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ABSTRACT

The dose-dependent toxicity to cardiomyocytes has been well recognized as a central characteristic of doxoru-
bicin (DOX)-induced cardiotoxicity (DIC), however, the pathogenesis of DIC in the cardiac microenvironment
remains elusive. Irisin is a new hormone-like myokine released into the circulation in response to exercise with
distinct functions in regulating apoptosis, inflammation, and oxidative stress. Recent advances revealed the role
of irisin as a novel therapeutic method and an important mediator of the beneficial effects of exercise in car-
dioprotection. Here, by using a low-dose long-term mouse DIC model, we found that the perivascular fibrosis was
involved in its myocardial toxicity with the underlying mechanism of endothelial-to-mesenchymal transition
(EndMT). Irisin treatment could partially reverse DOX-induced perivascular fibrosis and cardiotoxicity compared
to endurance exercise. Mechanistically, DOX stimulation led to excessive accumulation of ROS, which activated
the NF-kB-Snail pathway and resulted in EndMT. Besides, dysregulation of autophagy was also found in DOX-
treated endothelial cells. Restoring autophagy flux could ameliorate EndMT and eliminate ROS. Irisin treat-
ment significantly alleviated ROS accumulation, autophagy disorder, NF-kB-Snail pathway activation as well as
the phenotype of EndMT by targeting uncoupling protein 2 (UCP2). Our results also initially found that irisin was
mainly secreted by cardiomyocytes in the cardiac microenvironment, which was significantly reduced by DOX
intervention, and had a protective effect on endothelial cells in a paracrine manner. In summary, our study
indicated that DOX-induced ROS accumulation and autophagy disorders caused an EndMT in CMECs, which
played a role in the perivascular fibrosis of DIC. Irisin treatment could partially reverse this phenomenon by
regulating UCP2. Cardiomyocytes were the main source of irisin in the cardiac microenvironment. The current
study provides a novel perspective elucidating the pathogenesis and the potential treatment of DIC.

1. Introduction

(ROS) and the inhibition of topoisomerase 2 [3]. However, the heart is
composed of about 30% of cardiomyocytes, and about 70% of

Doxorubicin (DOX), one of the anthracycline compounds, is widely
used in chemotherapy regimens [1]. But it is still the major culprit in
chemotherapy-induced cardiotoxicity, which greatly limits its clinical
application [2,3]. Previous studies about DOX-induced cardiotoxicity
(DIC) mainly focused on the dose-dependent toxicity to cardiomyocytes
with the hypothesis of the generation of excess reactive oxygen species

non-cardiomyocytes. Recently, other cell types, such as endothelial cells
(ECs), fibroblasts, and cardiac progenitor cells, have been proposed as
additional targets, suggesting that the cardiotoxicity caused by DOX is
closely related to the overall cardiac microenvironment and adding the
complexity to explain the pathogenesis of DIC [4].

Previous reports demonstrated late cardiac remodeling with cardiac
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fibrosis following DOX treatment [5]. But a recent study found that the
process of DOX-induced fibroblast activation and perivascular fibrosis
were earlier than its myocardial toxicity [6]. ECs have been suggested to
represent a source of cardiac fibroblasts by the program of endothe-
lial-to-mesenchymal transition (EndMT), contributing to the pathogen-
esis of  perivascular fibrosis [7]. EndMT, just like
epithelial-mesenchymal transition (EMT), is a phenotypic switching
process by which ECs lose their characteristics and acquire mesen-
chymal traits, which leads to endothelial dysfunction and interstitial
fibrosis. The traditional mechanisms of EndMT mainly involved the
upregulating of TGF-/Smads, Notch, or Wnt/f-catenin pathway and
subsequent activation of transcription factors, such as Snail, Slug, and
Twist [8]. A potential link between oxidative stress and EndMT has risen
recently [9,10]. And numerous studies have implied that the increased
ROS production played a central role in doxorubicin-mediated ECs
toxicity [11]. However, the role of ROS-induced EndMT in perivascular
fibrosis caused by DOX is still unclear.

Autophagy is a highly conserved catabolic process that mediates the
degradation of pernicious or dysfunctional cellular components. Previ-
ous studies have shown that there is a certain degree of autophagy
disorder in the process of DIC [12,13]. In addition, there is a complex
relationship between autophagy-correlated and EMT-correlated
signaling pathways [14]. Autophagy activation could suppress
ROS-NF-xB signaling [15] and promote Snail degradation [16,17],
contributing to EMT or EndMT inhibition.

To date, there is no definitive treatment indicated to prevent or
reverse DIC [2]. Although the heart failure medications such as
p-blockers and angiotensin II inhibitors were used to relieve symptoms,
none of them significantly improve the long-term prognosis [2]. Recent
studies have shown that endurance exercise (EXE) is a
non-pharmacological therapy that promises to attenuate DOX-induced
cardiotoxicity [18]. But it is not generally used in cancer patients. Iri-
sin is a new hormone-like myokine released into the circulation by
cleavage of fibronectin type III domain-containing protein 5 (FNDC5)
[19] and is significantly upregulated in response to EXE. Studies have
reported that irisin antagonized the oxidative stress of cardiomyocytes
in DIC [20]. Recently, some of its pleiotropic and favorable properties
have been attributed to autophagy induction, posing irisin as an
important regulator of autophagy by exercise [21]. Further, studies have
proposed the endothelial protective effect of irisin in atherosclerosis and
diabetic cardiomyopathy [22].

The aforementioned findings suggested that irisin could be a novel
therapeutic method and an important mediator of the beneficial effects
of exercise in cardioprotection. Here, to determine whether irisin in-
fluences DOX-induced perivascular fibrosis in the early stage, we
investigated the precise effect of irisin on doxorubicin-induced EndMT
in vitro and the function of irisin in DIC in vivo.

