because intravenous injec-
tion results in only a minuscule percentage of cells engrafting in
the heart, the optimization of MSC homing efficiency is a major
hurdle for this treatment.

In the present study, we made several novel observations.
First, we demonstrated that irisin promotes the cardiac hom-
ing and cardioprotection of ADSCs administered via multiple
intravenous injections. Clinical studies have shown that circu-
lating irisin levels are lower in patients with either stable coro-
nary artery disease or MI than in healthy controls[32] and that

lower irisin levels are an independent predictor of coronary artery
disease severity.[33] We demonstrated that irisin pretreatment in-
creased the cardiac homing of intravenously injected ADSCs in
post MI/R mice and rats by tracking ADSCs with CM-DiI stain-
ing or genetic GFP and tdTomato labeling. Irisin specifically in-
creased ADSC accumulation in the ischemic heart but not in
the lung, spleen, or liver. Although the CM of ADSC-vehicle sig-
nificantly reduced cardiomyocyte apoptosis in the in vitro study,
multiple intravenous injections of vehicle-treated ADSCs failed
to alter the cardiomyocyte apoptotic rate, infarct size, or LVEF in
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Figure 8. Irisin increases ANGPTL4, CSF2RB, and SOD2 expression in ADSCs via integrin 𝛼V/𝛽5. A,B) Quantitative PCR analysis of mRNA expression
of integrin 𝛼V, 𝛽5, and 𝛽1 (A) and Angptl4, Csf2rb, and Sod2 (B) in rat ADSCs. ADSCs were transfected with scRNA, siRNAs against integrin 𝛼V and 𝛽5
(𝛼V𝛽5KD), or siRNAs against integrin 𝛼V and 𝛽1 (𝛼V𝛽1KD) for 36 h and then treated with irisin (100 ng mL−1) for another 24 h. n = 3–4. C,D) Western
blots and quantification of integrin 𝛼V, 𝛽5, and 𝛽1, ANGPTL4, CSF2RB, and SOD2 protein expression in rat ADSCs. ADSCs were transfected with scRNA,
siRNAs against integrin 𝛼V and 𝛽5 (𝛼V𝛽5KD), or siRNAs against integrin 𝛼V and 𝛽1 (𝛼V𝛽1KD) for 36 h and then treated with irisin (100 ng mL−1) for
another 48 h. n = 3–4. E,F) Western blots and quantification of integrin 𝛼V and 𝛽5, ANGPTL4, CSF2RB, and SOD2 protein expression in mouse ADSCs.
ADSCs were transfected with scRNA or siRNAs against integrin 𝛼V and 𝛽5 (𝛼V𝛽5KD) for 36 h and then treated with irisin (100 ng mL−1) for another 48
h. n = 3–4. The data were analyzed by 1-way ANOVA, followed by a Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns,
not significant.

the in vivo study. The possible reason is that the majority of the
intravenously injected ADSCs were distributed to other tissues;
the paracrine factors secreted by ADSCs were heavily diluted in
the blood stream and thus failed to provide protection for the
ischemic heart tissue. However, multiple intravenous injections
of irisin-treated ADSCs significantly improved cardiac structure
and function, as evidenced in both post-MI/R mice and rats. Be-
cause intravenous transplantation is easy and safe for repeated
injections, these results indicate that the intravenous adminis-
tration of MSCs after irisin incubation may be more practical for
patients with ischemic heart disease. Many studies have reported

that irisin alone protects against ischemic heart injury by inhibit-
ing cardiomyocyte apoptosis and promoting angiogenesis;[34–36]

the combination of MSC and irisin together is likely to exert a
synergistic cardioprotection against ischemic heart disease.

Second, we identified CSF2/CSF2RB as a new chemotactic
signaling axis in the cardiac homing of MSCs. The multifunc-
tional growth factor CSF2 controls leukocyte production, prolifer-
ation, differentiation, and survival.[18] Various cell types, such as
macrophages, fibroblasts, endothelial cells, and B cells, produce
CSF2.[19] As an endogenous cytokine, CSF2 is actively secreted
in response to various types of injuries, including MI.[18,19,37]
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After MI, cardiac fibroblasts are the most abundant and nearly
exclusive CSF2 producers.[18] CSF2 enhances the migratory ca-
pacity of MSCs and their therapeutic effects in an endometrial
ablation animal model.[37] In the present study, we found that
irisin directs the cardiac homing of intravenously delivered AD-
SCs by upregulating CSF2RB expression. When CSF2RB in AD-
SCs was knocked down, the chemotaxis of irisin-treated AD-
SCs toward CSF2 was largely abolished. Moreover, CSF2 ex-
pression was increased in both the heart tissues and plasma of
mice that underwent MI/R at multiple time points, peaking at 8
days. When CSF2 was knocked down in the ischemic heart or
was inhibited by its blocking antibody, irisin-treated ADSCs lost
most of their homing capacity. The infarcted heart tissue with in-
creased CSF2 expression recruits intravenously delivered irisin-
pretreated MSCs, which has a higher expression of CSF2RB.
Other tissues are not able to recruit the MSCs from the blood
because their CSF2 expression remains low after MI.[18] These
results support CSF2/CSF2RB as a potential therapeutic target
to improve the cardiac homing of intravenously administered
MSCs for the treatment of ischemic heart disease.

