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FNDC5 overexpression promotes the survival rate of bone marrow 
mesenchymal stem cells after transplantation in a rat cerebral 
infarction model
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Background: Most bone marrow mesenchymal stem cell (BMSC) death is caused by the harsh ischemia 
and hypoxic microenvironment, which impacts the therapeutic effects of transplanted BMSCs. Fibronectin 
type III domain-containing protein 5 (FNDC5) and its cleaved product, irisin, are reportedly involved in 
cerebral protective effect. Research into whether FNDC5 plays a key role in the survival rate of BMSCs 
and cerebral infarction (CI) remains inadequate. The present study aimed to clarify the protective role of 
FNDC5 on the low viability of transplanted BMSCs and improve CI treatment outcomes.
Methods: A lentivirus vector, which drives the expression of FNDC5, was constructed and used to 
transfect BMSCs. Cell Counting Kit-8 (CCK8), flow cytometry, immunofluorescence, and western blot 
were performed to evaluate the function of FNDC5-overexpressing BMSCs (BMSCs-OE-FNDC5) exposed 
to hypoxic and serum deprivation (H/SD) stress. Transmission electron microscopy (TEM) was used to 
monitor autophagy. In addition, BMSCs were engrafted into a middle cerebral artery occlusion (MCAO) rat 
model with or without FNDC5-overexpression (OE-FNDC5). The survival rate of transplanted BMSCs 
was evaluated by 5-ethynyl-2'-deoxyuridine (EdU) labeling. The CI volume was assessed by 2,3,5-triphenyl 
tetrazolium chloride (TTC) staining.
Results: H/SD stress caused increased cell autophagy, apoptosis, and decreased cell viability of BMSCs, 
while OE-FNDC5 alleviated these injuries. The in vivo results showed that transplantation of BMSCs-OE-
FNDC5 reduced the infarct volume in the rat MCAO model. Furthermore, OE-FNDC5 decreased neuronal 
apoptosis. The improved therapeutic efficacy of BMSCs-OE-FNDC5 may be attributable to the obviously 
increased cell survival number after transplantation. 
Conclusions: These results indicated that FNDC5 overexpression promotes BMSC survival in a CI 
model, which might provide a potential therapeutic target. 
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Introduction

The most effective treatment of cerebral infarction (CI) 
should focus on the regeneration of lost neurons and the 
repair of neural function (1). In recent years, regenerative 
medicine based on mesenchymal stem cells (MSCs) has 
emerged as a promising approach for treatment of ischemic 
brain injury (2,3). Previous research has shown that MSCs 
exert their therapeutic effect, including immune regulation, 
vascular regeneration, and nutritional support, through 
paracrine, exosomes, and differentiation mechanisms (4-6).  
It was originally thought that the protective efficacy 
of MSCs was positively correlated with the number of 
successfully transplanted cells. Unfortunately, the effective 
cell survival of grafted MSCs in infarcted brains remains 
unsatisfactory, with more than 80% of the infused MSCs 
dying within 72 hours (7). Previous studies have shown 
that the low survival rate of transplanted MSCs is mostly 
due to apoptosis or autophagy caused by the ischemic 
microenvironment (8), which greatly limits the therapeutic 
efficacy of MSCs in CI.

Fibronectin type III domain-containing protein 5 
(FNDC5), a membrane protein, and its extracellular part 
(processed and secreted as a myokine irisin), not only play a 
vital role in energy metabolism but also have crucial roles in 
a variety of physiological processes, including inflammation, 
oxidative stress, proliferation, and neural differentiation. 
Growing evidence has demonstrated the potential role of 
FNDC5 in vascular activity and atherosclerosis (9-11).  
Recent research about stem cells has revealed that the 
promotion of FNDC5/Irisin can modulate osteogenic 
differentiation in bone marrow-derived mesenchymal 
stem cells (BMSCs) (12), and promote proliferation and 
differentiation of goat adipose-derived stem cells (13). 
Besides the enhancement effect on stem cells proliferation, 
FNDC5 has been shown to improve BMSCs engraftment 
and paracrine effects in infarcted hearts (14), but the 
underlying mechanisms remain elusive. 