2. Materials and methods
2.1. Animal experiments

The study was ethically conducted in strict accordance with the
recommendations of the “Guide for the Care and Use of Laboratory
Animals published by the US NIH (NIH publication No. 85-23, revised
2011)” and approved by the Animal Experiment Ethics Committee of
Shanghai ninth people’s hospital. Male 5-wk-old C57BL/6J mice
weighing 18-22 g were purchased from Shanghai Slac Experimental
Animal Centre (Shanghai, China) and kept in sterilized filter top cages
with controlled humidity and a 12-h day/night cycle at 22 °C. After 1 wk
of the acclimation period, the animals were randomly divided into four
groups (n = 10 per group): vehicle-treated group (Vehicle), DOX-treated
group (DOX), DOX-treated plus EXE training group (DOX + EXE), and
DOX plus irisin-treated group (DOX + Irisin). Mice were given DOX (i.p.
5 mg/kg; MedChem Express, USA) or an equivalent volume of the
vehicle once a week for 4 weeks. Mice assigned to DOX + EXE group
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performed treadmill running (13 m/min with 0% grade for 60 min/d, 5
d/wk) [23] 2 wk before and during DOX treated. Mice assigned to the
DOX + Irisin group were treated with recombinant irisin (i.p. 1
mg/kg/d, 5 d/wk; Cayman Chemical, USA) 2 wk before and during DOX
treatment. To inhibit the secretion of irisin in the myocardium, mice
received a single intravenous injection of an adeno-associated serotype 9
(AAV9-U6-shRNA-CMV-GFP) viral vector expressing carrying mouse
FNDC5 shRNA (AAV9-shFNDC5) or negative control (AAV9-NC)
(Genomeditech, China) via the tail vein at a concentration of 1 x 101!
viral genome per mouse 4 wk before DOX injection. 2 wk after the last
injection of DOX, echocardiography was implemented and ventricular
tissues were obtained from mice euthanized using deep isoflurane (5%)
anesthesia, rinsed in ice-cold phosphate buffer saline, and snap-frozen in
liquid nitrogen. The experimental design paradigm was shown in
Figs. S1A and S7A.

2.2. Echocardiography

Transthoracic echocardiography was performed through the UBM
system (Vevo 2100, VisualSonics, Canada). Mice were anesthetized and
maintained under 1-3% isoflurane during the procedure. Echocardio-
graphic measurements were performed by a blinded investigator and
were conducted at the mid-papillary muscle level, as guided by two-
dimensional long-axis images. Fractional shortening and ejection frac-
tion were measured and calculated with Vevo Analysis software.

2.3. Histologic evaluation

For the Hematoxylin-Eosin (HE) and Masson trichrome staining, the
heart slides were deparaffinized and rehydrated by gradient elution
using xylene and ethanol, and then were stained by hematoxylin-eosin
(Solarbio, China) and Masson trichrome staining reagent (Solarbio,
China) according to the manufacturer’s instructions.

2.4. Isolation, culture, and identification of cardiomyocytes (CMs),
cardiac fibroblasts (CFs), and cardiac microvascular endothelial cells
(CMECs)

For CMs and CFs, the newborn C57BL/6J mice (within 36 h) were
euthanized by decapitation and the hearts were collected and washed
with pre-cooled phosphate-buffered saline (PBS). The tissues were cut
into 1 mm? and subjected to digestive juice containing 0.25% pancreatic
enzymes (Gibco, USA) and 0.025% type IV collagenase (Invitrogen,
USA) for incubation at 37 °C for 5 min. The supernatant was then
collected and transferred to Dulbecco’s modified Eagle’s medium
(DMEM) (Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco, USA) to terminate the detachment. The tissue residue was
digested 10 more times as above. All solutions were collected for
centrifugation at 1000 rpm for 5 min and the deposit was resuspended
with DMEM containing 10% FBS and 1% penicillin-streptomycin solu-
tion (P/S) (Hyclone, USA). After filtering through a 100-pm mesh filter,
the cell suspension was inoculated into culture dishes and cultured at
37 °C in a humidified incubator containing 95% air and 5% CO» for 1 h.
The adherent CFs were identified by immunofluorescence of Vimentin.
The upper cell suspension was collected and inoculated into new culture
dishes pretreated with fibrous collagen (Sigma, USA) for 2d and the
adherent CMs were identified by immunofluorescence of cTnT.

For CMECs, male 8-wk-old C57BL/6J mice were anesthetized using
deep isoflurane (5%) anesthesia and the hearts were excised and rinsed
with PBS supplemented with heparin. The left ventricle was dissected
and immersed in 75% ethanol for 30 s to devitalize the epicardial
mesothelial cells and endocardial endothelial cells. The remaining tis-
sues were then cut into 1 mm?® and subjected to digestive juice as above.
Dissociated cells were filtered and centrifuged at 1000 rpm for 5 min.
The cells were resuspended in ECM complete medium (ScienCell, USA)
containing 5% FBS, 1% endothelial cell growth supplement (ECGS), and
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1% P/S and then plated on fibrous collagen treated dishes. Primary
cultures of CMECs were identified by immunofluorescence of CD31.

2.5. Cell treatment and transfection

The medium was refreshed every 3 days and replaced with serum-
free DMEM for 12 h when cells were cultured at about 80% conflu-
ence. DOX treatment was used at different concentrations (0-5 pM) for
48 h. For irisin treatment, cells were incubated with recombinant irisin
(20 nM) for 48 h. For regulation of autophagy, cells were incubated with
rapamycin (RAPA, 20 nM) (Selleck, USA) or 3-Methyladenine (3-MA, 5
mM) (Selleck, USA) for 48 h. For in vitro knockdown of UCP2 or FNDC5,
a small interfering RNA (siRNA) molecule (siUCP2 or siFNDC5)
(Genomeditech, China) was synthesized. The target sequences were
listed in Tbl. S1. A random sequence molecule was synthesized as
negative control respectively. Cells were seeded at a density of 1 x 10°
cells/ml in a well plate containing growth medium without antibiotics
and incubated overnight. Lipofectamin™ 3000 (Invitrogen, USA) was
used according to the manufacturer’s instructions for 48 h to transfect in
OPTI-MEM reduced serum medium (Gibco, USA). The effects of these
interventions were evaluated by real-time PCR. The following experi-
mental treatments were performed after transfection.

2.6. RNA preparation and analysis

Total RNA was extracted from cells and cardiac tissues using the
TRIzol reagent (Invitrogen, USA), and reverse-transcribed into cDNA
using All-in-One cDNA Synthesis SuperMix (Bimake, USA). Next, the
cDNA was quantitatively amplified using 2x SYBR Green qPCR Master
Mix (Bimake, USA). Real-time PCR was conducted in triplicate using an
Applied Biosystems 6Flex (ABI, USA). The sequences of the forward and
reverse primers used for amplification are shown in Tbl. S2. The results
were presented relative to the expression of the GAPDH gene by the
Delta-Delta Ct method.