Third, we uncovered new cellular and molecular mechanisms
that directly underlie the effects of irisin on ADSCs. After hom-
ing to the ischemic heart, the cells are in a harsh ischemic,
hypoxic, and inflammatory microenvironment. The survival po-
tency of transplanted MSCs largely determines their cardiopro-
tective effects.[38] FNDC5 and irisin exert antiapoptotic effects on
many cell types, including cardiomyocytes and alveolar cells.[23,39]

Based on RNAseq results, we focused on the top 10 genes among
35 genes that were increased by FNDC5/irisin and identified
SOD2 as a potential antiapoptotic mediator. The superoxide dis-
mutase (SOD) family is an important component of the antiox-
idant defense system, among which SOD2 is localized in mito-
chondria. We provided direct evidence that the antiapoptotic ef-
fect of irisin on ADSCs was mediated by the ERK1/2-SOD2 path-
way because ERK1/2 inactivation and SOD2 knockdown abol-
ished the antiapoptotic effect.

Our in vivo studies showed that irisin-treated ASDCs im-
proved post-MI/R cardiac remodeling and function. At the cel-
lular level, irisin-treated ASDCs increased the capillary den-
sity and inhibited cardiomyocyte apoptosis in the peri-infarct
area. Among many characteristics, direct transdifferentiation
and paracrine effector release are the 2 most important mech-
anisms by which implanted stem cells protect the heart. Irisin
did not affect the cardiogenic, vasculogenic, or fibrogenic differ-
entiation of ADSCs, suggesting that direct transdifferentiation is
not involved. CM from irisin-treated ADSCs increased the tube
formation ability of rCAECs but did not inhibit cardiomyocyte
apoptosis in vitro. RNAseq screening followed by quantitative
PCR/Western blotting demonstrated that irisin significantly in-
duces the expression of ANGPTL4 in ADSCs. ANGPTL4 is a
proangiogenic factor and has been shown to improve the cere-
bral vasculature network after brain injury.[40] ANGPTL4 pro-
motes angiogenesis by increasing nitric oxide production via
the JAK/STAT3-mediated upregulation of inducible nitric ox-
ide synthase expression.[41] In the present study, gain- and loss-
of-function studies revealed that ANGPTL4 contributes to the
proangiogenic effect of irisin-treated ADSCs.

Finally, we identified integrin 𝛼V/𝛽5 as the receptor mediat-
ing the actions of irisin on ADSCs. One previous study demon-

strated that irisin enters mouse alveolar cells via endocytosis and
directly targets mitochondria.[23] However, we demonstrated that
endocytosis is not involved in irisin downstream signaling in
ADSCs. Kim et al. first identified integrin 𝛼V/𝛽5 as the irisin
receptor in mouse osteocytes and fat tissues.[11] Oguri et al. re-
cently reported that both the 𝛼V/𝛽1 and 𝛼V/𝛽5 integrins mediate
the activation of integrin-FAK signaling in response to irisin in
a subset of mouse adipocyte progenitor cells.[24] Integrins have
been shown to promote the homing of several stem/progenitor
cells, such as hematopoietic stem cells,[42] endothelial progenitor
cells,[43] and MSCs.[44] Leptin increases integrin 𝛼V/𝛽5 expres-
sion, which augments the homing of intravenously injected en-
dothelial progenitor cells to the site of vascular injury.[45] In the
present study, we found that integrins 𝛼V and 𝛽5 were not the
most highly expressed integrins in ADSCs, as evidenced by the
expression patterns of all 𝛼 and 𝛽 integrins in the RNAseq anal-
ysis. However, we revealed that integrin 𝛼V/𝛽5, but not 𝛼V/𝛽1, is
required for the irisin-induced upregulation of key downstream
molecules in both rADSCs and mADSCs. Irisin lost its ability
to activate ERK1/2 when integrin 𝛼V/𝛽5 was genetically blocked.
These results support integrin 𝛼V/𝛽5 as the specific receptor of
irisin in MSCs.