Growing evidence suggests that autophagy is a double-
edged sword in MSCs survival (15). In the severe ischemic 
microenvironment, the endoplasmic reticulum (ER) stress is 
uncontrollable, and the destructive autophagy of MSCs affects 
the regeneration ability, resulting in a string of hypoxic cell 
damage. Regulatory effect of FNDC5/irisin on autophagy 
has been studied only recently (16-18), particularly after 
scientists have confirmed the relationship between exercise-
induced FNDC5/irisin release and Alzheimer’s disease (19). 

According to the specific cellular environment, the process of 
FNDC5 modulating autophagy in MSCs is strictly controlled 
by different molecule mechanism and variable signal receptors, 
which needs further interpretation (20).

In this study, we conducted a series of cell and 
animal experiments to demonstrate whether FNDC5-
overexpression (OE-FNDC5) improves the therapeutic 
efficacy of transplanted BMSCs in ischemic brain injury, 
and whether the neuroprotective effects were induced, at 
least in part, by the inhibition of autophagy. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-6868/rc).

Methods

Animals and CI models

Adult, 6–8-month-old male Sprague-Dawley (SD) rats (body 
weight: 280–300 g) supplied by the Guangdong Medical 
Laboratory Animal Center were used to establish a CI 
model. Animal experiments were performed under a project 
license (No. 2021035) granted by the Animal Care and Use 
Committee of The Affiliated Yan’an Hospital of Kunming 
Medical University, in compliance with the institutional 
guidelines for the care and use of animals.

Permanent middle cerebral artery occlusion (MCAO) 
surgery was induced by intraluminal vascular occlusion using 
a monofilament as previously described (21). Briefly, after 
the rats were anesthetized with 3% pentobarbital sodium 
(30 mg/kg, intraperitoneally), a midline incision was made 
on the neck under an operating microscope and the left 
common carotid artery (CCA), external carotid artery (ECA), 
and internal carotid artery (ICA) were isolated. A 1% poly-
l-lysine-coated blunted top 6-0 suture was gently inserted 
10±0.5 mm from the ECA into ICA to occlude the origin of 
the MCA. Twenty-four hours after the MCAO model was 
successfully prepared, Dulbecco’s Modified Eagle Medium 
(DMEM) solution with/without BMSCs (1×106 cells/3 μL 
DMEM solution) was injected around the infarct border 
zone in a stereotactic manner. After 7 days, subsequent 
experiments were carried out. Rats (34 in total, six rats died 
either during or after the surgery) were randomly divided 
into three groups: MCAO + BMSCs group (BMSCs, 
n=10), MCAO + BMSCs-overexpression-negative control 
group (BMSCs-OE-NC, n=9), and MCAO + FNDC5-
overexpression BMSCs group (BMSCs-OE-FNDC5, n=9).

https://atm.amegroups.com/article/view/10.21037/atm-21-6868/rc
https://atm.amegroups.com/article/view/10.21037/atm-21-6868/rc
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Lentivirus vector construction and BMSCs transfection

The BMSCs were purchased from Cyagen Biosciences 
Co., Guangzhou, and cultured as previously described (22). 
BMSCs-OE-FNDC5 were established by transfection with 
lentiviruses, and a standard protocol was used to generate 
viruses. Briefly, lentiviruses were prepared using the VsVg 
and PAX2 lentiviral package system (Invitrogen, Carlsbad, 
CA, USA) using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA) in HEK293FT cells. Supernatants containing 
viral particles were collected 3 days after transfection 
and concentrated using centrifugal cutoff filters (Merck, 
Darmstadt, Germany). 

After dissociation into single-cell suspensions, the 
BMSCs were replaced with concentrated lentiviral particles. 
Twenty-four hours after infection, a fresh culture medium 
was slowly replaced. Puromysin (Sigma-Aldrich, St. Louis, 
MO, USA) at a concentration of 1–5 μg/mL was added to 
the culture medium 4 days after transduction. Five days 
later, the conventional culture medium without puromysin 
was replaced. Ultimately, BMSCs-OE-FNDC5 and 
BMSCs-OE-NC were obtained.