2.7. Engyme-linked immunosorbent assay (ELISA)

To detect the content of irisin in mouse serum, heart tissues, and cell
supernatant, a commercially available enzyme-linked immunosorbent
assay kit (EK-067-29; Phoenix Pharmaceuticals, USA) was used ac-
cording to the manufacturer’s instructions.

2.8. Tube formation assay

Matrigel (Corning, USA) was paved on a 24-well plate for solidifi-
cation at 37 °C for 1 h. Treated CMECs were resuspended and seeded
onto the matrigel plates at 1 x 10° cells/well in triplicate. The ring
structures formatted by CMECs were monitored using an inverted mi-
croscope (Nikon, Japan) and photographed in three random fields after
8 h. Image analysis was carried out by Angiogenesis Analyze in image J
software.

2.9. Wound healing assay and migration assay

For scratch wound healing assay, treated CMECs were scratched by 1
mL pipette tips and washed two times with PBS. Subsequently, the cells
were cultured in ECM medium with 1% FBS for 24 h. The images were
recorded with an inverted microscope (Nikon, Japan) at 0 and 24 h. For
migration assay, a transwell system containing a polycarbonate filter
with a pore size of 8.0 pm (Corning, USA) was used. The lower chambers
were filled with an 800 pl ECM medium with 5% FBS. The treated
CMECs were resuspended in 200 pl of serum-free ECM medium and
added to the upper chamber. After incubation for 24 h, the cells in the
upper chamber were removed using a cotton tip and the cells migrated
into the reverse side of the membrane were fixed and stained by 1%
crystal violet (Beyotime Biotechnology, China). Five visual fields were
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selected randomly under an inverted microscope (Nikon, Japan) and the
wound gap areas and migrated cells were analyzed by Image J software.

2.10. Determination of autophagy flux

CMECs were seeded and transfected with pGMLV-GFP-LC3 Lenti-
virus (Genomeditech, China) at 30 multiplicities of infection (MOI) for
24 h. Subsequently, cells were treated as mentioned above. After
treatments, the GFP-LC3B fusion protein was visualized under a Nikon
Eclipse Ti inverted fluorescence microscope (Nikon, Japan).

2.11. Measurement of intracellular ROS and mitochondrial ROS

Total ROS levels in CMECs were measured using the Fluorometric
Intracellular ROS Kit (MAK142; Sigma, USA) and mitochondrial ROS
levels in CMECs were measured using a Mitosox Red Mitochondrial
Superoxide Indicator (M36008; Invitrogen, USA) according to the
manufacturer’s instructions. The fluorescent signal intensity was
measured with a Nikon Eclipse Ti inverted fluorescence microscope
(Nikon, Japan).

2.12. Western immunoblot

To obtain total protein extracts, cultured cells or frozen cardiac tis-
sues were lysed at 4 °C in radioimmunoprecipitation (RIPA) buffer with
cocktail protease inhibitor (Beyotime Biotechnology, China). Tissue
homogenates or cell lysates were clarified by centrifugation at 12,000
rpm for 15 min at 4 °C and the supernatant protein concentration was
determined using the bicinchoninic acid method (Beyotime Biotech-
nology, China). Proteins (20 pg) were size-fractionated by sodium
dodecyl sulphate polyacrylamide gel electrophoresis and transferred
onto Immobilon polyvinylidene difluoride membranes. The membranes
were blocked for 2 h with 5% DifcoTM Skim Milk (BD Biosciences, USA)
and then probed overnight at 4 °C with primary antibodies (Tbl.S3),
followed by the secondary antibody for an hour with a 1:30,000 dilution
of Dylight™ 800 4XPEG-conjugated goat anti-rabbit IgG (H + L) or goat
anti-mouse IgG (H + L) (Cell Signaling Technology, USA). The results
were visualized and analyzed by Odyssey Infrared Imaging System
(LICOR, USA).

2.13. Transcription activity of NF-xkB p65

Nuclear extracts from CMECs were obtained using a nuclear
extraction kit (Beyotime Biotechnology, China). The DNA binding ac-
tivity of NF-kB p65 in nuclear extracts was determined by using
TransAM™ NF-xB p65 Colorimetric kits (40,069; Active Motif, USA) in
duplicate according to the manufacturer’s protocol. The absorbance was
read by a microplate reader (Bio-Tek, USA) at 450 nm.

2.14. Immunofluorescent staining

For the immunofluorescent staining of heart sections, the sections
were deparaffinized and rehydrated by gradient elution using xylene
and ethanol, followed by washing with PBS. Antigen retrieval was per-
formed in Tris-EDTA solution for 20 min at 95 °C. For the immunoflu-
orescent staining of CMECs, cells were rinsed with PBS, fixed with 4%
paraformaldehyde for 20 min at room temperature. Prepared heart
sections or cells were blocked by incubation with 5% goat serum
(Beyotime Biotechnology, China) for 1 h at 37 °C and incubated with
primary antibodies (Tbl. S3) overnight at 4 °C. Slides were washed three
times and incubated with Alexa Fluro®594 conjugated anti-rabbit IgG
and Alexa Fluro®488 conjugated anti-mouse IgG (Cell Signaling Tech-
nology, USA) for 1 h at room temperature, at a 1:1000 dilution. Nuclei
were stained using 4,6-diamidino-2-phenylindole (DAPI) for 5 min at
room temperature. Stained heart sections or cells were observed using
Nikon Eclipse Ti inverted confocal microscope (Nikon, Japan) and
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analyzed using Image J software.

2.15. Transmission electron microscopy (TEM)

For TEM morphological analysis, freshly excised heart tissues or cell
pellets were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) at 4 °C for 2 h. After being washed with 0.1 M sodium
cacodylate buffer, they were post-fixed with 1% osmium tetroxide for 2
h and dehydrated through a graded ethanol series at 4 °C. Finally, the
samples were embedded in epoxy resin at room temperature for 4 h.
Ultrathin sections (70 nm) were assembled to a copper grid and
observed using electron microscopy (Hitachi, Japan).

2.16. Statistical analysis

Statistical analysis was performed by using SPSS 22.0 software. All
arithmetic data were presented as mean =+ SD at least three independent
experiments. The two-tailed t-test was used to analyze the differences
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between 2 groups, and one-way ANOVA followed by Bonferroni post hoc
test was used to analyze the differences among 3 or more groups. All P-
value < 0.05 was considered statistically significant.