A recent study by Deng et al. reported that hypoxic exposure de-
creases the protein expression of FNDC5 in bone marrow-derived
MSCs (BM-MSCs). BM-MSCs with FNDC5 overexpression im-
proved the survival of transplanted BM-MSCs, which signifi-
cantly reduced fibrosis and alleviated injured heart function in a
mouse MI model.[46] The final outcome, that is, enhanced cardio-
protective ability of FNDC5/irisin pretreated MSCs is the same,
demonstrating the reproducibility of our experimental finding.
However, several novel aspects clearly distinguish our current
study with the previous report. First, and most significantly, the
delivery routes of cell therapy are different. We intravenously in-
jected MSCs and demonstrated that irisin increases their hom-
ing to the ischemic heart. The previous study directly injected
MSCs into the infarcted area. Because intravenous delivery is a
noninvasive method that allows multiple injections, it has greater
clinical application than intramyocardial injection. Second, we
identified for the first time that integrin 𝛼V/𝛽5 is the irisin recep-
tor in ADSCs. Thirdly, we uncovered novel mechanisms mediat-
ing the effect of irisin on ADSCs. Specifically, the previous study
reported that irisin or FNDC5 overexpression alleviated hypoxic
stress-induced BM-MSCs apoptosis and cell death. At a cellular
level, we demonstrated for the first time that in addition to reduce
ADSCs apoptosis (same as previously reported), irisin enhanced
the proangiogenic effect of ADSCs. At molecular level, we uti-
lized unbiased approach and demonstrated for the first time that
increased CSF2RB, ANGPTL4, and SOD2 expression by irisin is
responsible for the increased cardiac homing and cardioprotec-
tive ability of ADSCs. Finally, we identified ERK1/2 as the up-
stream molecule upregulating CSF2RB, SOD2, and ANGPTL4
expression. To our knowledge, this molecular signaling system
has never been previously reported in any stem cell–related car-
dioprotection.

4. Conclusion

In conclusion, we identified irisin as a novel myokine that pro-
motes the cardiac engraftment and cardioprotection of intra-
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venously delivered ADSCs via three major mechanisms. First,
irisin directs the cardiac homing of ADSCs via integrin 𝛼V/𝛽5-
ERK1/2 activation, followed by the upregulation of CSF2RB ex-
pression in response to the CSF2 gradient. Second, irisin pro-
motes ADSC survival by upregulating SOD2 expression. Third,
irisin enhances the paracrine function of ADSCs by increasing
ANGPTL4 expression and release. Multiple intravenous deliver-
ies of irisin-pretreated MSCs may be a useful, noninvasive cellu-
lar therapeutic strategy for patients with ischemic heart diseases.

5. Experimental Section
Experimental details are provided in Supporting Information.
Study Design: The main goal of this study is to determine whether

irisin, an exercise-related myokine, facilitates the cardiac engraftment and
repair of intravenously injected ADSCs in hearts after MI/R. The experi-
ments were carried out in both rats and mice with long-term MI/R injury,
which effectively recapitulates the human disease process. MI/R-induced
animals with an LVEF > 45% at 1 day after the operation were excluded
from the study. At least 20 mice and 10 rats were included in the exper-
imental groups to identify alterations in cardiac function. Mice and rats
were randomly assigned to treatment groups. Both male and female rats
were used to study post-MI/R cardiac function and fibrosis. To evaluate the
organ distribution of intravenously delivered ADSCs, ADSCs was tracked
by either lipophilic dye CM-DiI staining or genetic GFP and tdTomato la-
beling at two different time points. To identify the downstream molecular
mechanisms of irisin, nonbiased RNA-seq analysis was first performed
and then, additional studies were performed. To determine the role of
the CSF2-CSF2RB axis in the irisin-enhanced cardiac homing of ADSCs,
we knocked down CSF2 in heart tissue and knocked down CSF2RB in AD-
SCs. The chemicals, molecular reagents, and chemically synthesized miR-
NAs of the highest-grade purity were purchased from reputable vendors.
All sample measurements were performed in a blinded manner.

Statistical Analysis: All values were presented as the mean±SEM of
n independent experiments. The results were analyzed by an unpaired,
2-tailed Student’s t test (2 groups) or ANOVA (≥3 groups) followed by
Bonferroni correction if needed. All statistical tests were performed with
GraphPad Prism software version 8.0, and p <0.05 was considered signif-
icant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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