Hypoxia/serum deprivation injury

The BMSCs were cultured in DMEM solution containing 
10% fetal bovine serum (FBS). To mimic ischemia injury 
in vitro, the BMSCs were exposed to a hypoxia/serum 
deprivation (H/SD) environment, in which cells were 
incubated under an atmosphere of 1% oxygen, 5% carbon 
dioxide, and 94% nitrogen, in glucose-free DMEM without 
FBS at 37 ℃ for 24 h. For normal culture, cells were 
conventionally incubated without H/SD.

Measurement of BMSCs autophagy, apoptosis and cell 
viability

The number and morphology of autophagosomes in 
BMSCs were observed by transmission electron microscopy 
(TEM, H-7650 Hitachi Limited, Japan). Apoptosis assays 
were performed with Annexin V-FITC Apoptosis detection 
kit (BD Biosciences, USA) following the manufacturer’s 
instructions and analyzed by a FACS Aria II flow cytometer 
(BD Biosciences, USA). The proliferation of the cells 
was measured using the Cell Counting Kit-8 (CCK8; 
Dojindo Molecular Technologies, Japan) according to the 
manufacturer’s protocols. The autophagy representative 
protein, LC3, was detected by immunofluorescence. 

Autophagy biomarkers, Beclin-1 and p62, and apoptotic 
proteins, Bcl-2 and Bax, were detected by western blotting.

Evaluation of BMSCs engraftment and histological 
analysis

The survival and proliferation rates of transplanted 
BMSCs around the infarct zone were detected by labeling 
cells with EdU.

The survival of BMSCs was detected by identification 
of red fluorescent protein (RFP) under fluorescence 
microscopy, and the percentage of RFP+/4,6-diamidino-2-
phenylindole (DAPI) in each slide from five frozen section 
was calculated. All assays were performed in a blinded 
manner.

Terminal-deoxynucleoitidyl Transferase Mediated Nick 
End Labeling (TUNEL) staining was performed in brain 
sections using the TUNEL assay kit (Merck, Darmstadt, 
Germany). According to the manufacturer’s protocol. 
Quantification of apoptosis staining was expressed as 
(TUNEL-stained nuclei/DAPI-stained nuclei) × 100%. 
Fluorescence images were captured using a Zeiss 
fluorescence microscope (Leica, Barnack, Germany).

Cerebral infarct volume measurement

The measurement of cerebral infarct volume was carried out 
7 days after BMSCs transplantation using 2,3,5-triphenyl 
tetrazolium chloride (TTC) staining. The fresh brain 
slices were incubated in 2% TTC at 37 ℃ for 20 min. The 
coronal infarction area was determined by measuring the 
white area of the brain section with image analysis software 
(National Institutes of Health, Bethesda, MD, USA) as 
described previously (23). 

Western blot analysis

The collected cell or tissue samples were lysed for protein 
extraction, and the protein concentrations were measured 
using the Bradford assay (Thermo, Hercules, CA, USA). 
Protein samples were subjected to standard sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene fluoride membranes. 
After blocking in 5% non-fat milk for 1 h, the membranes 
were incubated with primary antibody against Bcl-2, Bax, 
Beclin1, p62, FNDC5 (Cell Signaling Technology, Boston, 
USA), and glyceraldehyde-phosphate dehydrogenase 
(GAPDH) (Santa Cruz, CA, USA) at 4 ℃ for 12 h. After 
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washing with buffer, the membranes were incubated with 
the corresponding horseradish peroxidase‐conjugated 
secondary antibodies (Abclonal, Wuhan, China) for 1 h. 
Protein bands were visualized using the BioRad imaging 
system (Bio‐Rad, CA, USA). 