3. Results

3.1. Irisin ameliorated DOX-induced cardiac perivascular fibrosis by
inhibiting EndMT

To explore whether irisin was a key mediator of the beneficial effects
of exercise on DIC, we used a mouse model of chronic doxorubicin
myocardial injury. The experimental design paradigm was shown in
Fig. S1A. Echocardiography suggested that both ejection fraction (EF)
and fraction shortening (FS) were significantly reduced after injection of
DOX. Compared with the DOX group, EXE or injection of irisin can
significantly ameliorate the reduction of cardiac function caused by DOX
(Fig. 1A-C). HE staining demonstrated that cardiac tissue was badly
damaged in the DOX group, as indicated by ruptured cardiomyocytes

Fig. 1. Irisin ameliorated DOX-induced car-
diac perivascular fibrosis by inhibiting
EndMT.

A Representative M-mode images of trans-
thoracic echocardiography. B, C Quantifi-
cation of ejection fraction (EF) and fraction
shortening (FS) (n = 8). D, E Serum irisin
level and heart irisin level were detected by
ELISA (n = 7). F Representative images of
MASSON staining of perivascular fibrosis in
heart sections. G The ultrastructure of the
heart capillaries was assessed using trans-
mission electron microscopy. White arrows
indicate the basement membrane. White
pentangles indicate the migration in the in-
tima. H Representative images of immuno-
fluorescence double-staining of o-SMA
(green) and CD31 (red) in heart sections.
The cell nuclei were stained with DAPI
(blue). White arrows indicate CD31 appear-
ing in the smooth muscle layer. I, J Repre-
sentative blots and quantitative analysis of
western blotting analysis of endothelial-to-
mesenchymal transition (EndMT) markers in
mice myocardium (n 3). The data are
expressed as mean + SD, *p < 0.05, **p <
0.01 and ***p < 0.001 vs. Vehicle group;
#p < 0.05, ##p < 0.01 and ###p < 0.001
vs. DOX group (one-way ANOVA followed
by Bonferroni post hoc test). (For interpre-
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and disordered myocardial fibers. Notably, both EXE and irisin injection
alleviated the abnormal morphological alterations of cardiomyocytes
(Fig. S1B). Besides, both serum irisin and myocardial tissue irisin levels
of mice in the DOX group were significantly reduced, which were
reversed by EXE or irisin injection (Fig. 1D and E). Previous studies have
shown the protective effect of FNDC5/irisin on cardiomyocytes. But
interestingly, in Masson trichrome staining, we found that in the early
stage of DIC (2 weeks after last DOX injection), fibrosis appeared around
the heart capillaries, while fibrosis between cardiomyocytes was not
obvious until a late stage (4 weeks after last DOX injection), and the
DOX-induced cardiac perivascular fibrosis can be partially reversed by
EXE or irisin injection (Fig. 1F and Fig. S1C).

Previous studies have shown that microvascular endothelial cell
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dysfunction plays an important role in perivascular fibrosis. To study the
role of CMECs in DOX-induced perivascular fibrosis, we observed the
ultrastructure of CMECs through an electron microscope. As presented
in Fig. 1G, CMECs were flat, elongated, and separated from smooth
muscle cells via a thick basement membrane in the vehicle group and
EXE or irisin injection group. In the DOX group, CMECs lost the complete
basement membrane, displayed migration in the intima, and alter their
nuclei orientation, which showed an ultrastructural characteristic of
EndMT. To further determine, double immunofluorescent staining was
used for CD31 and a-SMA in the heart tissue sections (Fig. 1H). Red-
stained CD31 positive ECs laid on the inner wall of the lumen continu-
ously and completely in the vehicle group. However, in the DOX group,
it became intermittent and appeared in the smooth muscle layer marked
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Fig. 2. Irisin ameliorated DOX-induced
endothelial dysfunction of CMECs by inhib-
iting EndMT.

A Representative images of the ring struc-
tures of CMECs treated with different con-
centrations of DOX for 48 h. The mesh
number (C) and tube length (D) were
analyzed using ImageJ software. B Repre-
sentative images of a transwell assay of the
CMECs migration response to different con-
centrations of DOX for 48 h. The number of
migrated cells (E) was quantified using
ImageJ software. F Representative images of
the vascular structures of CMECs treated
with DOX (1 pM) and/or irisin (20 nM) for
48 h. The mesh number (H) and tube length
(I) were analyzed using ImageJ software. G
Representative images of a transwell assay
of the CMECs migration response to DOX (1
pM) and/or irisin (20 nM) for 48 h. The
number of migrated cells (J) was quantified
using ImageJ software. K, L Representative
blots and quantitative analysis of western
blotting analysis of EndMT markers in
CMECs treated with different concentrations
of DOX for 48 h. M, N Representative blots
and quantitative analysis of western blotting
analysis of EndMT markers in CMECs treated
with DOX (1 pM) and/or irisin (20 nM) for
48 h. O Representative images of immuno-
fluorescence double-staining of o-SMA
(green) and VE-cadherin (red) in CMECs
treated with DOX (1 pM) and/or irisin (20
nM) for 48 h. The cell nuclei were stained
with DAPI (blue). P The ultrastructure of the
CMECs treated with DOX (1 pM) and/or
irisin (20 nM) for 48 h was assessed using
transmission electron microscopy. Yellow
arrows indicate the Weibel-Palade bodies.
White arrows indicate microfilaments in the
cytoplasm. The data are presented as the
Mean + SD of three independent experi-
ments. *p < 0.05, **p < 0.01 and ***p <
0.001 vs. Vehicle group; #p < 0.05, ##p <
0.01 and ###p < 0.001 vs. DOX group
(one-way ANOVA followed by Bonferroni
post hoc test). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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in green-stained a-SMA. This phenomenon was partially reversed by
EXE or irisin injection. What’s more, DOX significantly reduced the
expression of the ECs makers (CD31 and VE-cadherin) and upregulated
the expression of mesenchymal cell markers (a-SMA and Vimentin) in
the heart, which were partially reversed by EXE or irisin injection
(Fig. 1I and J). Together, these results suggested that DOX caused car-
diac perivascular fibrosis by the EndMT process in the early stage of DIC,
and irisin might be a key mediator of the beneficial effects of EXE to
restrain the process of EndMT induced by DOX.

3.2. Irisin ameliorated DOX-induced endothelial dysfunction of CMECs
by inhibiting EndMT

To further verify the role of EndMT in DOX-induced endothelial
dysfunction and whether irisin can reverse this phenomenon, mouse
CMECs were extracted, identified by immunofluorescence of CD31
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(Fig. S2A), and treated with different concentrations of DOX. With the
increase of DOX concentration, the CMECs gradually changed from
cobblestone appearance into an elongated and spindle shape with the
characteristics of mesenchymal cells (Fig. S2B) and accompanied by the
decline of tube formation ability (Fig. 2A, C and D) and the enhancement
of migration ability (Fig. 2B, E and Figs. S2C and D). Pretreatment with
irisin significantly reversed the morphology changes (Fig. S4E), reversed
the tube formation ability (Fig. 2F, H and I), and inhibited the migration
capacity (Fig. 2G, J and Figs. S4F and G). Western blot showed that DOX
significantly reduced the expression of CD31 and VE-cadherin, and
upregulated the expression of a-SMA and Vimentin in a dose-dependent
manner (Fig. 2K and L). This effect was significantly reversed by pre-
treatment with irisin (Fig. 2M and N). Meanwhile, the double immu-
nofluorescent staining procedure showed similar results (Fig. 20).
Furthermore, the TEM observations displayed the ultrastructural alter-
ations in CMECs (Fig. 2P). CMECs presented an ultrastructural shift to

Fig. 3. Irisin attenuated DOX-induced
EndMT by inhibiting ROS-induced NF-kB-
Snail activation.

A, B Representative images and quantifica-
tion of cellular ROS and mitoSOX levels in
CMECs treated with different concentrations
of DOX for 48 h. C, D Representative blots
and quantitative analysis of western blotting
analysis of EndMT markers in CMECs pre-
treated with NAC before DOX treatment. E
Representative images of immunofluores-
cence double-staining of a-SMA (green) and
VE-cadherin (red) in CMECs pretreated with
NAC before DOX treatment. The cell nuclei
were stained with DAPI (blue). F, G Repre-
sentative blots and quantitative analysis of
western blotting analysis of NF-kB-Snail
signaling pathway in CMECs treated with
different concentrations of DOX for 48 h. H
p65 DNA binding activity was measured in
CMECs treated with different concentrations
of DOX for 48 h. 1, J Representative blots
and quantitative analysis of western blotting
analysis of NF-kB-Snail signaling pathway in
CMECs pretreated with NAC or irisin before
DOX treatment. K p65 DNA binding activity
was measured in CMECs pretreated with
NAC or irisin before DOX treatment. The
data are presented as the Mean =+ SD of three
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mesenchymal cells, as characterized by both the mixed features of ECs
(Weibel-Palade bodies) and the characteristic of mesenchymal cells
(microfilaments). Irisin treatment partially reversed the ultrastructural
shift and maintained the endothelial character. These results suggested
that DOX caused CMECs dysfunction by promoting EndMT, which could
be partially reversed by irisin pretreatment.

3.3. Irisin attenuated DOX-induced EndMT by inhibiting ROS-induced
NF-xB-Snail activation

The traditional mechanisms of EndMT mainly involved the upregu-
lating of TGF-B/Smads, but it has not changed significantly in our results
(Figs. S3A and B). Oxidative stress also contributed to vascular remod-
eling [10]. To confirm the role of ROS in DOX-induced EndMT, we
pretreated CMECs with N-acetyl-1-cysteine (NAC, an anti-oxidant agent)
before DOX treated. Our results showed an increased cellular ROS level
in DOX-treated CMECs, which were significantly reversed by NAC
(Fig. 3A and B). Since mitochondria were the main source of ROS. We
detected mitoSOX in the DOX-treated CMECs and found the same trend
(Fig. 3A and B). Besides, NAC exerted a remarkable reversal, by
decreasing mesenchymal biomarkers and enhancing endothelial bio-
markers (Fig. 3C-E). Irisin pretreated also showed a decreased level of
cellular ROS and mitoSOX (Fig. 3A and B), suggesting that the
anti-EndMT effect of irisin depended on ROS inhibition.

The activation of the NF-kB-Snail signaling pathway has been re-
ported to contribute to the development of EndMT [24], and NF-«B is
also a transcriptional factor regulated by excessive ROS [25]. Therefore,
the role of irisin in regulating the NF-kB-Snail pathway in DOX-induced
EndMT was accessed. The results showed that DOX significantly pro-
moted the activation of NF-kB and the subsequent transcription of Snail
in a dose-dependent manner, demonstrated by an increased level of
phospho-p65, a decreased level of IkBa (Fig. 3F and G), excessive DNA
binding activity of p65 (Fig. 3H) and the consequent upregulation of
Snail expression (Fig. 3F and G). The activation of the NF-kB-Snail
signaling pathway was significantly inhibited by pretreatment with iri-
sin or NAC (Fig. 3I-K). Together, these results suggested that irisin
attenuated DOX-induced EndMT by inhibiting ROS-induced NF-kB-Snail
activation.

3.4. Irisin inhibited ROS accumulation by promoting autophagy to
ameliorate DOX-induced EndMT

Given that DOX caused dysregulation of autophagy in car-
diomyocytes [13], and exercise resulted in upregulation of autophagy in
many tissues [26]. To explore whether irisin played a role in regulating
autophagy as exercise, autophagy-related proteins were detected in the
heart tissue of the mouse model. Compared to the vehicle group, the
DOX group showed a decreased expression of Beclin-1 and LC3B-II, with
the upregulation of p62, which were significantly reversed both by EXE
and irisin injection (Fig. 4A and B). Then, we performed autophagy
detection on CMECs stimulated by different concentrations of DOX.
Western blot showed that DOX significantly reduced the expression of
LC3B-Iland Beclin-1 and upregulated the expression of p62 in a
dose-dependent manner (Fig. 4C and D). The GFP-LC3B transfected
CMECs also showed an inhibition of autophagy flux by DOX (Fig. 4E and
H). Compared to the DOX group, CMECs pretreated with RAPA (an
autophagy activator, Figs. S4A and B) showed a decreased cellular ROS
and mitoSOX level, and CMECs pretreated 3-MA (an autophagy inhibi-
tor, Figs. S4A and B) showed an increased ROS level (Fig. F and G) based
on DOX treatment. The activation of the NF-kB-Snail signaling pathway
also changed accordingly (Fig. 41-K). Further, the phenotype of EndMT
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was also tested and the results revealed that up-regulation of autophagy
partially restored endothelial biomarkers and decreased mesenchymal
biomarkers in CMECs treated with DOX. And autophagy inhibition had a
more serious EndMT phenotype (Fig. 4L-N). Interestingly, Irisin pre-
treated partially rescued the autophagy disorder in CMECs (Fig. 40-R).
Altogether, these results revealed that autophagy could inhibit
DOX-induced EndMT by ROS clearance, and irisin can partially reverse
the autophagy disorder induced by DOX.