Quantitative real-time polymerase chain reaction  
(qRT-PCR)

Total ribonucleic acid (RNA) from cells was isolated using 
Trizol reagent (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions. RNA preparations 
were treated using PrimeScript Reverse Transcriptase 
(Seyotin, Guangzhou, China) to generate complementary 
deoxyribonucleic acids (cDNAs). Real-time polymerase 
chain reaction (RT-PCR) was performed using DNA 
Master SYBR Green I mix (Seyotin, Guangzhou, China) 
on a QuantStudio 6 Flex Realtime PCR system (Applied 
Biosystems, Carlsbad, CA, USA). FNDC5 primer sequences 
were as follows: 5'-TAA CCG TCA GGC ACC TCA AG-
3' (forward) and 5'-CGC AGC ATC CTC ACA TCC TT-
3' (reverse).

Statistics analysis

All experiments were repeated more than three times. 
Comparisons between multiple groups was analyzed using 
analysis of variance (ANOVA) followed by the Tukey post 
hoc test. The Student’s t test (unpaired, two‐tailed) was 
used to analyze the statistical differences between two 
groups. P value <0.05 was considered statistically significant  
(*, P<0.05; **, P<0.01). All quantitative data were presented 
as the mean ± standard deviation (SD). SPSS (version 21.0, 
IBM, USA) was used to analyze the data.

Results

H/SD exposure destroyed cell viability, increased apoptosis 
and autophagy, and reduced the expression of FNDC5 in 
BMSCs

To analyze BMSC cell viability and apoptosis under 
H/SD stress, CCK8 assays and flow cytometry were 
performed as previous described. The results suggested 
that compared with normal conditions, the viability of 
BMSCs was significantly reduced 24 h after exposure to H/
SD conditions (Figure 1A). Correspondingly, the hypoxia 

stress increased the apoptosis rate of BMSCs (Figure 1B). In 
addition, immunofluorescence analysis showed that the level 
of LC3 in BMSCs was significantly increased (Figure 1C),  
which highlighted the increasing destructive autophagy 
of BMSCs under H/SD stress. Moreover, both qRT-PCR 
(Figure 1D) and western blotting (Figure 1E) results showed 
the decreased expression of FNDC5 in BMSCs 24 h after 
hypoxia injury.

Identification and efficiency of gene transduction

The discovery of decreased expression of FNDC5 in a 
hypoxic environment inspired us to investigate whether 
OE-FNDC5 could exert a protective effect on BMSCs. 
The lentivirus vector construction and transfection were 
described in the Methods. The BMSCs-OE-FNDC5 were 
obtained after antibiotic selection, and immunofluorescence 
staining analysis showed that BMSCs infected with OE-
FNDC5 or a control lentiviral vector (OE-NC) had stable 
viability in in vitro cultures (Figure 2A). The qRT-PCR 
(Figure 2B) and western blot (Figure 2C) results further 
confirmed the successful overexpression of FNDC5 in 
BMSCs.

FNDC5 overexpression promoted cell proliferation and 
ameliorated apoptosis 

To evaluate the protective effects of OE-FNDC5 on BMSCs 
viability in vitro, EdU-Green Fluorescent Proteins (GFP) 
immunofluorescence staining was performed. The results 
illustrated the protective role of FNDC5 in reversing the 
H/SD stress-induced impaired cell proliferation (Figure 3A).  
The flow cytometry results further confirmed that increased 
cellular apoptosis was significantly ameliorated by OE-
FNDC5 (Figure 3B). Based on these, up-regulation of the 
apoptosis protein Bax and down-regulations of Bcl-2 were 
all partly abrogated by OE-FNDC5 (Figure 3C). 

FNDC5 overexpression suppressed autophagy in BMSCs

TEM was performed to investigates the effects of OE-
FNDC5 on autophagy in BMSCs. The representative images 
indicated that less autophagosomes and autolysosomes were 
detected in BMSCs-OE-FNDC5 after H/SD induction 
(Figure 4A). In addition, immunofluorescence analysis showed 
that the increased level of LC3 in hypoxia BMSCs was 
significantly reversed by FNDC5 overexpression (Figure 4B).  