3.5. UCP2 was involved in the regulation of EndMT of irisin

Irisin was firstly found to modulate UCP1 expression and act on the
mitochondrial biogenesis in white adipose tissue [19]. As compared
with the other members of the UCP family, UCP2 shares 55-60% ho-
mology with UCP1 and is widely expressed in various organizations
[27]. We found that DOX-treatment reduced the expression of UCP2
both in mouse heart tissue (Fig. 5A and C) and CMECs (Figs. S5A and B),
and pretreated -irisin partially restored UCP2 expression (Fig. 5A-D).
For further verification, the siRNA for UCP2 was constructed and
transfected into CMECs. The transfection efficiency was shown in
Figs. S5C-E. Under the stimulation of DOX, compared to siNC group, the
siUCP2 transfection showed more cellular ROS and mitoSOX accumu-
lation (Fig. 5E and F), higher NF-xB-Snail signaling pathway activity
(Fig. 5G-1), and the phenomenon of EndMT was more serious (Fig. 5J, K
and O), which could not be reversed by irisin. Besides, the siUCP2
transfection also showed an inhibition of autophagy, demonstrated by
an increased level of Beclin-1 and LC3B-II, a decreased level of p62
(Fig. 5L and M), and a reduction of autophagy flux (Fig. 5N and P),
which could not be reversed by irisin. These results suggested that UCP2
could be a potential target in the protective effect of irisin in
DOX-induced EndMT.

3.6. Irisin mainly came from cardiomyocytes in the heart
microenvironment and played a protective role against DOX-induced
EndMT

A recent study showed that endogenous FNDC5/irisin in car-
diomyocytes had a potential protective effect on DOX-induced car-
diomyocyte damage [20]. To verify whether irisin could act as a cardiac
factor on endothelial cells in a paracrine manner in the cardiac microen-
vironment, we first detected that FNDC5 was specific expressed in car-
diomyocytes in mouse heart tissue and was downregulated after DOX
treated by double immunofluorescent staining of c¢TnT and FNDC5
(Fig. S6A). Later, mouse CMs and CFs were extracted, identified by
immunofluorescence of ¢TnT (Fig. S6B) and Vimentin (Fig. S6C), and
treated with DOX. Compared to CFs and CMECs, the expression of FNDC5
was more abundant in CMs, which was markedly reduced in response to
DOX (Fig. 6A-C). We also examined irisin levels in culture supernatants
and found that the supernatants of CMs contained more irisin than the
supernatants of CFs and CMECs, which decreased with the intervention of
doxorubicin (Fig. 6D). Hereafter, the siRNA for FNDC5 was constructed and
transfected into CMs. The transfection efficiency was shown in Figs. S6D-F.
Transfected CMs were co-cultured with CMECs and treated with DOX and
exogenous irisin. Compared to the siNC group, the siFNDC5 transfected
group showed a lower irisin level in co-cultured supernatant (Fig. S6G),
accompanied by a decreased expression of UCP2 (Fig. 6G and H), more
severe cellular ROS and mitoSOX accumulation (Fig. 6E and F), higher
NF-kB-Snail signaling pathway activity (Fig. 6G-I), the more obvious
phenomenon of EndMT (Fig. 6J, K and N) and the lower level of autophagy
(Fig. 6L, M, O, and P) in CMECs. All these changes could be partially
reversed by exogenous irisin.
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Fig. 4. Irisin inhibited ROS accumulation by promoting autophagy to ameliorate DOX-induced EndMT.

A, B Representative blots and quantitative analysis of western blotting analysis of autophagy-related proteins in mice myocardium. C, D Representative blots and
quantitative analysis of western blotting analysis of autophagy-related proteins in CMECs treated with different concentrations of DOX for 48 h. E Representative
fluorescence microscopy images of GFP-LC3 transfected CMECs treated with different concentrations of DOX for 48 h. The relative GFP-LC3 positive dots (H) were
calculated according to the fluorescence intensity. F, G Representative images and quantification of cellular ROS and mitoSOX levels in CMECs pretreated with 3-MA
or RAPA before DOX treatment. I, J Representative blots and quantitative analysis of western blotting analysis of NF-kB-Snail signaling pathway in CMECs pretreated
with 3-MA or RAPA before DOX treatment. K p65 DNA binding activity was measured in CMECs pretreated with 3-MA or RAPA before DOX treatment. L, M
Representative blots and quantitative analysis of western blotting analysis of EndMT markers in CMECs pretreated with 3-MA or RAPA before DOX treatment. N
Representative images of immunofluorescence double-staining of a-SMA (green) and VE-cadherin (red) in CMECs pretreated with 3-MA or RAPA before DOX
treatment. The cell nuclei were stained with DAPI (blue). O Representative fluorescence microscopy images of GFP-LC3 transfected CMECs treated with DOX (1 pM)
and/or irisin (20 nM) for 48 h. The relative GFP-LC3 positive dots (R) were calculated according to the fluorescence intensity. P, Q Representative blots and
quantitative analysis of western blotting analysis of autophagy-related proteins in CMECs treated with DOX (1 pM) and/or irisin (20 nM) for 48 h. The data are
presented as the Mean =+ SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Vehicle group; #p < 0.05, ##p < 0.01 and ###p < 0.001
vs. DOX group (one-way ANOVA followed by Bonferroni post hoc test). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 5. UCP2 was involved in the regulation of EndMT of irisin.

A, C Representative blots and quantitative analysis of western blotting analysis of UCP2 in mice myocardium. B, D Representative blots and quantitative analysis of
western blotting analysis of UCP2 in CMECs treated with DOX (1 pM) and/or irisin (20 nM) for 48 h. E, F Representative images and quantification of cellular ROS
and mitoSOX levels in CMECs transfected with siUCP2 before DOX treatment. G, H Representative blots and quantitative analysis of western blotting analysis of NF-
kB-Snail signaling pathway in CMECs transfected with siUCP2 before DOX treatment. I p65 DNA binding activity was measured in CMECs transfected with siUCP2
before DOX treatment. J, K Representative blots and quantitative analysis of western blotting analysis of EndMT markers in CMECs transfected with siUCP2 before
DOX treatment. L, M Representative blots and quantitative analysis of western blotting analysis of autophagy-related proteins in CMECs transfected with siUCP2
before DOX treatment. O Representative images of immunofluorescence double-staining of a-SMA (green) and VE-cadherin (red) in CMECs transfected with siUCP2
before DOX treatment. The cell nuclei were stained with DAPI (blue). N Representative fluorescence microscopy images of GFP-LC3 transfected CMECs transfected
with siUCP2 before DOX treatment. The relative GFP-LC3 positive dots (P) were calculated according to the fluorescence intensity. The data are presented as the
Mean =+ SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Vehicle group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. DOX group;
&p < 0.05, &&p < 0.01 and &&&p < 0.001 vs. DOX + siNC group (one-way ANOVA followed by Bonferroni post hoc test). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Finally, we specifically downregulated FNDC5 in the myocardium in 4. Discussion
vivo via a single injection of an AAV9 carrying FNDC5 shRNA. The trans-

fection efficiency in the myocardium was shown in Figs. S7B-E. Compared In the present study, we found that DOX-induced perivascular
to AAVO-NC, mice injected with AAV9-shFNDC5 showed more severe fibrosis in the early stage was associated with the program of EndMT.
impairment of cardiac dysfunction under DOX treatment, which could be Irisin supplementation could alleviate perivascular fibrosis and EndMT
partially reversed by irisin injection (Fig. 7A-C). Both serum irisin and in DIC. Mechanistically, we revealed that ROS-induced NF-kB-Snail
myocardial tissue irisin levels in the AAV9-shFNDC5 group were signifi- activation could be a potential way in DOX-induced EndMT, and auto-
cantly reduced compared to AAV9-NC group, which were reversed by irisin phagy disorder was responsible for the accumulation of ROS. Irisin
injection (Fig. 7D and E). Additionally, FNDC5 deficiency increased the treatment showed an anti-oxidant effect and ameliorated autophagy
degree of perivascular fibrosis (Fig. 7F) and EndMT (Fig. 7G-I) as well as disorder by regulating UCP2, a proven target of irisin. Moreover, we
decreased the degree of autophagy (Fig. 7J and K). All these changes could initially explored the protective effect of irisin secreted by CMs on
be partially reversed by exogenous irisin. Collectively, we concluded that CMECs in the cardiac microenvironment, suggesting the possibility of
irisin from CMs attenuated DOX-induced EndMT in a paracrine manner. irisin as a cardiokine. Collectively, we supposed that irisin was a
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Fig. 6. Irisin mainly came from cardiomyocytes in the heart microenvironment
and played a protective role against DOX-induced EndMT.

A-C The expression of FNDCS5 in isolated CMs, CFs, and CMECs. D The irisin
levels in cultured supernatants from isolated CMs, CFs, and CMECs. Hereafter,
CMs transfected with siFNDC5 were co-cultured with CMECs and treated with
DOX and exogenous irisin. E, F Representative images and quantification of
cellular ROS and mitoSOX levels in CMECs. G, H Representative blots and
quantitative analysis of western blotting analysis of UCP2 and NF-kB-Snail
signaling pathway in CMECs. I p65 DNA binding activity was measured in
CMECs. J, K Representative blots and quantitative analysis of western blotting
analysis of EndMT markers in CMECs. L, M Representative blots and quanti-
tative analysis of western blotting analysis of autophagy-related proteins in
CMECs. N Representative images of immunofluorescence double-staining of
a-SMA (green) and VE-cadherin (red) in CMECs. The cell nuclei were stained
with DAPI (blue). O Representative fluorescence microscopy images of GFP-LC3
transfected CMECs. The relative GFP-LC3 positive dots (P) were calculated
according to the fluorescence intensity. The data are presented as the Mean +
SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001
vs. Vehicle group; &p < 0.05, &&p < 0.01 and &&&p < 0.001 vs. DOX + siNC
group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. DOX + siFNDC5 group
(one-way ANOVA followed by Bonferroni post hoc test). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 7. Irisin mainly came from cardiomyocytes in the heart microenvironment
and played a protective role against DOX-induced EndMT and cardiac peri-
vascular fibrosis in vivo.

A Representative M-mode images of transthoracic echocardiography. B, C
Quantification of ejection fraction (EF) and fraction shortening (FS) (n = 6). D,
E Serum irisin level and heart irisin level were detected by ELISA (n = 6). F
Representative images of MASSON staining of perivascular fibrosis in heart
sections. G Representative images of immunofluorescence double-staining of
a-SMA (green) and CD31 (red) in heart sections. The cell nuclei were stained
with DAPI (blue). White arrows indicate CD31 appearing in the smooth muscle
layer. H, I Representative blots and quantitative analysis of western blotting
analysis of EndMT markers in mice myocardium (n = 3). J, K Representative
blots and quantitative analysis of western blotting analysis of autophagy-related
proteins in mice myocardium (n = 3). The data are expressed as mean =+ SD, *p
< 0.05, **p < 0.01 and ***p < 0.001 vs. Vehicle group; &p < 0.05, &&p < 0.01
and &&&p < 0.001 vs. DOX + AAV9-NC group; #p < 0.05, ##p < 0.01 and
###p < 0.001 vs. DOX + AAV9-shFNDCS5 group (one-way ANOVA followed by
Bonferroni post hoc test). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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potential therapeutic agent against DOX-induced perivascular fibrosis.