Annals of Translational Medicine, Vol 10, No 2 January 2022 Page 5 of 12

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(2):90 | https://dx.doi.org/10.21037/atm-21-6868

Western blot analysis showed that the protein level of 
autophagy marker, Beclin1, was significantly increased by H/
SD; however, this enhancement was abolished by FNDC5 
overexpression. Conversely, p62, which is integrated to LC3 
and also serves as a substitutable indicator of autophagy, was 
down-regulated by H/SD, and this down-regulation was 
interdicted by OE-FNDC5 (Figure 4C). Together, these 
results indicated an inhibition role of FNDC5 in BMSCs 
autophagy. 

FNDC5 enhanced the survival rate of engrafted BMSCs

To track the surviving and proliferative BMSCs, we 
marked the engrafted BMSCs with EdU. Representative 
immunofluorescence images showed that most of the 
BMSCs died after engraftment. In contrast, the proliferative 
rate of BMSCs-OE-FNDC5 at the edge of the infarct area 
was significantly higher than those in the BMSCs-OE-NC 
group. Correspondingly, the RFP-positive cells were more 
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Figure 1 H/SD exposure decreased cell viability, increased apoptosis and autophagy, and down-regulated the expression of FNDC5 in 
BMSCs. (A) CCK8 assay indicated the effects of hypoxia (24 h) on the viability of BMSCs. (B) Flow cytometry analysis in BMSCs under 
hypoxia for 24 h. (C) Representative immunofluorescence images illustrated the levels of LC3 within BMSCs under normal and hypoxia 
conditions for 24 h. Representative qRT-PCR (D) and western blot results (E) of FNDC5 expression in BMSCs under H/SD. Nuclei 
were counterstained with DAPI. *, P<0.05; **, P<0.01. Scale bar =100 μm. H/SD, hypoxia/serum deprivation; BMSCs, bone marrow 
mesenchymal stem cells; LC3, microtubule-associated proteins light chain 3; qRT-PCR, quantitative real-time polymerase chain reaction; 
DAPI, 4,6-diamidino-2-phenylindole.
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frequently detected in CI rats administered with BMSCs-
OE-FNDC5 (Figure 5). These results revealed that OE-
FNDC5 elevated the survival rate of transplanted BMSCs 
in the CI edge area.

BMSCs-OE-FNDC5 treatment was more effective in 
reducing brain infarct volume and alleviating neuronal 
apoptosis in MCAO rats

The cerebral infarct volume was measured at 7 days post-
transplantation. The TTC staining results showed that 
BMSCs-OE-FNDC5 engraftment significantly reduced 
the infarct volume (Figure 6A). The TUNEL assay was 
performed to detect the neuronal apoptosis at the infarct 
border, and the staining results (Figure 6B) showed that 
compared to BMSCs-OE-NC transplantation, BMSCs-OE-
FNDC5 transplantation obviously decreased the number 
of TUNEL-positive cells. Overall, these data demonstrated 
that the therapeutic efficacy of BMSCs transplantation after 
CI was augmented by FNDC5. 

Discussion

In the present study, we established a CI model in rats using 
MCAO, and a H/SD-induced hypoxia and ischemia model 
in BMSCs. Our data indicated that hypoxic stress increased 

apoptosis, destroyed cell viability, and reduced the protein 
expression of FNDC5 in BMSCs. OE-FNDC5 ameliorated 
BMSC injury by suppressing the destructive autophagy 
induced by continuous hypoxia exposure. Furthermore, 
OE-FNDC5 significantly improved the survival rate of 
transplanted BMSCs in the MCAO rat model, thereby 
markedly reducing the brain infarct volume and alleviating 
neuronal apoptosis. Taken together, our results provide 
a novel idea and a scientific basis for modified BMSC 
strategies in CI therapy.

 MSC-based therapy is currently considered to be a 
promising treatment strategy for CI (1,2). Multiple studies 
have suggested that MSCs could be beneficial in promoting 
the regeneration and repair of ischemic cerebral tissue 
and improve the neurobehavioral function (3,6,24,25). 
Unfortunately, the survival rate of transplanted MSCs in an 
ischemic microenvironment remains extremely low (7,8), 
which seriously impairs the outcome of cell-therapy for CI.

FNDC5 has been recognized as a type I glycosylated 
transmembrane protein. The extracellular domain of 
FNDC5, irisin, can be cleaved and released into the 
bloodstream as a polypeptide (26). Previous research has 
shown multiple beneficial physiological effects of FNDC5/
irisin, such as regulating energy metabolism, alleviating 
oxidative stress, neuroprotective effects, and anti-
inflammatory properties (27,28). Recently, the potential 
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Figure 2 The identification and efficiency of FNDC5 gene transduction. (A) Immunofluorescence staining confirmed the successful 
overexpression of FNDC5 in BMSCs, and BMSCs-OE-FNDC5 had persistent stability in in vitro cultures. (B) qRT-PCR results exhibited 
the increased messenger RNA level of FNDC5 in BMSCs transfected by the constructed lentivirus. (C) Western blot images and semi-
quantification analysis further confirmed the overexpression protein of FNDC5. **, P<0.01. Scale bar =100 μm. BMSCs-OE-FNDC5, 
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Figure 3 The anti-apoptotic and proliferation promoting effect of OE-FNDC5 on BMSCs subjected to H/SD injury. (A) EdU staining 
analysis demonstrated that OE-FNDC5 promoted the proliferation of BMSCs subjected to H/SD for 24 h. Proliferation rate = (EdU-positive 
nuclei/DAPI-positive nuclei) × 100%. (B) Representative flow cytometric images indicated that OE-FNDC5 decreased the apoptosis rate of 
BMSCs caused by hypoxia. (C) Western blot results of apoptosis proteins, Bax and Bcl2, in BMSCs with or without OE-FNDC5. *, P<0.05; 
**, P<0.01. Scale bar =100 μm. H/SD, hypoxia/serum deprivation; OE-FNDC5, FNDC5-overexpression; EdU, 5-ethynyl-2'-deoxyuridine.
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role of FNDC5/irisin in cardiovascular abnormalities, such 
as atherosclerosis, myocardial infarction, and ischemia 
stroke, has attracted increasing attention. Researchers 
believe that high irisin serum levels are highly correlated 
with cardiovascular disease (CVD), which increases the 
risk of arteriosclerosis and becomes an index to predict 

CI (10,11,29). Exogenous injection of synthetic irisin 
has been shown to reduce the volume of CI and play a 
neuroprotective role in a rat MCAO model (9). BMSCs 
modified by FNDC5 have a higher transplantation survival 
rate in a hypoxic microenvironment, which decreases 
the apoptosis of cardiomyocytes and improves cardiac 
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Figure 4 The anti-autophagy effect of FNDC5 in BMSCs subjected to H/SD injury. (A) Transmission electron microscopy images showed 
the autophagosomes and autolysosomes in BMSCs. (B) Representative immunofluorescence images illustrated the levels of LC3 in BMSCs 
with or without OE-FNDC5 under hypoxia conditions. (C) Western blot results showed the effect of OE-FNDC5 on the expression of 
autophagy-related protein, p62, and Beclin-1 in BMSCs. *, P<0.05; **, P<0.01. Scale bar =100 μm. H/SD, hypoxia/serum deprivation; OE-
FNDC5, FNDC5-overexpression.

3

2

1

0R
el

at
iv

e 
le

ve
l o

f E
D

U *

B
M

S
C

-O
E

-F
N

D
C

5

EDU                             DAPI                                Merge

B
M

S
C

B
M

S
C

-O
E

-N
C

BM
SC-O

E-F
NDC5

BM
SC

BM
SC-O

E-N
C

Figure 5 OE-FNDC5 promoted BMSCs survival in the CI border area after transplantation. Representative EdU staining images and 
semi-quantification of surviving BMSCs-OE-FNDC5, BMSCs-OE-NC, and BMSCs control in the CI edge at 7 days after transplantation. 
Proliferative cells were indicated by red immunofluorescence of EdU. *, P<0.05. Scale bar =100 µm. OE-FNDC5, FNDC5-overexpression; 
CI, cerebral infarction; BMSCs-OE-FNDC5, FNDC5-overexpressing BMSCs; BMSCs-OE-NC, BMSCs- overexpression-negative control; 
EdU, 5-ethynyl-2'-deoxyuridine.