As the cornerstone of chemotherapy regimens, anthracyclines are
still greatly restricted due to their cardiotoxicity. Despite being widely
studied, an important limitation of the current understanding of how
DOX damages the heart is that almost all proposed mechanisms are
concentrated in cardiomyocytes. Recent studies showed an increased LV
myocardial extracellular volume (ECV) fraction, which represented
cardiac fibrosis, in the early stage after the initiation of anthracycline
chemotherapy in patients [28,29]. And in the mice DIC model, the
sub-acute increase in fibrosis was strongly linked and was predictive of
late mortality [30]. Previous explanations of the early fibrosis were the
reactive fibrosis of CFs, but not replacement fibrosis [6]. However, in
our chronic mice model, the early fibrosis appeared around the capil-
laries rather than the interstitium of myocardial cells, which suggested
that vascular factors played a certain role in it. Studies have shown that
DOX-induced ECs damage could trigger the development and progres-
sion of cardiomyopathy by decreasing the release and activity of key
endothelial factors [31]. And biomarkers of endothelial injury predicted
early asymptomatic DIC in breast cancer patients [32]. However, the
relationship between endothelial dysfunction and perivascular fibrosis
in DIC is rarely discussed. EndMT has been shown as a significant
contributor to the fibrosis process of a variety of cardiovascular diseases
[7]. Endothelial injury caused by hypertension or other factors led to the
phenotype changes of ECs and participated in the initiation of fibroblasts
and the secretion of ECM protein in the occurrence and development of
myocardial fibrosis [33]. Here, we found that EndMT is involved in the
process of perivascular fibrosis in the early stage of DIC. The CMECs
showed decreased endothelial markers and increased interstitial cell
markers during DOX treatment, accompanied by the functional disor-
ders of CMECs.

A recent study showed that the classic TGF-f/smads pathway was
involved in DOX-induced EndMT of CMECs [34], which is inconsistent
with our results. In their in vitro experiments, the phenotype of EndMT was
not induced by DOX stimulation, but directly by TGF-f treatment, which
was not rigorous. And the in vivo results might be affected by other cells in
myocardial tissue. Numerous studies implied a central role for increased
ROS production in the mechanism of doxorubicin-mediated ECs injury
[35]. In addition to the traditional TGF-p-Smads pathway, oxidative stress
is another factor that promoted EndMT. Specifically, hydrogen peroxide
activated EndMT in HUVECs in an incremental and dose-responsive
manner that was significantly more effective than TGF-f alone [36]. And
the inhibition of ROS could decrease oxidative stress-induced EndMT in
vitro [37]. Our results also showed an increased ROS level in endothelial
cells treated with DOX. Interestingly, the elimination of ROS, whether by
up-regulating autophagy or using antioxidants, significantly inhibited the
EndMT process induced by DOX. NF-kB has been shown to play an
important role in cytokine-induced EndMT [38], but it should be empha-
sized that the activation of NF-kB can be induced not only by cytokines. Our
previous studies have shown that HsS induced NF-xB inactivation and
consequently caused the transcriptional inhibition of Snail, resulting in the
reversal of EndMT in monocrotaline-induced pulmonary arterial hyper-
tension [24]. The ROS-driven NF-kB activation was also explored in
angiotensin II-induced EndMT [10]. Consistent with this, we found that
DOX stimulated the accumulation of ROS, activated the NF-kB-Snail
pathway, and triggered EndMT in CMECs.

The positive clinical effects of an exercise intervention on cardiac
function have been well addressed [39]. In DIC, a large number of an-
imal experiments have shown that exercise can effectively ameliorate
cardiac dysfunction caused by DOX [40], with the mechanism involving
improving mitochondrial function [41,42], regulating autophagy dis-
orders [41,43], reducing oxidative stress levels [42,43], and improving
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myocardial fibrosis [44]. This opened up a new situation for the pre-
vention and treatment of DIC. However, it was hard to transform to the
clinic with the bottleneck that the patients undergoing chemotherapy
were too weak to tolerate effective exercise intensity. Therefore, new
ingredients need to be found to partially replace the benefits of exercise.
Irisin is a new hormone-like factor mainly released by muscles in
response to exercise [19]. An increasing number of studies have shown
the association of irisin and cardiovascular diseases [45,46]. Recently,
the cardio-protected effect in DIC has been preliminarily confirmed,
with the mechanism of reducing oxidative stress in cardiomyocytes by
regulating the Akt pathway [20]. In addition, the inhibitory effect of
irisin on EndMT of CMECs has also been reported in diabetic cardio-
myopathy [22]. And irisin could suppress the migration, proliferation,
and invasion of tumor cells by inhibiting EMT progress [47,48]. In this
study, we found that irisin alleviated excessive ROS generation, sup-
pressed NF-xB activation, and extenuated EndMT of CMECs in DIC,
thereby reduced the early perivascular fibrosis. Further, researchers
observed that the expression of FNDC5 was abundant in the myocar-
dium as skeletal muscle, suggesting irisin might be a cardiokine and
exert the cardioprotective effect in autocrine or paracrine manners [20].
Here, we preliminarily studied the main cell types that secrete irisin in
the heart and found that irisin from CMs had a paracrine protective ef-
fect on ECs.

The protective effect of irisin on DOX-induced EndMT of CMECs
involved UCP2-related ROS regulation. UCP family-mediated antioxi-
dant protection and its impairment are expected to play a major role in
cell physiology and pathology [49]. Irisin was originally found to
participate in the browning of WAT by up-regulating UCP1 in adipocytes
[19]. UCP2 shares 55-60% similarity with UCP1, and were richly
expressed in endothelial cells [50]. UCP2 has been suggested to partic-
ipate in attenuation of the ROS production in heart [51-53]and to
inhibit ROS-mediated apoptosis of CMs in DIC [52]. What’s more, irisin
showed a protective effect in pulmonary ischemia/reperfusion injury by
targeting UCP2 [54]. Our present study found that the ROS elimination
and the EndMT reversal by irisin depended on UCP2. This protective
effect was greatly reduced in UCP2 knockdown CMECs, suggesting that
UCP2 was involved in the regulation of EndMT of irisin.

In summary, our study provided strong support that ROS accumu-
lation and autophagy disorders caused an EndMT in CMECs, which
played a role in the perivascular fibrosis of DIC. Irisin treatment could
partially reverse this phenomenon by regulating UCP2. As an exercise
hormone, irisin was a key mediator of the beneficial effects of exercise
and provided a new idea for the prevention of DIC. However, there were
still some limitations to the current research. Firstly, a tissue-specific
knockout mice model was lacking, although we used AAV to perform
the knockdown verification to strengthen the data. Secondly, despite
various methods that have been used to prove EndMT, it is still necessary
to construct a lineage tracing system in mice in future research. Finally,
we initially discussed the possibility of irisin as a cardiokine, and its
regulation methods and effects in the entire cardiac microenvironment
still need to further explore.
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