Annals of Translational Medicine, Vol 10, No 2 January 2022 Page 9 of 12

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(2):90 | https://dx.doi.org/10.21037/atm-21-6868

BMSC-OE-FNDC5

BMSC

BMSC-OE-NC

BMSC-OE-FNDC5

BMSC

BMSC-OE-NC

Tunel                    DAPI                 Merge

0.4

0.3

0.2

0.1

0.0

In
fr

ac
tio

n 
vo

lu
m

e **

BM
SC-O

E-F
NDC5

BM
SC

BM
SC-O

E-N
C

1.5

1.0

0.5

0.0R
el

at
iv

e 
le

ve
l o

f T
un

el

**

BM
SC-O

E-F
NDC5

BM
SC

BM
SC-O

E-N
C

A

B

Figure 6 Transplantation of BMSCs-OE-FNDC5 reduced the CI volume of MCAO rats and decreased neuronal apoptosis. (A) The 
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function (14). In the present study, we also demonstrated 
that FNDC5 overexpression enhanced the survival rate 
of BMSCs in hypoxia stress both in vitro and in vivo. 
In addition, BMSCs-OE-FNDC5 treatment was more 
effective in reducing the brain infarct volume and alleviating 
neuronal apoptosis in MCAO rats.

Previous research has demonstrated that the low 
survival rate of engrafted BMSCs is caused by numerous 
cell apoptosis and destructive autophagy in a hypoxic 
environment (8). Growing preclinical evidence suggests 
that autophagy is a double-edged sword in cardiovascular 
diseases; it can preserve cell viability under conditions 
of mild ischemic stress by degrading damaged cellular 
organelles (30,31), but under conditions of severe ischemia, 
it can promote cell death (32). The role of FNDC5/irisin 
on autophagy has been studied only recently, particularly in 
the last 3 years. Song et al. reported that irisin can improve 
insulin resistance, possibly in part by inhibiting autophagy 

via activation of the Phosphatidylinositol 3-kinase/Protein 
Kinase B (PI3K/Akt) pathway in H9c2 cells (18). In the 
present study, FNDC5 overexpression inhibited the 
formation of autophagosomes in BMSCs under hypoxic 
stress, and reduced the expression of autophagy marker 
proteins, LC3 and Beclin-1. However, other researchers also 
found that irisin increases autophagy activity and autophagy 
flux, and inhibits the expression of the apoptosis signaling 
pathway in cardiomyocytes (17). The interpretation 
of these contradictory conclusions could be attributed 
to the complexity of the autophagy process, which is 
tightly controlled by a series of factors, including variable 
pathological environment, diverse protein receptors, and 
different activation degree of signal molecules.

Although the mechanisms that regulate autophagy are 
complex and have not been fully elucidated, our study 
clearly shows that autophagy inhibition caused by OE-
FNDC5 plays a critical role in BMSC-based therapy for 
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treating CI. Our next step is to study the precise signaling 
transduction mechanism of FNDC5 on the autophagic 
process in BMSCs. The use of autophagy-related genes 
(ATGs) knockout might shed light onto its pathophysiology.

Conclusions

Taken together, the findings presented in this report 
suggest that FNDC5 overexpression ameliorated hypoxic 
injury of BMSCs, which could be partly attributed to the 
inhibition of ischemia-induced destructive autophagy. We 
also demonstrated that FNDC5 overexpression promoted 
the survival of BMSCs after engraftment and reduced 
neuronal apoptosis after CI. Future studies should be aimed 
at elucidating the molecular mechanisms of FNDC5 in 
enhancing the therapeutic function of BMSCs.
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